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Dedication

In this tremendous controversial historical period, heavy with injustice and op-
pression, any epochal scientific and technical progressive process is progressive
“if and only if” it provides for a contribution in terms of trust and in terms of
believing. This progressive process of the science and technology is decisive,
never more so than it is today, with a higher and more important level of trust
and belief in the form of a rational integral humanism in which science and
technology contributes to peace: Si vis pacem, para pacem!

The editors and contributors of this book
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“Look at me!” said the Fox; “because of my passion for studying I have lost a leg.”
“Look at me!” cried the Cat; “because of my love for studying 1 have lost
both eyes.”

From Le avventure di Pinocchio by C. Collodi
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Preface

In the variegated scenario of the multi- and inter-disciplinaries in which the con-
cepts of Cyber-Physical Systems (CPS) are located, it is important to take some
historical aspects into account. Before and after Cyber-Physical systems, Cyber-
Security Systems are of great interest, because of their perception, for control-
ling and operating of the systems. They are extremely adaptable and changeable
and contribute to increasing performance. Processes run autonomously and free
up the skilled worker to perform complex tasks. They avoid productivity loss
and re-work. On the other hand, they can make better use of cost (time and
money). Furthermore, cyber-physical systems can primarily decrease the car-
bon impact and noise pollution in the local environment. For example, the UK
government has been committed to employ carbon neutral operations by 2050.
Moreover, United Nations sets out research and development goals into cli-
mate action, clean energy, and responsible production and consumption. This
implies that “robotification” through renewable and sustainable sources is the
required leading technology. In addition, there are dependencies that can par-
alyze the entire process if individual components or parts of the infrastructure
fail. If the systems predominate in autonomy, then it can happen that wrong
decisions are made. Another danger arises from the deliberate manipulation of
cyber reveal-related items by hackers or administrators. Concerns about net-
work rights require special protection of the systems against attacks or hostile
takeovers. This kind of structures is in continuous evolution, and they need to be
studied and analyzed continuously, in particular in terms of their modeling and
consequently of their control structures. The emphasis on this last crucial point
is the task of this book, which represents the crucial role of the algorithms in the
context of identification and control of such a system “towards” Industry 4.0.
The word “towards” emphasizes that this industrial revolution is not realized
yet. The revolution is coming up, and it projects us into a possible future in our
life. A scientist who wants to actively operate in this upcoming process should
know very well not only the importance of the algorithms and their crucial role
for the safety, optimization, and control of such a system, but should be able to
generate himself the algorithms taking inspirations from already existing ones.
Optimization, control, and identification algorithms as well as fusion safety in
the control strategy together with optimal cooperation of different components
are central in this book. Machines and humans will cooperate together as well
as different components at different levels: actuators, sensors, and their corre-
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sponding virtual versions; virtual actuators and sensors play a special role in
the context of the functionality, safety in the presence of fault, and optimiza-
tion aspects. In this context, the book addresses these challenges. The need to
emphasize more and more intelligent algorithms is a primary task of this book.

Objectives

In a cyber-physical system, mechanical components are connected to each other
via networks and modern information technology. They enable the management
and control of complex systems and infrastructures. Cyber-physical systems,
often abbreviated as CPS, consist of mechanical components, software, and
modern information technology. By networking the individual components can
be regulated and controlled via networks such as the Internet and complex
infrastructures. The exchange of information from the networked objects and
systems can take place in real time, wirelessly, or by cable. The components
of CPS include mobile facilities as well as stationary machines, systems, and
robots. CPS play a central role in Industry 4.0. The technological basis for the
CPS is provided by sciences such as computer science, mathematics, mechan-
ical engineering, electrical engineering, and robotics. The functional principle
is based on sensors, actuators, and their virtual versions to ensure safety and
continuity of service in the presence of faults or failures. These components are
networked with dedicated software. Sensors deliver measurement data from the
physical world and report them via networks to software that processes them.
This results in the control data that the software forwards to actuators via the
network. CPS are characterized by a high level of complexity and are used, for
example, for the implementation of intelligent power grids, modern production
systems, or in medical technology. All these aspects, which play a crucial role
for the co-existence of all these variegated subsystems, are stated by the capa-
bility to understand and produce or reproduce intelligent algorithms devoted to
the control of such a system. As a conclusion, the objective of this book is to
summarize all these pointed out research aspects with their current and future
possible long-term significance solutions.

In Chapter 1, “Industry 4.0 more than a challenge in modeling, identification,
and control for cyber-physical systems”, the authors determine maintenance
management and other necessities that businesses need to implement to realize
the full potential of Industry 4.0 and to become the perfect smart factory. To ac-
complish this, two research questions were analyzed. First, we need to figure out
how Industry 4.0 and CPS work together to improve preventative maintenance.
Second, we want to learn more about the role that this type of integration plays
in the future factory of perfect maintenance management. The work employs
a case study and a literature review as its research techniques. Empirical data
have been gathered for the case study using semi-structured interviews (provid-
ing a broad overview of the case company’s present maintenance management)
and focus groups (generating more particular and detailed information regard-
ing the research issues). Moreover, the example company’s relevant documents
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study improved the overall comprehension of the present concepts applied in the
maintenance department. Several challenges and issues related to maintenance
are uncovered by the case study. Since not all of these issues can be addressed
with just technological means, they are further examined and sorted into distinct
categories. Maintenance management is chosen as the primary area of focus in
the recommended criteria list for the ideal smart factory. After that, recommen-
dations are made about how to proceed with creating a CPS-based maintenance
management system.

In Chapter 2, “Advanced ice-clamping control in the context of Industry
4.0”, the authors address an innovative milling system in which the object to be
milled is fixed by an ice clamping system. This system allows to obtain “zero
deformation” of the object, and thus a precise milling process is obtained. The
chapter takes into consideration the control strategy based on Sliding Mode
Control (SMC) to ensure robustness even in the absence of the knowledge of
the system to be controlled. Measured results demonstrate the effectiveness of
the proposed device and its control strategy.

Chapter 3, “Temperature control in Peltier cells comparing sliding mode
control and PID controllers”, deals with temperature control in Peltier cells
comparing SMC and PID controllers. In the context of Industry 4.0 transfor-
mation the control strategies play a crucial role, in particular, if the systems to
be controlled are innovative and show futuristic techniques of production and
transportation and in general new technologies. In this chapter a comparison be-
tween a classical PID controller and an SMC is shown. The industrial system
considered is an innovative milling system in which the object to be milled is
fixed by a clamping-ice system, where the temperature of the ice needs to be
controlled to maintain the clamping forces. The measured results are validated
and highlight the efficacy of the innovative milling system together with the
proposed control strategy.

In Chapter 4, “A Digital Twin for part quality prediction and control in
plastic injection molding”, the plastic injection molding process has been estab-
lished as the most widespread manufacturing process in the plastic processing
industry. Among the decisive factors contributing to its prevalence are the ability
to manufacture parts with intricate geometries and a high degree of automation.
Approaches of varying complexity to control part quality to reduce waste and
increase the efficiency of the process exist: The industry standard is the con-
trol of so-called machine-variables, i.e., process variables that are measured on
the machine-side of the process. This does not take into account any variables
that reflect the true state of the emerging part. For this reason, the scientific
community aims to control process variables that are measured cavity-side,
more precisely, the pressure in the mold cavity. However, the implementation
of pressure control requires significant control knowledge and is not suitable for
large-scale industrial application. The objective of this contribution is therefore
to transform an ordinary machine-variable controlled injection molding machine
to a Cyber Physical Production System (CPPS) via augmentation by a digital
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twin (DT). The digital twin predicts part quality from process variables. To this
end, a state-of-the-art industrial injection molding machine will be equipped
with additional sensors that measure in-cavity process variables. Moreover, an
in-line quality measuring cell is added. By doing so, all machine, process, and
quality data required for data-driven modeling and prospective control are ac-
quired. Subsequently, an internal dynamics approach for predicting final batch
quality from process value trajectories is proposed and compared to the current
state-of-the-art modeling approaches in two case studies.

Chapter 5, “SLAM algorithms for autonomous mobile robots”, investigates
Simultaneous Localization And Mapping (SLAM) for autonomous robots. Due
to the limitations of the indoor operating environment, GPS cannot be used to
restrict positioning errors, and SLAM opens another door for the development
of the indoor robot positioning and guidance. Among different technologies,
SLAM based on LiDAR has already become a relatively mature scheme, but
the cost-effective problem is still prominent. As a practical solution, the low-
cost visual SLAM (VSLAM) has become a research hot spot in recent years.
However, no matter which sensor is used alone, there are some obvious defects.
The multi-sensor fusion technology based on LiDAR, such as vision sensor and
inertial measurement unit, can not only realize the cooperative operation among
sensors, but also greatly enhance the robustness of the positioning and guidance.
It is believed that the research and applications of multi-sensor fusion technol-
ogy will bring wider space to driverless vehicles, robotics, augmented reality,
and virtual reality. In addition, SLAM can also be combined with deep learn-
ing to perform image processing, to generate semantic maps of the environment
and improve the human—computer interaction techniques, so that artificial intel-
ligence can be better realized in positioning and guidance.

Chapter 6, “Optimization of motion control smoothness based on Eband
algorithm”, employs elastic band (Eband), which is a local path planning algo-
rithm similar to timed elastic band (TEB) to improve the robot walking velocity
and action consistency. The dynamic obstacle avoidance effect of the local plan-
ner is remarkable, and the path to avoid obstacles can be planned in advance, so
that the action and response can be made earlier. However, its motion control
changes with the fluctuation of “bubble”, which sometimes results in the path
being not smooth enough. This chapter mainly optimizes the algorithm for the
motion control smoothness of Eband and proves the effectiveness of this method
through comparative experiments.

Chapters 7 and 8, “Modeling a modular omnidirectional AGV developmen-
tal platform with integrated suspension and power-plant” and “Control system
strategy of a modular omnidirectional AGV”, deal with an omni-directional
automatic guided vehicle (AGV), which is a wheeled self-navigation system.
Unlike autonomous vehicles, this AGV follows a predetermined “virtual” path.
Since factories are space optimized and designed around human ergonomics,
it is often the case that a traditional Ackermann-style wheeled robot will have
difficulty navigating in such an environment. To combat this, it is necessary



Preface xxxi

to make the vehicle “omni-directional”, which means creating a system that is
able to drive in any cardinal direction. These two chapters discuss two possi-
ble strategies for achieving this goal using both mecanum wheels and a novel
swerve drive system. These two chapters also justify the use of AGV in general
over human labor both economically and socially, especially within the South
African environment.

Chapter 9, “Mecanum wheel slip detection model implemented on velocity-
controlled drives”, discusses the creation of a slip mitigation controller imple-
mented on a omnidirectional autonomous guided vehicle (AGV). The AGV
utilizes four mecanum wheels to achieve its omni-directional capabilities. The
algorithm was developed to reduce the negative effects that occurred when a
single mecanum wheel in a four-wheel mecanum wheel AGV experienced a
loss of traction or “slipped”.

Chapter 10, “Safety automotive sensors and actuators with end-to-end pro-
tection (E2E) in the context of AUTOSAR embedded applications”, studies
automotive embedded applications. These applications control vehicle dynam-
ics, environment interpretation (including pedestrian or traffic signs detection),
intra- and inter-car communication (which requires strong cyber security algo-
rithms), power control, stability, and so on. Hardware and software supports
are needed to fulfill all the requirements requested by the functionality itself
and implementing the safety mechanisms specified by the ISO 26262 standard.
Automotive software is designed based on Automotive Open System Architec-
ture (AUTOSAR) standard. AUTOSAR also describes a safety mechanism to be
used in data transfer between the electronic control units (ECUs) inside the car.
This software safety mechanism is called end-to-end communication protection
(E2E) and consists in protecting the data through a calculated cyclic redundancy
code (CRC) before sending on the communication bus (e.g., LIN, CAN, Flexray,
etc.) and checking the data integrity on the receiving side. This chapter presents
a method to migrate the software E2E mechanism inside the hardware to im-
prove the model of the basic automotive sensors and actuators. By adding this
feature it is possible that, besides increasing the safety level, these modules can
be directly connected to the network ECUs via standard communication buses.
Modeling, designing, and mapping of the hardware E2E modules inside Field
Programmable Gate Arrays (FPGAs) are described. The models are validated
also by comparing the output of the proposed E2E hardware against the output
provided by AUTOSAR software E2E library.

In Chapter 11, “Multibody simulations of distributed flight arrays for Indus-
try 4.0 applications”, the authors introduce distributed flight arrays (DFAs) for
the new generation of industries. DFAs are an experimental type of aerial, multi-
rotor, vehicle capable of land-based navigation and cooperative aerial flight
involving physically docking with N-number of other agents forming a larger
structure with some designs allowing for unassisted solo flight. DFAs would
be able to be configured into the most resource efficient structures for achiev-
ing a specific logistics operation and be capable of manoeuvring around the
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warehouse environment in a relatively unrestricted manner. For the application
of material, handling a reliable, predictable, and safe mode of transporting a
payload is required. Gathering large amounts of data across a large variety of
payload systems and DFA formations is an extremely large undertaking when
done through real-world experimentation. This large scope is much more suit-
able for a computer-based physics simulation as it allows for rapid iteration and
data gathering without the high resource investment of real-world experimen-
tation. This research finds that the multibody simulation software Simscape is
capable of complex control system simulation research for handling the flight
and navigation of a DFA and that DFA slung payload systems are highly likely
to be compatible with future material handling operations due to developments
in automation in Industry 4.0.

Chapter 12, “Recent advancements in multi-objective pigeon inspired op-
timization (MPIO) for autonomous unmanned aerial systems”, deals with Un-
manned Aerial Vehicles (UAVs) for high functional complex procedures that
can improve the intellectual ability and are considered to be a fast-growing pro-
totype system in a broad range of applications. In a context of communication,
aerial systems are an effective strategy to increase the autonomous unmanned
systems in terms of modeling, sensing, control, and efficient application. This
study presents the technical analysis of multi-objective pigeon-inspired opti-
mization (MPIO), which covers the most recent advancements and develop-
ments in key technologies in this demanding area. This work also presents the
recent developments in the integrated designs, computing algorithms, and math-
ematical methodologies for enhancing the guidance, navigation, and control of
unmanned autonomous ground, aerial, underwater, and surface vehicles. The
proposed study justifies the findings and restrictions to create a more efficient
framework for algorithm design applied in the autonomous systems.

In Chapter 13, “U-model-based dynamic inversion control for quadrotor
UAV systems”, a quadcopter as an example of a cyber-physical system is sta-
bilized using a new control law. Due to the recent advances in the field of
electronics, resulting in increased capabilities of quadcopters and improved per-
formances, they have gained popularity and garnered widespread attention for
their practical applications, and consequently this has resulted in efforts by re-
searchers to try and further improve their performances and capabilities. In
this chapter, the authors consider a Parrot Mambo minidrone as a subject of
study, deriving its dynamic model and designing a controller using a Model-
Independent Design approach (U-Model). The simulation results are presented
with graphical illustration demonstrating the effectiveness of the proposed con-
troller.

Chapter 14, “Nonlinear control allocation applied on a QTR: the influence
of the frequency variation”, presents a study on the influence of the frequency
variation of a nonlinear control allocation technique execution, known as Fast
Control Allocation (FCA) for the Quadrotor Tilt-Rotor (QTR) aircraft. Then,
through Software-In-The-Loop (SITL) simulation, the proposed work considers
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the use of Gazebo, QGroundControl, and MATLAB applications, where differ-
ent frequencies of the FCA can be implemented separated in MATLAB, always
analyzing the QTR stability conditions from the virtual environment performed
in Gazebo. The results showed that the FCA needs at least 200 Hz of frequency
for the QTR safe flight conditions, i.e., two times smaller than the main control
loop frequency, 400 Hz. Lower frequencies than this one would cause instability
or crashes during the QTR operation.

Chapter 15, “Active disturbance rejection control of systems with large un-
certainties”, presents a multiple model active disturbance rejection control strat-
egy for a class of systems with large uncertainties. The authors first have a
look of some popular control strategies, including PID (proportional-integral-
derivative) control, active disturbance rejection control (ADRC), model predic-
tive control (MPC), and parameter identification-based adaptive control, to find
their connections, advantages, and disadvantages. The key points include: PID
is actually a model reference adaptive control with human in the control loop as
an adjuster of controller parameters according to a desired step response curve;
ADRC is a reinforced PID control and also a special kind of adaptive control;
and finally, there is a common virtual equivalent system (VES) framework for
MPC, ADRC, and parameter identification-based adaptive control. In terms of
methodology (how authors treat model and model error), different control strate-
gies usually lead to the same end (tracking and disturbance rejection). Different
control strategies have their own suitable application situations with consider-
ation of control requirements and cost-effectiveness. Finally, a multiple model
ADRC control system is presented with simulation verification, with the pur-
pose to address the control problem of plants with large uncertainties.

In Chapter 16, “Gain scheduling design based on active disturbance rejection
control for thermal power plant under full operating conditions”, the authors in-
troduce a gain scheduling design based on active disturbance rejection control
(ADRC) for thermal power plants under full operating conditions. To integrate
more renewable energy into the power grid, thermal power plants have to ac-
celerate the speed of power output and extend their operating ranges, and this
can result in great challenges for their safe operations and even safety accidents.
The urgency of the proposed control strategy is illustrated by analyzing the con-
trol difficulties of coordinated control systems. Then the scheduling parameter
selection and the linear switching method for the proposed control strategy are
analyzed. Moreover, the qualitative stability analysis based on the Kharitonov
theorem and the calculation of quantitative stability regions is carried out to
ensure the stability of the closed-loop system. Simulations of the power track-
ing under different load tracking rates and disturbance rejection under the coal
quality variation are carried out. Simulation results show that the tracking and
disturbance rejection performance in both power output and throttle pressure
loops has been improved simultaneously compared with the regular ADRC
and the traditional proportional-integral control strategies. Based on the veri-
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fied superiority, the proposed gain scheduling design based on ADRC shows a
promising potential in industrial applications.

Chapter 17, “Active disturbance rejection control of large-scale coal fired
plant process for flexible operation”, proposes a quantitative tuning method for
parameters available in the active disturbance rejection control (ADRC) law.
Laboratory experiments on the water tank and the power plant simulator high-
light the feasibility and superiority of the proposed tuning method for high-order
industrial processes.

Chapter 18, “Desired dynamic equational proportional-integral-derivative
controller design based on probabilistic robustness”, deals with existing uncer-
tainties in industrial processes that may lead to many challenges for controller
design. To enhance the ability of the closed-loop system to handle the uncertain-
ties, a desired dynamic equational (DDE) proportional-integral-derivative (PID)
controller is designed based on probabilistic robustness (PR). The necessity of
the proposed design method is demonstrated by introducing the problem formu-
lation. Based on its fundamentals, DDE PID designed based on PR (DDE-PR
PID) is proposed for uncertain systems, and the corresponding design procedure
is summarized as a flow chart. Then the proposed DDE-PR PID is designed
for several typical processes, and simulation results indicate that the proposed
DDE-PR PID can not only achieve satisfactory control performance for nomi-
nal systems, but also satisfy control requirements for all uncertain systems with
the maximum probability. Finally, the proposed DDE-PRPID is applied to the
level system of a water tank. Its superiority in robustness is validated by both
simulations and experiments, which shows the promising prospect of DDE-PR
PID in future power industry.

Many thanks to Massimiliano Dominici for his comprehensive help in sug-
gestions, sharing ideas and concepts, and IATEX support, but not only limited to
those.
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Chapter 1
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1.1 Introduction
1.1.1  Background and challenging issues

Globalization has forced firms to cater to customers with widely different pref-
erences and to contend with rivals from around the world. Historically, sellers
held more influence in the market, but as the market has developed and ma-
tured, buyers have become more influential. As a result, there is a movement
away from the factory-style mentality of mass production and toward one that
is more subtle and deliberate. This has led most companies to adopt the practice
of personalization as a means of increasing profits. To truly realize customiza-
tion, a corporation needs to have two things: (1) an in-depth understanding of
market customers and (2) the capacity to suit those customers’ different wants
while maintaining economies of scale. Market segmentation based on customer
feedback, competition analysis, demand forecasting, etc. is essential for the for-
mer [26]. The second criterion focuses on production-related concerns, such as
achieving a balance between competing performance goals and ensuring output,
and corresponds to consumer demand. Both sets of rules stress the importance
of a company’s ability to acquire and manage massive amounts of data, both
internal and external.

Manufacturers can respond to this demand with the support of a set of prac-
tices known as “Industry 4.0,” which was coined in a German government
projectin 2012. Due to the widespread impact, that computerization of manufac-
turing systems during the third industrial revolution had, the notion of “Industry
4.0,” also known as the fourth industrial revolution, has been gaining steam since
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its introduction in 2012. Industry 4.0, a manufacturing system in which sensors
are implanted in all physical items to link the real world with a computer simu-
lation of it, is built on the foundation of Cyber-Physical Systems (CPS) [9]. Big
Data is the term used to describe the enormous quantities of data that are being
produced on a regular basis as a result of the proliferation of sensors and other
forms of networked technology.

It is extremely difficult to understand what is meant by the term “Industry
4.0” in isolation. The fourth industrial revolution ushers in a new way of thinking
about the creation and use of CPS, though, so keep that in mind. Additionally,
there are some similarities between CPS and Industry 4.0, but the latter word
barely touches the surface of what the former entails. Since CPS research is still
in its infancy, many questions remain unanswered about its optimal design and
implementation. Given that CPS is the bedrock of the fourth industrial revolu-
tion, it is important to look at how the two concepts relate to one another to fully
grasp Industry 4.0.

Not to mention, as was previously noted, the shift in production priorities
has stimulated the development and implementation of innovative manufactur-
ing strategies like Just-In-Time. However, the efficiency of these methods is
often impeded by inflexible or broken equipment. Therefore, in a world where
everything is always changing, it is crucial for firms to maintain relatively sta-
ble output levels. When it comes to the health of a factory, one of the most
important metrics to look at is overall equipment efficiency (OEE), which is
inversely proportional to the standard of care given to the machines housed
there [1]. As a result, the efficiency and efficacy of a manufacturer’s mainte-
nance function have a significant impact on the manufacturer’s bottom line. Due
to its many downsides, including unannounced downtime, excessive damage,
and a high incidence of troubleshooting issues, the tried-and-true reactive main-
tenance method can no longer be relied upon by manufacturers. Therefore firms
started implementing innovative maintenance practices, which enhanced the ef-
ficiency of their machines but required more time, money, and other resources to
implement successfully [26]. The CPS is a cutting-edge tool for real-time asset
tracking and forecasting. However, CPS is still in its infancy, and a great deal of
research and effort is still required before CPS-based strategies can be developed
and implemented. Since the success of maintenance processes is becoming in-
creasingly vital, studying how CPS could be used to maintain operations in line
with Industry 4.0 is exciting.

An automobile glass manufacturer collaborated on the study. In this situation
the unit under review was factory maintenance at the company’s main office.
The company has faced increasingly stiff rivalry in recent years. It was consid-
ered by the board of directors that leading the charge into the fourth industrial
revolution was the best way to regain lost ground in the market. Given the exis-
tence of problems, the company decided to look into CPS as a potential source
of innovation. Some preventative maintenance tasks, for example, drained re-
sources, were probably unneeded, whereas others had serious negative effects
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on product quality. Studying the CPS criterion and its potential role in upkeep
efforts would have benefited both theories and practice.

1.1.2 Basic concepts of Industry 4.0

Specifically in the manufacturing and industrial sectors, the term “Industry 4.0”
has been introduced to denote upcoming changes in the corporate environment.
These changes are expected to be brought about by technological advancements.
It should come as no surprise that both the business world and the academic
world recognize the significance of the fourth industrial revolution. In the con-
text of this discussion, the term “smart manufacturing” refers to the fundamental
component of the idea. The term “smart manufacturing” refers to a burgeoning
sub-industry within the manufacturing industry that makes use of the integra-
tion of production assets with sensors, computer platforms, communication
technologies, control, simulation, data-intensive modeling, and predictive en-
gineering.

A new era in manufacturing has been dubbed “Industry 4.0,” and it is char-
acterized by the convergence of a wide range of cutting-edge technologies in
order to give digital solutions. The new paradigm of Industry 4.0 is based on the
two-way communication between humans and machines in a highly networked
environment. This communication is made possible by revolutionary automa-
tion technologies such as cyber-physical systems (CPS), the Internet of Things
(IoT), and cloud computing, among others. The term “computational and phys-
ical processes” (CPP) refers to a set of processes that combines computational
approaches with physical ones. In other words, CPS stands for computational
and physical processes. Controlling electronics typically requires the utilization
of embedded computers and networks.

The utilization of feedback loops in Asian techniques is essential to ensur-
ing that things remain stable. Because of the communication-executive network,
sensors and actuators are becoming increasingly commonplace. This makes it
possible for them to be integrated naturally into our surroundings and for sys-
tems to easily share and receive data from one another. As a direct result of this
change, businesses have begun distributing the various stages of their products
across a number of different sites. By utilizing a remote monitoring and manage-
ment system for instrumental performance, this organizational structure makes
it possible to perform an accurate simulation of real-world conditions. The de-
centralized and virtualized paradigms are characteristics of the Fourth Industrial
Revolution since this is the case.

The ever-expanding domain of Industry 4.0 is a cut-throat marketplace that
necessitates the development of cutting-edge production strategies predicated on
consistent adaptability and reconfigurability. The world of business has moved
on to a new paradigm, and modeling strategies that have been effective in other
areas are assisting with the change. In point of fact, when applied to a new set-
ting in which modeling plays a significant part, new production strategies and
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FIGURE 1.1 5C architecture for implementation of CPS [13].

processes become apparent. Fig. 1.1 shows 5C architecture of CPS as follows:
connection, conversion, cyber, cognition, and configuration. This new kind of
organization has abandoned traditional command-and-control hierarchies in fa-
vor of a management style that is more decentralized. This is the defining feature
of the new type of organization. The intelligence of connected machinery, which
is given by smart devices, is essential to the functioning of Industry 4.0.

The internet’s ability to connect seemingly unrelated pieces of everyday life
is one of the most important ideas to come out of the fourth industrial revolution.
In this envisioned future, sensors that are installed in machines will be able to
enable two-way communication across ad hoc networks made up of direct links
between individual objects. This would lead to the creation of what is known
as “the Internet of Things” (IoT). The various machines are interconnected with
one another and function as a unified whole. The IoT also presents substantial
commercial and economic potential. The Internet of Things (IoT), which is an
essential component of Industry 4.0, is anticipated to provide game-changing
insights into the administration and operation of various extant industrial sys-
tems within the digital enterprises that will be a part of the complex industrial
ecosystems of the future.

Due to the fact that it places emphasis on the confluence of the digital and
physical worlds, Industry 4.0 makes extensive use of the Internet of Things. Em-
bedded sensing and acting capabilities, distributed processing, and cloud-based
management are the three key components that make up the 5C architecture,
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which is used throughout the CPS development process. At its heart, the 5C
architecture consists of these three primary components.

The idea of “cognitive automation” is a central tenet of the fourth industrial
revolution. This is a concept that aims to bridge the gap between the current
model of industry, in which robots have largely replaced human labor, and the
ideal model, in which data is transmitted quickly and processes are perfectly in
sync with one another.

The term “human-machine interaction” refers to the exchange of informa-
tion in both directions that takes place between humans and machines in an
active environment and using a variety of user interfaces. Ever since the dis-
covery of tools, humans and machines have collaborated on many projects. The
character of this cooperation has shifted throughout the course of so many years.
The genuine technological adaptation of humanity took place prior to World
War II when individuals learnt how to correctly employ mechanical equipment.
However, as the war progressed, technological advancements made it increas-
ingly difficult to educate personnel. As a result, it was required to conduct an
in-depth analysis and synthesis of the interaction between humans and ma-
chines. The history of interactions between humans and machines can be loosely
divided into four distinct time periods. Beginning in the 1940s and continuing
until the middle of the 1950s, researchers investigated the limits of what was
possible for humans. All of the highly sophisticated technologies available to-
day are created with the end user in mind. Between the years 1955 and 1970,
various enhancements were carried out. The scientists of the time attempted
to develop mechanical models of humans in the hope that they could improve
the tools that were designed for humans. In the 1970s, advancements were first
made in the field of electronics. Plus, beginning in 1970 . ..

As early as 1985, this technology was already being used to replace humans
in a variety of tasks across a variety of industries. The previous controller’s
duties were elevated to those of a supervisor once the position was reclassified.
There has been a significant amount of development since the year 1985. During
the process of developing robots, it is currently common practice to take into ac-
count aspects such as workload, cognitive processes, and emotional interaction
models.

As a direct result of this, there has been a significant change over the course
of history in the manner in which people interact with machines, and Industry
4.0 is a significant advancement in this particular domain.

1.2 Theoretical background

As stated in the introduction, the study’s main focus is on the function of CPS in
Industry 4.0 and the connection between CPS and upkeep. The significance of
“Industry 4.0 in the context of contemporary production will first be introduced
theoretically, allowing the reader to gain a firm footing. The origins of CPS are
then elaborated upon, and its modern applications are outlined. Later, we will
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talk about how maintenance has changed over time and how maintenance tactics
have changed over time.

Three prior industrial revolutions might be linked to significant technolog-
ical advancements. The advent of the water and steam engine towards the end
of the 18th century marked the beginning of this new era of industrialization.
Because of the widespread availability of electricity and the introduction of the
assembly belt, the second industrial revolution began in the latter half of the 19th
century. Advances in electronics and information technology in the middle of
the 20th century prompted the third industrial revolution. With CPS, the fourth
industrial revolution may begin, as data from several sources can be monitored
and kept in sync between the physical factory floor and the digital computer
environment. After more than two decades of employing CPS in production, the
German government coined the term “Industry 4.0.” German companies cur-
rently face global competition in many areas, but especially in product quality
and pricing [8]. Industry 4.0 has evolved in response to this demand, with the
expectation that it will strengthen the German economy, foster greater interna-
tional cooperation, and give rise to innovative online marketplaces. The authors
Astrém and Eykhoff [3] found more evidence that an Industry 4.0 approach
could help Germany keep its competitive edge in the global high-wage econ-
omy. The phrase “Industry 4.0” has come to signify these changes, but it is
being used inconsistently and has no agreed-upon definition.

1.2.1 Internet of Things and services

Due to the increasing adoption of the concept, the phrase “Internet of Things
(IoT)” has been ubiquitous over the past several years. An IoT is “a global
infrastructure for the Information Society, enabling advanced services by in-
terconnecting (physical and virtual) things based on, existing and evolving,
interoperable information and communication technologies,” as defined by the
International Telecommunication Union (ITU) in 2012. There are many possi-
ble applications for the Internet of Things (IoT), but one of the most prominent
is in the smart industry, especially in the form of Industry 4.0, which refers
to the development of intelligent production systems and connected production
facilities. The Internet of Things is utilized to enhance the primary physical
functions of an item by including secondary IT-based digital services accessible
on a worldwide scale [10]. For instance, a light bulb serves primarily as a source
of illumination. This information technology service could be used in a variety
of contexts, such as a security system that detects and responds to individuals
in the vicinity by adjusting the lights. That is to say, with the help of digital
features made possible by information technology, products can be made smart
and remote-controlled to better serve the demands of their owners. The features
and capabilities of any product can be enhanced when they are integrated into a
larger product system. As an added bonus, Kim [ 1] claims that IoT technology
will allow the integration of previously independent product systems, resulting
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in systems capable of altering competitive dynamics and expanding the bounds
of existing industries.

Despite its many advantages, the IoT cannot be built without first integrating
numerous hardware and software components. These needs are in keeping with
the current pattern of growth in Industry 4.0, which aims to achieve integration
between networks by means of improved information flow. In a report published
in 2010, Zuehlke proposed the automation pyramid as part of the so-called
“factory-of-things” strategy. A total of four tiers make up this model: device,
control, manufacturing execution system (MES), and enterprise resource plan-
ning (ERP). Sensors, actuators, programmable logic controllers (PLC), MES,
and ERP system are all covered by the system [20]. Signals are captured at the
device level, then relayed via messages to the ERP systems, and lastly, shown
to the user in some way. Most modern factories use some variation on this au-
tomation pyramid, with data from various enterprise resource planning (ERP)
systems serving as the backbone for manufacturing management. However, the
necessity for differentiated information at levels beyond the ERP level has been
disregarded by the one-way information flow that relies on messages.

1.2.2 Smart manufacturing

The current production paradigm is unsustainable, despite the advances in con-
temporary industrial methods over the past few decades. In addition, adaptabil-
ity has become a vital performance indicator for most businesses since the need
for highly customized goods in small batches remains constant. Like conven-
tional manufacturing and business intelligence, “smart manufacturing” seeks to
“do something” with data by transforming it from “information” into “knowl-
edge.” The emphasis in smart manufacturing, on the other hand, is on the
real-time gathering, integration, and sharing of data between the many differ-
ent physical and digital processes involved [5].

Nowadays, data analysis plays a crucial role in factories for the purpose of
monitoring operations and detecting defects. Implementations of OEE measur-
ing tools at the system level are used to minimize waste and maximize efficiency
in production. In contrast, the “Industry 4.0 factory” allows machines and their
constituent parts to acquire intelligence and predict their own actions. An Indus-
try 4.0 facility’s ability to self-configure, self-maintain, and self-organize at the
system level guarantee optimal performance of the factory’s complete produc-
tion system.

Thanks to the abundance of data available online, smart devices can also en-
gage in cross-fleet comparisons of similar equipment. The ability to anticipate
issues with the use of comparisons like these is crucial for making decisions
regarding just-in-time maintenance that results in minimal downtime. Industry
4.0 aspires to transform organizations into interdependent networks with the
ability to perform self-optimization across a wide range of operational metrics,
including but not limited to situational awareness, predictive ability, compara-
tive ability, configuration, and maintenance [6].
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1.2.3 Vertical integration and networked manufacturing system

Vertical integration happens in the factory setting. Some of the many informa-
tional and physical subsystems that can be found at a manufacturing facility
include actuators and sensors, control and production management, manufactur-
ing, and corporate planning. When an organization’s IT is vertically integrated,
all layers of the system communicate and collaborate to deliver superior support
to customers at every level. CPS is used to facilitate rapid responses to changes
in demand, stock levels, or equipment failure. As a result, changes need to be
made in the factory to accommodate CPS. Configuration rules are gradually
replacing concrete factory architectures and process definition to automatically
construct case-specific topologies [ 12]. For this reason, “smart factory” emerged
as a result of the practice of vertical integration. Smart factories provide signifi-
cant real-time advantages in quality, time, resources, and costs over conventional
production processes. The flexible network of the CPS-based production sys-
tem is responsible for these advantages, since it streamlines and automates
numerous processes in the manufacturing sectors. CPS-based vertical integra-
tion optimizes process structure and increases production process adaptability,
allowing for the dynamic reallocation of production schedule in response to
price discrepancies, order changes, quality fluctuations, etc. [6]. Therefore the
modern production techniques we employ are geared at accommodating the spe-
cific needs of each individual customer.

1.2.4 Marginalization of the network center: towards horizontal
integration

These modern methods of creating money are based on real-time optimized net-
works that have high degrees of openness and flexibility. Organizations can
only maintain their global competitive advantages by concentrating on their
core competencies and delegating non-core duties to their network of partners.
Networks allow for the multiplication of existing resources with no additional
financial investment [24].

According to Navickas, Kuznetsova, and Gruzauskas [17], adapting net-
work’s efforts to fluctuating market conditions is a key to maintaining a com-
petitive edge over the long term. To make significant progress in today’s ever-
increasingly complex world, a wide spectrum of organizations must collaborate.
Horizontal integration can encourage transparency because users have access to
both aggregated data and detailed information about their own machines. Be-
cause of this, deciding which maintenance tasks are most important will be
simpler.

However, due to the reality that building new business models involves
the combined efforts of various firms with distinct but supplementary sets of
skills, new business modes and cooperation models will emerge. To maximize
the time-saving potential of collaboration, the supply chain must be adaptable.
Monitoring not just commodity flows, but also delivery reliability and customer
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satisfaction metrics, is essential to supply chain agility. Therefore networked
production systems promote transparency and adaptability from procurement
to manufacture to retail, and so do horizontal networks that allow networking
through CPS.

1.2.5 Cyber-physical system

CPS is the backbone of the Internet of Things, which, along with the Internet
of Services, makes Industry 4.0 possible. In the near future, organizations will
build CPS-shaped worldwide networks to link all of their facilities, facilities,
and equipment. Since the fourth industrial revolution is the subject of this the-
sis, we provide a brief overview of the term and how it is being applied in the
manufacturing sector.

Cyber-physical systems are a set of technologies that are changing the
way businesses handle their physical assets and digital data [24]. This new
era of fully networked, intelligent, and interconnected physical goods is be-
ing heralded by the development of Cyber-Physical Systems, a set of enabling
technologies that serve as a bridge between the digital and physical world. This
system bridges the gap between the virtual world of computing and communi-
cation and the physical one.

Cloud platforms, embedded systems, and sensor networks, as stated by Lin
et al. [14], form the basis of CPS, and individuals cannot avoid these compo-
nents regardless of how they engage with CPS. Embedded systems, real-time
systems, distributed sensor networks, and control systems are all components of
what Havard et al. [7] call cyber-physical systems (CPS), which is in line with
this definition.

1.2.6 Commercialization of CPS

Manufacturing facilities, data centers, and other intelligent machines that can
work together without human oversight are all examples of such CPS. The CPS
field, however, is just now emerging from its infancy. Consequently, there is
no universally applicable CPS structure or architecture. Traditionally, CPS has
been split into two parts: hardware and Paula Ferreira et al. [19], who state that
CPS has a physical component that perceives the physical environment, collects
data, and puts the decisions made by the computational component into action.
A more nuanced perspective emerged as a result of CPS. For now, let us start
with a high-level framework, which will hopefully provide some light on this
system.

1.2.7 Outcomes of application of CPS

According to MacDougall [16], the implementation of CPS into production sys-
tems makes it possible to have a smart factory, which is a fundamental idea
behind the Industry 4.0 initiative. Vertical integration, with Industry 4.0 serving
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as a backdrop, requires the implementation of a smart factory that can swiftly
adapt changes in design. This is necessary for vertical integration. The finished
product is the result of the factory’s processing of inputs such as raw materials
and intermediate items, among other things. For production and administrative
purposes, factories frequently make use of a diverse range of specialized physi-
cal and/or electronic subsystems. Traditional businesses frequently make use of
hierarchical organizational systems composed of numerous levels and divisions.
Therefore concerns at the unit level are typically prioritized over issues that arise
at the frontiers and interfaces of systems. Material flow is accomplished through
the use of regimented production lines; the flow of information between vari-
ous subsystems is hampered by a number of bottlenecks, and it is frequently
challenging to ensure continuity and uniformity [25].

Unbelievably, there is a lot of hope that intelligent industrial technology will
be able to help with this problem. Its exceptional levels of efficiency, agility, and
adaptability are made possible by the web of information from interconnected
systems, which can be broken down into three primary categories: components,
machines, and production systems. Adaptability is the ability to quickly re-
spond to changing conditions and circumstances. The degree to which these
items have the ability to increase our factory’s visibility and our level of under-
standing varies. The “smart factory” is an attractive and promising production
strategy that has the ability to address global concerns. This model focuses
on the manufacturing of individualized and low-volume items. It is an entirely
novel method of production, which reduces expenses and increases productivity,
and the fact that it is networked means that it opens up a great deal of new doors
for conducting business [4].

1.3 Method and implementation

Generally speaking, when people talk about “research techniques,” they mean a
comprehensive approach to answering research issues. According to Oluyisola,
Bhalla, Sgarbossa, and Strandhagen [18], validity and reliability are typically
used as the primary means of ensuring integrity in qualitative research, mostly
because “a good process of evaluating qualitative research methodologies has
not been discovered”. Moreover, they suggested triangulation as a way to guar-
antee credibility. Consequently, the thesis employs a wide variety of research
techniques in an effort to practice method triangulation, the goal of which is to
guarantee that study outcomes are comparable.

An interview is a conversation in which one person asks another questions
for a predetermined purpose. Semenkov, Promyslov, Poletykin, Mengazetdi-
nov [21] suggest doing exploratory interviews as a first step in many different
types of research projects. This method is frequently seen as highly efficient for
collecting information because the interviewer can address specific concerns as
they arise. As a result of the one-on-one nature of the interview, respondents are
more likely to respond to questions asked in person, making interviews one of
the most effective techniques of data collection.
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According to Albers et al. [2], structured, unstructured, and semi-structured
interviews are the three main varieties of the interview. Initial information on
the case firm was gleaned from an informal interview with the production man-
ager, and thanks to the manager’s suggestion, key individuals who might be
useful in future studies have been uncovered. Then semi-structured interviews
were used to extract in-depth comprehension of the research issue at hand, with
participants also given the chance to submit supplementary data. It is crucial to
conduct both open-ended and in-depth interviews with participants to properly
comprehend their points of view.

1.3.1 Research process

Due to lack of familiarity with automotive glass production, researchers in the
case study lacked a proper framework for understanding the challenging work-
place and process of the case company. Thus the case study research approach
comprises of an orientation study and a primary study, the former of which aims
to familiarize oneself with the factory, and the latter of which strives to identify
key individuals/phenomena for future investigation.

The research strategy kicked off with a complete Gemba walkthrough of
the manufacturing line lead by the production manager. After being briefed
by management, investigators viewed the whole production process. Both man-
agers were initially reluctant to have their interviews videotaped. Therefore we
took turns pitching questions and taking notes to keep the interviews moving
along smoothly. With the manager’s help during the interviews, we were able to
identify possible participants and learn when they were available, laying a solid
framework for the subsequent, more extensive study.

1.3.2 Findings and analysis

There is a dearth of research into the potential integration of CPS with Industry
4.0 for use in maintenance. To illustrate how CPS could be used to maintenance
in an Industry 4.0 setting, we give here theoretical findings from the literature.

The model’s five tiers provide a stepwise framework for introducing and
employing CPS-based maintenance. Acquiring precise, up-to-date data from the
real world is the first step in the “smart collection” stage. It is possible that the
data may be measured in a number of ways, then sent to the centralized server
over the internet or some other suitable network.

Level of conversation: In recent years, numerous analytical tools have been
created to aid and support this procedure. Prognostics and health management
(PHM) algorithms, for instance, have seen rapid development in recent years
because of their potential to give machines a degree of intelligence and fore-
sight [13].

When we talk about the “cyber level,” we are referring to the digital realm
where all of our data reside. On the other hand, the future behavior of machines
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can be predicted by measuring the degree to which their performance is similar
to that of prior assets (historical data).

Knowledge is generated at the cognition level, and reasoning information is
provided to correlate the effect of various system components. As a result of
having access to data that allows for comparison as well as individual machine
state, decisions can be made on the order of maintenance tasks [23].

1.4 Conclusions

Rather than emphasizing how the digital and physical worlds can be brought
together, Constant & Proactive Surveillance places an emphasis on the ways in
which they already are [22]. Theoretical and empirical studies alike uncovered
a number of holes that needed filling before the full potential of CPS-based
maintenance could be realized within the context of Industry 4.0.

The initial step in deploying a Cyber-Physical System (CPS) is gathering ac-
curate and up-to-date data from the physical world. An in-depth understanding
of the function, design, and consequences of every machine and part used in the
production process is essential for success in this endeavor. After that point, data
can be either gathered directly from the sensors or extracted through enterprise
resource planning (ERP) systems or other types of industrial software.

Next, producers will benefit from having the raw data transformed into in-
sights about the current status of the system. A dependable and potent piece
of software is required for the data collection process to properly categorize,
normalize, and standardize the data for subsequent usage. Furthermore, a large
amount of storage space is necessary for the data to be preserved in a useful
form. The data-to-information transition can subsequently be finished with the
help of analytical tools. Fault detection and diagnosis (FDD), prognostics and
health management (PHM), etc. are only some of the problem-finding meth-
ods that can be used across a wide range of strategies and situations. FDD uses
input data and a fault logic to locate issues, whereas PHM considers the big
picture [15].

A centralized server for storing all information is also necessary. The secu-
rity and trustworthiness of the server data storage are essential. Now advanced
analytic techniques are used to provide a more complete view of the fleet overall
and machine-specific health [13]. The future actions of machines can be pre-
dicted by looking at how they have previously performed in relation to other
assets (historical data). To achieve the desired outcomes, advanced analytic
methods are required for determining the causes of failure that are typical for
machines of a given type. Further, at this point, you will be creating a digital
twin model of the physical machine and all its elements. Maintaining such a
twin model in a state of continuous simulation requires a computer with the
processing power to deal with the massive amounts of data being created.

Potential benefits may not outweigh the massive cost of developing a CPS-
based maintenance management system. Although a maintenance management
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system based on CPS could be beneficial, it is likely to be useful only for large,
well-established organizations with long-term plans. It is possible that fixing
problems with human resource management and organizational structure can
yield a quicker and higher return on investment than fixing problems caused by
technological progress. Filling up these spaces also sets the door for ground-
breaking technological advances. To rephrase, using CPS-based maintenance
management is more effective and efficient following failures that can be linked
to humans.
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Today, manufacturing is changing faster than ever before and the drivers for
this include globalization, individualization, time to market and sustainability
—Brian Holliday
Managing Director, Digital Factory

The term “industry 4.0” refers to the fourth industrial revolution. This
revolution is characterized by a number of new technologies and trends
that are transforming manufacturing and other industries. Some key tech-
nologies and trends associated with Industry 4.0 include big data and
analytics, the Internet of Things, 3D printing, robotics, and artificial in-
telligence. These technologies are enabling manufacturers to achieve un-
precedented levels of efficiency and productivity. Industry 4.0 is already
having a profound impact on manufacturing and is poised to transform
other industries in the future. Manufacturing is the process of convert-
ing raw materials into finished products. It can be done by hand, us-
ing machine tools, or using various industrial processes. Manufacturing
is a critical part of the economy, as it is responsible for the produc-
tion of essential goods and services. The manufacturing sector is also
a significant source of employment, providing jobs for millions of peo-
ple around the world. Therefore industry 4.0 is a concept that impacts
manufacturing, shows its importance, and faces challenges in manufactur-

ing.
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Industry 4.0 is going to transform manufacturing. By integrating digital
and physical technologies Industry 4.0 enables factories to become more
connected, agile, and responsive to changing market demands. One of
the most significant impacts of Industry 4.0 is the way it is changing the
role of human workers. With the rise of intelligent machines and artifi-
cial intelligence, many tasks that human workers once performed are now
automated. This is freeing up workers to focus on more strategic and value-
added tasks, such as problem solving and innovation. Although there is still
some debate about the exact definition of Industry 4.0, there is no doubt
that it has a major impact on manufacturing. As technology continues to
evolve, we can expect even more transformative changes in the years to
come.

Industry 4.0 is essential because it represents a major shift in the way
that manufacturing is done. In the past, manufacturing was largely manual,
with workers performing tasks using tools and machines. With Industry 4.0,
manufacturing is becoming increasingly automated, with machines and
robots performing many tasks previously done by human workers. This
shift is essential because it can help improve the efficiency of manufac-
turing processes, and it can also help decrease the cost of manufacturing
products. It allows the industry to innovate and work together with greater
ease and efficiency. The creation of Industry 4.0 has helped companies in-
novate new processes, machines, and systems that create a more seamless
workflow, which results in continuous processes that are easier to execute,
thus allowing them to become more competitive.

Manufacturing has always been challenging, but with the advent of In-
dustry 4.0, it has become even more complex. With the increasing use
of data and technology in manufacturing, there are more opportunities
for things to go wrong. For example, real-time data acquisition, storage,
transmission, distribution, and data analysis are predominant challenges
in Industry 4.0 [1]. The problem is more challenging due to high uncer-
tainty and fluctuation in incoming and future product returns [2], which
may require further intelligent monitoring and control [3]. In addition, the
increasing complexity of products means more potential areas for errors.
It involves a lot of innovation, investment, and technology that shifts from
the traditional physical manufacturing in industrial space to virtual space.
This shift requires new skill sets like business engineering, cloud comput-
ing, big data analytics, and artificial intelligence (Al). Moreover, companies
need to achieve complete customer satisfaction with the right supply chain
management. Similarly, they also need to reduce waste over their product
lifecycle (PLC). Despite the challenges, manufacturing is still a vital part of
the economy and plays a crucial role in the production of many products.
To stay competitive, manufacturers must continue to invest in data and
technology to improve their processes. By doing so they can stay ahead of
the curve and remain a key player in the global economy.
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2.1 Introduction

Ice clamping as a technique to fixate fragile workpieces during machining was
already introduced in various papers; see [1], [2], [3], or [4]. The precondi-
tion for the choice of a phase changing clamping technique such as clamping
with frozen water is its property to clamp workpieces without introducing local
contact deformations and, especially, without irreversible structural plastic de-
formations. In contrast to conventional, mechanical clamping methods, the ice-
clamping method addresses this issue with its force- and form-fitted character.
The conformity and uniformity of the clamping forces introduce the force-fitted
character of ice clamping without local force peaks. Note that the term clamping
force is used as an analogy to the conventional mechanical clamping, to facilitate
a better correspondence and comparability to this common expression. In fact,
there are no real clamping forces in the classical sense, acting on the workpiece.
The terms adhesion and cohesion are more accurate.

Furthermore, the additional cooling through the clamping device can be
advantageous with regard to the machined workpiece quality and tool life. A
quantity of research effort was applied to cryogenic assisted machining opera-
tions, investigating the positive effects of additional cooling to part quality, tool
life, and machinability, as reported in [5-8]. Common cryogenic techniques
nowadays use gases like argon or nitrogen, which introduce temperatures be-
tween —100°C and —200°C. However, as recorded in [9], the temperature of
interest is rather the material embrittlement temperature, corresponding to the
transition temperature were the material changes from ductile to brittle. A brit-
tle, or hard, state is desired for machining (material cutting) to avoid long and
continuous chip formation [10] and thus facilitating and optimizing the chip
breakability. This is especially beneficial for plastics, as elastomers with low
Young’s modulus, which are hard to machine [11]. Since the embrittlement
temperature is material dependent, it does not has to be necessarily as low as
stated before, as for instance, a temperature of —55°C for steel (AISI/SAE 1008)
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was recorded to be appropriate for a high strain rate process, such as high-speed
milling [9]. For plastics, even warmer temperatures are sufficient for embrit-
tlement, such as —15°C for polyoxymethylene (wide area of application in
engineering, e.g., for gears, valves, spring elements) or —20°C for polypropy-
lene (e.g., used for interiors in domestic or automobiles, the textile industry,
etc.) [12]. Even if the current work was primarily focused on an exemplary
operational setpoint of —10°C, this does not inhibit lower ice-clamping temper-
atures; see Fig. 2.1 for an overview of the proposed system. In fact, lowering
the operational temperature would bring further advantages, such as increased
ice adhesion strength, hence higher clamping forces, and thus more security
to the process. Furthermore, a steep temperature gradient would facilitate the
heat removal from the cutting zone [13]. This chapter is organized as follows.
Section 2.2 deals with the model of the system. Section 2.3 introduces the ad-
vanced clamping structure. Section 2.4 shows the results and their discussion.
Section 2.5 introduces the concept of intelligent clamping. The final Section 2.6
indicates the most important issues for the integration of the proposed technol-
ogy into Industry 4.0 process. Conclusions close the chapter.

FIGURE 2.1 High-speed milling operation of an aluminum workpiece clamped onto an ice-
clamping device.

2.2 Model

Form the physical point of view, Fig. 2.2 shows a detailed view of a positive
and negative doped semiconductor combined to a thermocouple in real shown
in (a) and as a schematic view with current, heat, and electron flow depicted in
(b). Both semiconductors are connected by a metal, usually soldered on copper,
to the so-called thermocouple or dice, which is depicted in Fig. 2.2(a). Since
one thermocouple produces only some millivolts, multiple couples have to be
connected in series to enhance the electric potential in terms of a generator ap-
plication, but as well for the reversal effect of a heating/cooling application.
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Hence a set of thermocouples can be seen as a battery, which also cause a larger
voltage drop if a number of them are connected in a row.

interconnecting solder semiconductor legs:
conductor: copper p- and n-doped

Macro photograph of a real thermocouple (a)
Heat absomption: cold side

Heat rejection: hot side (b)

FIGURE 2.2 Scheme of a thermocouple, [2].

< top ceramic plate (Al,O,): electrical insulator

<—— copper bridges: interconnector

<+— p-doped & n-doped semiconductor
elements (Bi,Tes): thermocouples

cold side

hot side

FIGURE 2.3 Peltier cells, [2].

To enhance the thermal performance, the couples are connected thermally in
parallel to decrease the thermal resistance. For a firm mounting and electrical
insulation, the thermocouples and their interconnects are sandwiched between
two thin ceramic (AlpO3) substrates; see Fig. 2.3. The emitted heat Qj towards
the hot side and the absorbed heat Q. from the cold side, driven by the PC, is
illustrated in Fig. 2.4 and is formulated as
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The cold side T.: clamping plate

O
‘

The hot side T,: heat sink +

FIGURE 2.4 Scheme of ice-clamping system.
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The cold and hot side temperatures change according to the following nonlinear
differential equations:

1 1
%0 = <§Ri(t)2 — ST.(1)i () + K (Ti (1) — Tcm)), (2.2)

MgCq

1 1 . .
dails = v <5Rz<t>2 + ST ()i (1) — K (Tn(t) — Ta) — K (Tn (1) — Tcm)),
(2.3)

where S is the Seebeck coefficient, 7}, (¢) and T,.(¢) are the hot and cold side
temperatures, R is the electric resistance, and i(¢) is the input electric current.
The ambient temperature (which can be assumed to be constant) is represented
by T,, m, is the mass of the cooling plate placed on top of the cold side, my
is the mass of the heat sink situated below the hot side, ¢, and cj are the cor-
responding specific heat capacities of the plate and heat sink, Ky is the cooling
power coefficient of the heat sink, and K is a parameter quantifying the internal
heat transfer between the hot and cold sides. The input power

Py(t) = ug(1)i(t) (2.4)

has in turn, besides its electric part, also a thermal one, expressed as the voltage
generated due to a temperature gradient. Then from Eq. (2.1) we derive that
operating the Peltier cell (PC) under heating conditions is more efficient than
under cooling, since the applied power has a positive effect on the heat pump in
the T}, direction, whereas the cooling performance is affected negatively with the
increase of input power, and the absorbed heat remains lower than the released
one (Q, = Qp — P,). Thus the utilization of a heat sink for an accurate heat
removal on the hot side is significant when the application is focused on cooling.

2.3 Advanced ice-camping structure

The control strategy was proposed in [4], in which the asymptotical and robust
stability was proved. In this work, we design the first control loop using the
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equivalent input current i.,(t) and the corrective input current i.(t) to obtain a
controlling closed-loop current i (¢) as follows:

MyCq
ST (1)

[@(Ta = Tea)e™ ~kee (Tea®) = o)) =3 (50 (0)) = B sen (s (1)) .

g (1) ie(r)

ief(t) =

(2.5)

In a similar way, we calculate a controlling closed-loop input sz (¢) con-
sisting of the equivalent conduction input »,4(t) and the corrective conduction
input ».(t) for the hot side as follows:

o mck _ ,m_K(Th(l)—Tc(t))_ B
%cl(t)—i(Th(t)_Ta)[a(Ta Tha)e T e ken (Tha (1) Th(t))]
%eq(t)
mycCy

— m [)»;, (s (1)) +Bn sgn (s (;))] .

(1)

(2.6)

The variable s (t) is treated analogously to the value of Kj. It indirectly
represents the forced convection due to the use of a fan to increase the effect
of the heat removal rate and the relationship between forced convention and the
heat sink conductance coefficient K. A sketch of demonstration of the asymp-
totical stability of the control laws is shown in the Appendix.

To fulfill the requirements for a clamping system in an industrial, commer-
cial, and intelligent manner (smart manufacturing), we propose an embedded
system for an optimized ice-clamping system based on the gained results. The
number of thermoelectric coolers (TECs) has to be increased to maintain a
more flexible controllability through the enhancement of granularity. A new
distributed and robust control system, based on the sliding mode control ap-
proach, should ensure separate control of each TEC to better adjust to unequal
environmental conditions and external disturbances.

To sum up, the ice clamping device should address the needs of the new
hardware configuration as follows:

e increase number of TECs to twelve elements (enhancement of the granular-
ity), but maintaining the total output power, such that a qualitative compar-
ison to the original system (of 6 TECs) can be still obtained: 1070 W total
maximal electric power and 680 W total maximal cooling power

e Controller: high performance, controllability of minimum every single TEC

e usability: optimized and simplified operation by means of buttons and
switches

e Output of status messages via a LCD
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e Record data: cold temperature of each TEC, mean hot temperature, ambient
temperature

e possibility of switching between two modi: controllability of each single TEC
via H-bridges (PWM) and via power transistors (DC)

In Fig. 2.5, the schematic 3D view of the proposed system is shown with
twelve TECs.

FIGURE 2.5 Isometric 3D CAD view of the proposed ice-clamping system consisting of twelve
TECs with numbered position in (a) and the location of thermo sensor inputs inside the clamping
plate in (b), [2].

2.4 Measured results and performance evaluation

Before showing the results and discussing them, we give some technical aspects
related to the measurements in the lab. Most measurements were performed
within a 16 m? laboratory room. The first error to be assessed is the atmospheric
environment, classified into the ambient temperature and the relative air hu-
midity. Especially for measurements over a long period, which are subject to
thermodynamics, it has to be guaranteed that the surrounding climate is con-
stant over the entire time. For this purpose, the climate in the laboratory was
controlled with the air conditioning system Argo of type AUR213CL. The sta-
bility of the ambient temperature = f; was permanently kept constant at 20°C +
1.0°C. The stability of the air humidity = f> was controlled to be 50% + 10%
rel. humidity. For the crosscheck, the values were additionally monitored with
a hand-held measuring device from Testo. According to the chosen PC as well
as to the heat sink’s performance, high temperature differences can be achieved,
which make freezing the plate under —10°C possible, representing an operat-
ing point where high adhesives strengths of ice can guarantee a secure grip
during machining operations [14] by encapsulating the workpiece force- and
form-fitted. For a more detailed description of this method, we refer to [4,15,16].
According to the theory, the sliding mode control is a highly robust approach,
but its main limitation is the so-called chattering phenomenon, which is espe-
cially observable in real measurements [17]. The chattering is represented by
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high-frequency oscillations around the sliding surface. This chattering not only
reduces the control performance but also affects the hardware electronic devices.
High oscillations of the system input from the controller forces the input electric
current to switch with high amplitudes, as shown in Fig. 2.7(b), which can lead
to premature wear of electronic parts.

The presence of the sign function in Eq. (2.6), which induces the system
chattering, can be smoothened by defining the general control law

u(t) =1u(t) + Bgsat <%> , 2.7)

where 1i(t) represents the first terms of the right side of Eq. (2.6), being the
equivalent input, and § is a constant that defines the thickness of the boundary
layer and is devoted to the reduction of the chattering phenomenon, with

if 20>,
s(@) S@) - s(t)
sat T = e if —1< 5 < 1, (28)
—1 if 20 <.

Increasing parameter &, the chattering phenomenon can be reduced. A simi-
lar approach was found to be advantageous for the use in a thermoelectric system
in [18]. The choice of the integral-type sliding surface was made to also limit the
chattering characteristics. Without using integral action, the chattering behavior
can be increased additionally, in particular, in the final part of the tracking. This
aspect is known in the classical literature (see [19]), and there Fillipov [20] and
Slotine [21] are cited as fundamental background emphasizing the importance
of the integral presence to reduce chattering.

Moreover, neglecting the sign function would suppress the chattering com-
pletely, since in [14], it was shown that the convergence is still guaranteed just
using the parameter . However, this contradicts the theory of the classical ap-
proach, and the robustness can no longer be guaranteed in the sense of SMC. In
fact, the system presented in [14] is rather inspired by the SMC but does not ex-
plicitly corresponds to the purpose of a sliding mode approach, so that actually
the approach described in [14] belongs rather to a Lyapunov-based controller,
as presented in [16,22]. Therefore the presence of the sign function is justified
by the fact that it is possible that for different working points (or parameters),
the switching function is explicitly needed.

The block diagram of the controller with chattering reduction for the new
system consisting of twelve TECs is shown in Fig. 2.6.

In Fig. 2.7(a) the cold side temperature results for all twelve TECs in a
detailed view are shown for the SM control without chattering suppression.
In Fig. 2.7(b) the corresponding input currents show high oscillation charac-
teristic. Due to the chattering action, the error of the cold side temperatures
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FIGURE 2.7 SMC chattering reduction: control without chattering reduction is shown for the cold
side temperatures in (a), and the corresponding input currents are shown in (b); temperature results
with reduced chattering are shown in (c), and the chatter reduced input currents are shown in (d),

[2].

is high, having a maximal absolute overshoot of +2.2K and a maximal un-
dershoot of —1.2K. In Fig. 2.7(c)—(d) the temperature results and the corre-
sponding currents are shown for chattering compensated SM control according
to Egs. (2.7)—(2.8). The high oscillated switching of the input currents is re-
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duced significantly, so that the chattering and thus the temperature profile are
smoothened noticeably. The maximal absolute overshoot is +0.28 K, and the
maximal absolute undershoot is —0.34 K, which is near the resolution limit of
the sensors and can thus be disregarded. Two types of disturbances were applied
on the middle of the clamping plate, as shown in Fig. 2.16(a). The disturbances
were selected such that 600 J (40 W over 15 s) were applied first, shown in detail
in Fig. 2.8(b), and the second disturbance was a permanent one, hence represent-
ing the same heating power applied to the plate over the entire final measuring
time; see Fig. 2.8(c). Both represent extra high thermal load to evaluate the
controller’s performance at maximum stress. The two largest temperature peaks
belong to the T ECpg and T ECy7 (temperatures T coe and 7 cp7, respectively).
This is due to the fact that these TECs are both placed in the center of the twelve
TECs, located right under the external disturbance, the heated specimen; see
Figs. 2.5 and 2.16(a).
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FIGURE 2.8 SM-controlled temperature results for all 12 TECs in (a), in the presence of a short
disturbance in (b), and a permanent disturbance in (c), [2].

2.4.1 Performance comparison

To compare the performance of the new optimized ice-clamping approach with
a traditional one, measurements with the infrared camera InfraCAM (Flir) were
performed for the steady state and when a thermal disturbance is applied. In
Fig. 2.9, measured infrared results of the temperature profile at the defined op-
erating temperature point of —10°C are shown in Fig. 2.9(a) for the old system
and in Fig. 2.9(c) for the new system. The homogeneity of the temperature dis-
tribution is significantly optimized in Fig. 2.9(c). Furthermore, the disturbance
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attenuation, as shown in Figs. 2.9(b) and 2.9(d), is noticeably better for the new
ice-clamping system. All pictures were recorded after a certain time of period at
stable and thus steady states.

original ice clamping device new optimized ice clamping device
dc 30 W

FIGURE 2.9 Performance comparison: temperature distribution of the clamping plate of the orig-
inal system in (a), in the presence of a thermal disturbance in (b), and of the optimized clamping
system in (c) and (d), respectively, [2].

2.5 Towards intelligent clamping

As for an intelligent clamping system, the ice-clamping device can be used to
detect workpieces on the plate, such that the controller is capable of adapting its
controller action as a function of changed states or the environment. By intro-
ducing a new state, which is referred to as the stand-by mode, the ice-clamping
plate is cooled to a quasi-operating state between 0°C and +1°C. When a work-
piece at ambient temperature is put onto the plate, the change in temperature
is recognized as a deliberated disturbance, by taking advantage of the thermal
conductance, which functions as an activation point to launch the controlled
freezing action to the desired operating temperature point (e.g., —10°C). Also,
with the TEC’s ability to be used as a generator, it is also possible to exploit
the phenomenon of voltage generation (due to a temperature difference) as an-
other detection method. After detection of a workpiece, the controller is now
focused to control only a certain area of the plate, where the workpiece is ef-
fectively located by deciding autonomously which TECs have to be activated to
reach the desired setpoint. This phase is called adaption. As a result, either a
single spot is controlled, and hence only one TEC is powered, which is true for
small workpieces, or an area is controlled, and hence several TECs are actuated.
This happens when the contact surface area of the placed workpiece is large or
when the workpiece is placed over more than one TEC, soch that several TECs
are triggered at once (or in case the cooling power needs to be enhanced, the
controller can decide to add neighboring TECs). The remaining area (thus the
remaining TECs) is either kept in the stand-by mode or can be used to support
cooling of the effective area, in case the cooling power is not sufficient enough,
as in the case of high ambient temperature. But in the most cases, the remaining
TECs will be switched off by the controller, since the thermal conductance will
inevitably lead to an indirect cooling of the remaining area. This, however, is
very desirable, since the consumption of electric power is reduced in this way,
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which meets the requirement of an ecological and economical clamping. Then
it is also possible to refer to this approach as green clamping, in line with green
manufacturing.

Note that for all control actions, a sliding mode controller is still used. In
Fig. 2.10, infrared measurement results are shown. For this measurement, the
workpiece was placed on the lower right-hand corner of the plate in the stand-
by mode, and the controller detects the piece and adaptively starts the cooling,
so that only the corresponding area, where the workpiece was located, was con-
trolled to the desired setpoint temperature (—10°C). As is visible in Fig. 2.10,
the adaptive feature of the controller decides to cool an area actuated by four
TECs, since the workpiece was placed in such a way that several TECs were
triggered.

FIGURE 2.10 Infrared measurement results of the detection phase and the adaptive clamping of
a workpiece, [2].

The described concept can also be traced in the block diagram of Fig. 2.6.
Different control configurations are represented in colored arrows and TECs.
The configuration Control 1:N means a basic control strategy. One measured
error is generally valid for the entire system, so that one system input is valid
for all TECs of the system, no matter how many system outputs are present.
The control configuration Control 1:1 is a distributed control, in which a single
error signal is mapped to a single system input, but in its entirety, every TEC
is addressed individually. The configuration Control N:1 is the core of the new
designed controller approach. With this configuration, an evaluation of the sit-
uation takes place, in which the controller is capable of deciding to connect or
disconnect further neighboring TECs to enhance or decrease the cooling power,
depending on the desired setpoint and environmental conditions.

The proposed approach allows the clamping of workpieces successively to
simultaneously process multiple parts during the operating state. This means
that after detecting and adaptively clamping the first workpiece, the algorithm
within the controller constantly updates and checks the detection state, so that
the placement of a second workpiece onto the plate is recognized as a new piece
and the adaptive feature decides which TECs have to be powered on to start the
second control action. In Fig. 2.11 a photo of the setup is shown for two work-
pieces placed successively on the plate. After the clamping of the first workpiece
reaches steady state (—10°C) (see the first infrared picture of Fig. 2.12), a second
workpiece was placed onto the opposite corner of the plate. The next eleven pic-
tures of Fig. 2.12 illustrate the second controller action stepwise. It is interesting
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FIGURE 2.11 Intelligent clamping concept autonomously detects workpieces on the clamping
plate and adaptively controls the clamping: in (a), first one workpiece is placed, detected, and con-
trolled to a desired setpoint, and in (b) a second workpiece is placed during active clamping process
onto the plate, [2].

i — [ — ) — [ —
FIGURE 2.12 Infrared measurements of temperature distribution of intelligent clamping during
operation with regard to the setup presented in Fig. 2.11, [2].

to note that in this case, only three TECs on each corner were active to control
the clamping, whereas in the previous measuring example, four TECs were used
to actuate the freezing and thus the clamping (compare with Figs. 2.10 and 2.12).
This is due to the adaptive feature of the controller, which decides autonomously
how many actuators are needed to reach the desired setpoint.
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(irregular) shaped workpiece

blue colored devices indicate active
TECs under the clamping plate
(clear), mapping the shape of
workpieces

array of miniaturized TE devices

FIGURE 2.13 By enhancing the granularity of the TEC array the subpixel approach allows a more
exact position detection of workpieces and a geometrical shape recognition, [2].

2.6 Towards Industry 4.0

The proposed approach has two features, to detect a workpiece and to adapt
the right control decision, which includes recognizing a correct positioning and
maintaining accurate tracking of the desired trajectory. As described above, the
detective and adaptive characteristics of this approach are based on identifying
either the measured temperature change of the clamping plate or the measured
voltage change of a TEC in the presence of a temperature change. Assuming
that the dimensions of the ice clamping device are maintained, miniaturized TE
devices can be used to enhance the granularity in such way that a shape recog-
nition of the workpiece’s contact surface area is possible. This means that in
future works, a subpixel approach can be applied to detect not only the posi-
tion of the workpiece but simultaneously the geometrical form, thus being more
effective in terms of energy-saving clamping. The smaller the TE devices are
chosen,' the more precise the shape can be recognized. A shape recognition
might be useful to determine workpiece characteristics and lead to a clamping
device-to-machine communication. By detecting the exact position and recog-
nizing the shape through the clamping device this information can be used as
feedback passed to the CNC processing machine. This data can be then stored
and used to automatically match the CAD data, convert it to a CNC code, and
execute the motion. Especially for irregularly shaped workpieces, this might be
advantageous to facilitate the machine setup (reduce manual setting actions), as
autonomous reference and boundary points as well as zero position detections.
In Fig. 2.13 a schematic view of the proposed subpixel concept for the shape
recognition of an ice-clamping device is shown.

U 1t is also possible to assume the smallest possible unit being one dice, hence one controllable
thermocouple.
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FIGURE 2.14 Smart manufacturing: development opportunities of the subpixel approach for the
position and shape recognition of the ice-clamping device in order to meet the requirements of
Industry 4.0, [2].

Future trends, especially with regard to Industry 4.0, seek the integration of
multiple technologies in one processing step [23]. The combination of different
methods and production steps is a key issue to shorten the process chain with the
aim of a complete machining of complex parts, as deduced in a recent research
study of 2017 in [23], analyzing the future trends of the machine tool industry.
To meet these demands, the proposed method fulfills the integration of multiple
technologies and combines several processing steps, as represented by Fig. 2.14.

The hardware is configured to power 12 TECs [TECO01]-[TEC12] of the type
QC-241-1.0-3.0M. A safety margin of +25% has been taken into account for
the electric power. The TECs are placed onto a heat sink [HS01] with two fans
[FANO1]. The Controller [CO1] is an Arduino DUE with a 32-bit ARM, 84 MHz
Atmel CPU core architecture with 512 kB ARM for fast computational tasks
(fast algorithm calculations). The supply voltage for the processor is reduced
to 3.3V to compensate energy losses due to an increased computing power (in
contrast to 5V for similar Controller with lower performance). For the commu-
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nication, the DUE board has 54 1/O ports, with 14 PWM ports and 14 analog-
IN-ports. The connections and communication are controlled via bus systems as
SPI and i*C. The HMI is represented by a group of eight buttons [B01], sub-
divided in a three- and five-button subgroup, and a LCD [DOI1] in accordance
with the HD44780 standard with 4 x 20 characters. The LCD displays, e.g., sta-
tus messages, measured data, or the setup menu. With the three-button subgroup,
the basic functions are controlled, such as the start of cooling process or start
of unclamping (heating) process. With the five-button subgroup, the navigation
of the menu structure is controlled, in which the change of displayed values,
or the change of input of parameter values is possible. With the proposed in-
stallation structure, it is possible to switch [SO1] between two operation modes:
H-bridges power the TECs with PWM and power transistors supply the TECs
with DC. The switching is performed by the relay group [RO1]-[R12]. In the
case of the PWM operation mode, twelve H-bridges [HO1]-[H12] of type L6203
(STMicroelectronics) are used, powered up to U =48 V and I =5 A, so that a
sufficient power reserve capacity is ensured for all TECs. The H-bridges are sup-
plied via the power supply unit [PSO1]. For the cooling operation, the bridges
are controlled via the PWM output ports [PWMO1]-[PWM12] of the [CO1].
For the heating (unclamping) operation, the controller does not provide enough
output ports, so that the controller is extended by the board [ICO1] (PCA9685
from NXP Semiconductors), which provides further twelve PWM output ports
[PWM13]-[PWM24] connected by i2C. The H-bridges are mounted in a the
heat sink [HS02] with one fan [FANO2]. In the case of the DC operation mode,
the TECs are powered by twelve transistors [TO1]-[T12] of type BD249C with
a total power of U = 125V and I =25 A, hence also having a sufficient reserve
capacity. The transistors are controlled via a DAC [IC02] of type MAX521,
which, in turn, is controlled via a i2C bus. As a protective measure for the output
ports of the DAC, impedance converters [OP01]-[OP12] of type LM741 (Texas
Instruments) are used. The transistors are mounted together with the bridges
to the heat sink [HS02]. Temperature data for each TEC element are obtained
from twelve cold-junction compensated type-k thermocouples with the con-
verter boards MAX31855 [TCO1]-[TC12] (measured data is provided via SPI
bus) and for the hot side, defined as [THO1]-[THO04]. The hot side temperature
is recorded for safety monitoring purposes only, since it was shown and exper-
imentally proven that for the chosen controller, the hot side temperature value
is not necessarily needed. Nevertheless, the hardware application is designed in
a way to provide the possibility of an extension for further sensors (e.g., observer
application). All internal low voltages from 3.3V, 5.5V, 12V, and £15V are
provided by several power supply units [PS02]-[PS06]. The described structure
is implemented into the embedded controller system unit of the ice-clamping
device shown in Fig. 2.16, whereas in Fig. 2.16(b) a detailed top view of the
electronic is shown as depicted in the schematic circuit diagram of Fig. 2.15.
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FIGURE 2.15 Circuit diagram of electronic components of the prosed controller unit for the opti-
mized ice clamping, [2].

2.7 Conclusions

This chapter is dedicated to an innovative milling system in which the object
to be milled is fixed by an ice-clamping system. One of the most important is-
sues in manufacturing systems is to obtain “zero deformation”. In particular, the
chapter takes into consideration the control strategy is based on sliding mode
control to obtain robust results even in the absence of the knowledge of the
system to be controlled. Measured results are shown to demonstrate the effec-
tiveness of the proposed device and its control strategy. Moreover, the chapter
indicates a direction to integrate this new technology into the Industry 4.0 pro-
cess.

Appendix

Theorem 1. Given the system represented by Egs. (2.1), (2.2), and (2.3),
there exists an asymptotically stable controller characterized by the controlling
closed-loop input current i.(t) and by the real constants A, > 0, A, > 0, and
Be > 0, By > 0 together with two real constants ke > 0 and kep, > 0 such that

lim 7.(t) = Toa(t) = Toq and  lim T3,(¢) = Tha(t) = Tha. (2.9)
t—00 t—00
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Te @ & & 06 © & © 0 & &
FIGURE 2.16 Embedded system: ice-clamping device next to its embedded control unit in (a) and
a detailed top view of the electronic components in (b), [2].

We define the following two sliding mode surfaces:
t
52 = Tea®) = 1) ke [ (@) = Te0))dr =500, 2.10)
0

t
Sh(t)=Thd(t)—Th(t)+keh/(; (Thd(f)—Th(f))df—Sh(O), (2.11)

where the presence of terms s.(0) and s, (0) reduces to zero the reaching phase
(s¢(0) = 0 and s;,(0) = 0) regardless of initial condition 7.(0) and 7, (0); T4
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and Tj4 can either represent the constant desired cold and hot side temperatures,
or these setpoints can be described in a dynamic way as T.4(t) and Tp4(t) as
follows:

Tea(t) = (Ty — Tea)e ™™ + Teq (2.12)
and
Tha(t) = (T, — Tpa)e™ ™" + Tha, (2.13)

where the constant a states the velocity of the dynamics of the desired tempera-
ture profile. Let

ec(t) = Teq(t) — Te (1), (2.14)
een(t) = Tha (1) — Ty (1) (2.15)

be the temperature errors. It is then possible to define two sliding temperature
surfaces, one for the cold and one for the hot side as follows:

Sc(t) = éec(t) + keceec(t), (2.16)

Sp(t) = éen(t) + keneen(t). (2.17)

Egs. (2.16) and (2.17) with s.(#) = 0 and s5,(¢) = O state the tracking dynam-

ics of the controlled system in sliding mode for the cold and hot temperatures,

respectively. The constants k.. and kej state their rates of convergence. At

sc(t) = 0 the controlled trajectory approaches the sliding surfaces, and with

sp(t) =0, the trajectory remains in the sliding surface. Imposing s, () = 0, we
obtain

oc(t) + keceec(t) =0, (2.18)

en(t) + keneen(t) =0, (2.19)

which admit the following solutions:

eec(t) = ncexp ree! (2.20)
and

eon (1) =y exp e, .21)

where 1. and 7, are constants determined by the initial conditions. To realize
a region of attraction around this sliding surface, we can consider a Lyapunov
approach. Starting by defining two @.(¢) and @ (¢) functions such that

. R
@‘Dc(t)q%(t):ml () +

aCa MgCq

(Th(t) — T.(1)), (2.22)
and

Dy (1) Dy (1) = i2(1), (2.23)

R
i((O)Th (1) +
myCk 2my.cx
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it follows that

Do (1)dBe (1) = (sz 20 +

aCa MmaCq

R K
/ Pe(1)dP(1) = / (2m i+ (Thm—Tc(z)))dr, (2.25)

(T (1) — Tc(t))>dt, (2.24)

t

i R
5(®c(r>)2+cc=/0 (5o—"m+

MaCq MmaCq

(Th(0) = Te(0)) )z (2.26)

with C. = 0, and through similar consideration it follows that
t

1
s@)+a=[

with Cj, = 0. In [4], it was shown that T, (t) < Tj,(¢) if i (#) > 0, and considering
that T.(¢) > 0 and T} (¢) > 0, we have

i(T)Th(z) +
mycCr 2mycy

iz(r)>dr (2.27)

R_i21)>0, K (Th®)=T.(t)) >0, =—i()Tp(r) >0, (2.28)

2mgcy MmgcCq mycy

and thus the right parts of Eqgs. (2.26) and (2.27) are positive, and thus posi-
tions (2.26) and (2.27) are consistent. Denote

s2(t) + ®2(t) + 52 (1) + A1)
5 .

V(Ty, T 1) = (2.29)
Then

V(T Ter 1) = sc(0)3c(8) + @ ()P (1) + s (D35(1) + Pp () Bn (1) (2.30)
Using the model of Eqgs. (2.1)—(2.3), it follows that

V(Th, T, t) =

A 2 K
i(0)Te(t) - (1) -

mgcy 2mgcy mgcy

5o ~a(Ta=Tea)e ™ + (T (1) = To(2))

d. : —a
B e (Tea®) = To0) + 9B 0]+ 50O (T, ~ Tia)e™
. .2 K Ky
= S OT0) — 0+ —— (Ty(0) ~ T + (D) = To)
myCk 2my.cy mycCr myCk

dn (1)

— —— +ken(Tpa(t) — Ty (1)) + ¢h(t)d5h(t)]. (2.31)
My Cr

Considering the definition of @.(¢) and @;(¢) and in particular Eqs. (2.22)
and (2.23), it follows that

S 0T — W

aCa MaCq

V(T Tet) =5:0] = a(Ty = Tea)e ™ +
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—at K
+kee(Tea() = Teo) ) + 50 —a(Ta = Tra)e™ + — (T4 (0) = Tot4)

K d,
£ 00— T~ P ke T - Ty 232
myCx myCk

The first control loop can be designed using the equivalent input current i.q(t)
and the corrective input current i.(t) to obtain a controlling closed loop current
ic1(t) as follows:

MmgCq
ST.(t)

[a(Ta _Tcd)e_m _kec(Tcd([) - Tc(t)) —Ac (sc(t)) —pBcsgn (SL'(t))] .

feg (1) i (1)

i (t) =

(2.33)

In a similar way, we calculate a controlling closed-loop input sz (¢) consisting
of the equivalent conduction input »,4(t) and the corrective conduction input
».(t) for the hot side:

M C _ K(Th(t)_Tc(t))
== _Na(Ty—Tha)e " — ————2 ko (Tha () — T,
7 (1) T ()—T2) [“( a—Tha)e p—— en (Tha (1) h(f))]
%eq(t)
myCk
————— | M (s () + B sgn (sn (D)) | -
G-z Lo O)+Brsen ov0)
s (1)

(2.34)

In Egs. (2.33) and (2.34) the sgn(s., sy) represents the sgn function,
sen(se, sy =] T i sesn >0, (2.35)

—1 if s, s, <O.

As is well known, the equivalent control makes the derivative of the sliding
surface equal zero to stay on the sliding surface, and the corrective control com-
pensates the deviations from the sliding surface to reach the sliding surface. The
feedback control laws in Eqs. (2.33) and (2.34) are such that V (T}, T,, t) re-
mains a Lyapunov-like function of the closed loop system.” It is worth noting
that if input Egs. (2.33) and (2.34) are inserted into Eq. (2.32), then

dc(1)

aCa

VT, Ter 1) < 5e@ic)+81 030 = 500~

d
+ s - #(2 — i (1) = B sen(sn (1)), (236)

—heselt) = Besgn(se(1)))

2 We refer for details to [21], p. 282.
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and since A. > 0 and A, > 0, it follows that

V(Tp, Tey 1) < 5c(0)Sc(t) + sp(1)sn (1) =

d.(t) dp (1)
sc(f)( - =B sgn(sc(t))) + 5 (t)( — gy sgn(sh(t))). (2.37)
MaCq mycCk
The sufficient condition
V(Th, T 1) <0 (2.38)
is guaranteed if
d.(t
Be > max de(®) (2.39)
MgCq
and
dp(t
B = max | 2O (2.40)
mcy

To show the asymptotic stability, a Lyapunov-like lemma is invoked. In fact,
the condition V(Th, T,,t) <0, together with the fact that assuming that the
disturbances d.(¢) and dj,(¢) are uniformly continuous functions, implies that
V(Th, T., t) is a uniformly continuous function because it consists of a sum of
uniformly continuous functions. These two facts, together with V (7, T¢, t) be-
ing lower bounded, guarantee that the hypotheses of Lyapunov-like lemma are
satisfied and thus lim;—, 4 V(Th, T, t) =0, and we obtain the following result:

lim T.(t) =Tcq(t) =Teq and lim Tp(t) = Thy(t) = Tha. (2.41)
t—>—+00 t—>—+00

O
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Chapter 3

Temperature control in Peltier
cells comparing sliding mode
control and PID controllers

Alexandra Mironova, Paolo Mercorelli, and Andreas Zedler
Institute for Production Technology and Systems, Leuphana University of Lueneburg, Lueneburg,
Germany

3.1 Introduction

To face the assumed model simplification, the signal d, represents any kind of
lumped model uncertainty that is not considered in the cold dynamics equation
and, in particular, lumped thermal disturbances on the cold side due to any kind
of external heating factor. Any kind of lumped thermal disturbance and model
uncertainty, regardless of the hot dynamics equation, is represented by dj,. To
a large extent, the external heating factor is associated with the machining pro-
cess, which generates process (frictional) heat through the working tool acting
on the workpiece. The majority of the mechanical energy in common machin-
ing operations is converted into heat [3,4]. Heat is generated at the tool—chip
interface [4]. An exemplary examination of process heat is performed further
in Section 3.3, whereas initial experiments already showed the tendency of heat
generation during various machining operation steps as shown in [1]. Another
external disturbance may also be due to the change of ambient temperature,
which is normally assumed to be constant. However, in the real production envi-
ronment, this condition cannot be guaranteed, except if an accurately controlled
air-conditioning system is available. The same applies to the moisture conden-
sation on the clamping plate due to the ambient humidity.

3.1.1 Sliding mode controller

According to the results of the previous chapter, any uncertainties, whether
they are related to model simplifications or unknown parameters, have to be
addressed by an appropriate control law formulation. Furthermore, the derived
controller has to be stable against any external disturbances. For these objec-
tives, it was chosen to design a Sliding Mode-based Controller (SMC).

The classic control approach, which is widely available on the market due to
its simplicity and has been widely investigated [5-7], is the model-free control
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strategy using the proportional-integral-derivative (PID) controller. However,
the drawbacks of this strategy include oscillations, slow settling time character-
istics or overshoots, and amplifications of noise [8,9]. With changes in operating
conditions, the model-free PID control strategy shows limitations, and although
gain-tuning strategies might be applied to enhance accuracy, they represent an
additional effort. Therefore model-based control strategies are recorded to be
more beneficial, especially for nonlinear systems [10,11], since they already
encompass the relevant physics of the thermal system. However, incorporate
model dynamics is accompanied by the challenge of representing the nonlinear-
ities of the thermoelectric system. To deal with this, linear approximations, i.e.,
neglecting the Joule heat or the assumption of fixed values such as for the hot
side temperature, are typical approaches, which are used to simplify the mathe-
matical model of thermoelectric coolers (TECs), as shown in [12—16]. Another
novel and control-oriented modeling approach for TEHs is introduced by the
study [17], in which the method of integro-differential relations (MIDR) using
parabolic partial differential equations is applied and analyzed by measurements
for a multivariable heating temperature control. Although the latter research
presents promising and accurate results, it is governed by high mathematical
complexity, which involves a disproportionate effort of control law derivation.
Since the present work is focused on reducing mathematical complexity while
simultaneously avoiding model reduction and linearizing efforts, the SMC is
a highly promising choice, since it encompasses the properties of robustness,
high accuracy, and ease of tuning and implementation. Sliding mode is seen as
“one of the most significant discoveries in modern control theory” [18], since
one of its fundamental advantages is a high insensitivity to uncertainties and
parameter variations and a complete rejection of disturbances [2,19-24]. There-
fore, in terms of a nonlinear thermal system control, Sliding Mode is a highly
promising tool when it comes to the present thermal system with unknown ther-
mal parameters, since no parameter measurements or complex derivations of
temperature dependencies have to be performed.

3.1.2 Multi-input multi-output control motivation

In control practice, normally one side of a TEC is controlled, so that the focus
lies either on a cooling or a heating action. Controlling both sides simulta-
neously means controlling mainly the temperature difference. The upcoming
section is focused on modeling both sides with their own dynamics simultane-
ously, using multiple input characteristics based on Lyapunov expressions for
this approach. Despite the advantages of the robustness using Sliding Mode,
controlling both sides of a TEC concurrently, the Sliding Mode (or another con-
trol) approach, to the current knowledge, has not been yet applied. Research
activities like in [15,22,25,26] identify and verify the advantages of SMC for
TECs, but still they are focused on controlling one side. The reasons for this
lie in the difficulty of modeling the nonlinear dynamics and in finding an ap-
propriate control law, allowing the control of both interacting parts of a TEC
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dependently. Facing this gap, the following derivation of the control law presents
a new perspective of dealing with the input dynamics, allowing an interaction
between the control algorithm and in this way representing the corresponding
electro-thermal interaction of the physics in TECs more realistically.

Another reason why a simultaneous control of both temperatures of a TEC
has not been yet derived in research is due to the fact that, primarily, one ob-
jective is pursued, whether heating or cooling. The application of TECs for
ice clamping, however, shows new perspectives, which do not occur to this
extent in any other application, since a major contribution of including an addi-
tional hot-side-control is focused on the zero point displacement of the clamping
plate in the z-axis, which was discussed in detail in [1]. Especially in CNC-
controlled precise machining, positioning errors in fixture systems have strictly
to be avoided when fastening a workpiece in the processing machine. Due to
the freezing process, the thermal stress, caused by high temperature differences
between the hot and cold sides, lead to thermal expansion or shrinking of the
clamping device materials. Whether the chilled plate is shrinking or extending
(and thus whether the zero point offset is negative or positive) depends on the
applied current and thus on the emerging hot side temperature and the heat sink
performance. In particular, it depends on the combination of mass and the type
of materials used for the clamping system, the heat sink, the TEC(s), and all
utilized fastening elements of the whole device, having different coefficients of
thermal expansion. Knowing this and taking the environment temperature into
account, a control strategy focused on controlling the temperature delta, rather
than a single temperature setpoint, represents an important upside in particular
with respect to the field of the presented industrial application. As shown in the
previous chapter, the cold and hot side dynamics are highly coupled to the ther-
mal effects, so that a decoupling of both temperature states for control can only
be achieved by two inputs. A detailed model, which also includes the dynamical
change of the zero point displacement as a function of input values such as cur-
rent and fan action, is difficult to achieve in terms of lumped components, since
the complexity of the heterogeneous system belongs to the type of distributed
components. Although the thermal expansion coefficients of most of the materi-
als used to build the presented clamping device are known, the difficulty lies in
the complexity of all interacting mechanical, thermal and electrical parts. More-
over, the difficulty of building a model also lies in describing the expansion of
the TEC element itself, due to electrical and thermal stress, representing a sub-
system of a conglomerate of different materials. With the given ideal equation,
an exact physical representation and thus desired hot side temperature, which
is associated with the spatial expansion, cannot be derived explicitly. However,
an implicit relationship can be derived, which is associated with the thermal
conductance of the heat sink Kj from Eq. (3.2), such that a multi-input con-
trol law can be formulated to control two target states simultaneously. In the
area of multi-input systems combined with an SMC, the following two contri-
butions analyze two very important problems. In [7] a robust adaptive sliding
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mode controller is proposed for a class of uncertain nonlinear multi-input multi-
output (MIMO) systems. The upper bounds of the uncertainties are not needed
in the procedure of the controller design, and the controller is continuous, which
guarantees that the tracking error can converge to a small residual set. In [27] a
logarithmic sliding surface obtained from a systematic procedure has been pro-
vided, in which this sliding surface without an initial constraint on its structure
is proposed. Operational characteristics, such as sensitivity and control effort,
are regulated. The proposed procedure ensures the global asymptotic stability
of the closed-loop system. Nevertheless, sliding mode control approaches suf-
fer from chattering problems, and in the case of high-precision velocity control,
including soft landing, it is not always possible to obtain good results. In [28] a
systematic design method of full order sliding mode control for nonlinear sys-
tems is presented, which allows both the chattering and singularity problems to
be solved. More interesting in the context of sliding mode control is the MIMO
case, which recently received particular attention. In fact, in [29] an adaptive
scheme of designing sliding mode control for affine class of MIMO nonlinear
systems with uncertainty in the system dynamics and control distribution gain
is proposed. Typically, the closed-loop stability conditions are derived based on
Lyapunov theory. The chapter is organized in the following way. Section 3.2
takes into consideration the structure of the proposed SMC. Section 3.3 is ded-
icated to the experimental validation of the results obtained using the SMC and
PI controller. In Section 3.5, conclusions on the controller comparison close the
chapter.

3.2 Sliding mode control law derivation

Considering the model of the previous chapter, it follows that the model is ex-
tended and reformulated as

dT.(t) 1 . 1,
= |:_Sl(t)Tc(t)+ ~Ri*(t) + K (Ti(1) — To(t)) + dc (1) |,
dt MyCqy 2
(3.1
aT,(t) 1

— [Si(f)Th(f) + lRiz(t) — K(Tp (1) = T.(1))
dt myCy 2

— Ki (T (1) — Ta) +dh(t):|~ (3.2)

To derive a control law based on the sliding mode approach, it is com-
mon to analyze its finite time stability using the method of Lyapunov functions
[30]. In 1892, Alexander Lyapunov in his doctoral thesis [31,32] described “the
existence of positive definite function[s]” [33], which demonstrates sufficient
conditions for nonlinear stability of a system. By this method the asymptotic
stability of a system is determined by the criteria that the energy of the system
is decreasing and thus converges towards its minimum (along its trajectory). At
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this minimum (point of equilibrium where the Lyapunov function reaches its
local minimum), no more increase is possible and hence no instability, and thus
a stability in the sense of Lyapunov is present.

The SMC is based on the idea of controlling and forcing the states onto a
defined path in the state space, which is called the sliding surface. Hence, first
and before the derivation of the controller input law, the sliding surface has to
be defined.

For the sliding surface, which is shown in the following theorem, an integral-
type surface was chosen. This is due to the fact that this action can limit the
chattering behavior. Following this, without using an integral term, the chatter-
ing could be increased, in particular, in the final part of the tracking. This issue is
a well-known and discussed aspect, which can be found in classic SMC-related
research, emphasizing the importance of the integral term to reduce chattering;
see [34].

Theorem 2. Given the system represented by Egs. (3.1) and (3.2), there exists
an asymptotically stable controller characterized by the controlling closed-loop
input current ic(t) and by the real constants A, > 0, Ay > 0, B, > 0, and By,
> 0 together with two real constants ke > 0 and ke, > 0 such that

lim T.(t) =Tpq(t) =T,q and lim T,(t) = Tpa(t) = Tpy. (3.3)
t—00 t—00

We define the following two sliding mode surfaces:
t
$e(t) = Tea (0) = Telt) + e /O (T = Te@)dr =50, (B4

t
1) = Tha(6) = Ti (1) + ke /0 (7@ = Tu(0)dz =540, (35)

where the presence of terms s.(0) and s, (0) reduces to zero the reaching phase
(s¢(0) = 0 and s5,(0) = 0) regardless of the initial conditions 7.(0) and 7} (0);
T.q and Tpy4 can either represent the constant desired cold and hot side temper-
atures, or these setpoints can be described in a dynamic way as

Tcd(t) = (Ta - Tcd)e_at + Tea (36)
and
Tha(t) = (Ty — Tha)e™ " + Tha, 3.7

in which the constant a states the velocity of the dynamics of the desired temper-
ature profile. There are a few reasons, which may be valuable and advantageous,
to treat the desired setpoints dynamically. A dynamic expression can minimize
the initial start energy of the controller output. This can generate smooth trajec-
tories, prevent overshoots in the tracking, and represent temperature distribution
realistically. Due to the thermal inertia of the system (caused by the system
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intrinsic properties, e.g., the mass of plate and heat sink, which resembles ca-
pacitor behavior), the velocity of the reaching phase is, comparably to classic
mechanical clamping systems, in any case significantly longer, so that there is
no special need to try to enhance the velocity, especially with regard to its phys-
ical limitations. Moreover, as pointed out in [1], with slower cooling rates, the
cohesive bonding of ice may be enhanced. Following this, the overall clamping
forces can be increased.

Let

ec(t) =Teq(t) — TL(2), (3.8)
een(t) = Tpa(t) — Tp (1) (3.9)

be the temperature errors. It is then possible to define two sliding temperature
surfaces, one for the cold and one for the hot side, as follows:

Sc(t) = ec(t) + keceec(t), (3.10)
Sp(t) = éen(t) + keneen(t). (3.11)

Egs. (3.10) and (3.11) with s.(¢) = 0 and s3,(¢) = O state the tracking dynamics
of the controlled system in sliding mode for the cold and hot temperatures, re-
spectively. The constants k.. and k., state their rates of convergence. By solving
Sc(t) = 0 and $;,(t) = 0 formally for the control input we obtain an expression
for the inputs called equivalent control, which can be interpreted as the contin-
uous control law that would maintain $.(f) = 0 and s5,(¢) = O if the dynamics
were known exactly.

At s.(t) = 0 and s;,(¢) = 0, this means that the sliding mode system ap-
proaches the sliding surfaces, and we obtain

oc(t) + keceec(t) =0, (3.12)
éen(t) + kepeen(t) =0, (3.13)

which admit the following solutions:

eec(t) = ncexp ke (3.14)
and

een(t) = npexp ke’ (3.15)

where n. and 7, are constants determined by the initial conditions. To realize
a region of attraction around this sliding surface, we can consider a Lyapunov
approach. Starting by defining two functions @.(¢) and @ (¢) such that

. R
P ()P (1) = o i2(0) + (Tn () = Te(1)) (3.16)

ata ata
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and
. R
@y (1) Py (1) = i(OTH() + i*(1), (3.17)
myCk 2myck
it follows that
R
(A @) = (5—i*(0) + ——(Th(1) = T.(0)) ). (3.18)

R K
/@C(t)ddﬁc(t):/(zm —i20) + — (Th(t)—TC(t))>dt, (3.19)

1 2 _ ! R ,
5 (@) +Cc—/0 (2 i*(1) +

aCa MmaCq

K

(Th(0) = Te(®)) )z (3.20)
with C. = 0, and through similar consideration it follows that

1 t
S@0) +en= [ (

with Cj, = 0. According to Remark 3, 7.(t) < T (¢) if i (¢) > 0, and considering
that 7,.(¢) > 0 and Ty (¢) > 0, we have

i(0)T(7) +

iz(t)>dr 3.21)
myCr 2myck

R 2 >0, K (Tt -T.) >0, =—i()Tp(t)>0, (3.22)

2mgcq MmaCq mgCk

thus the right parts of Eqs. (3.20) and (3.21) are positive, and thus positions
(3.20) and (3.21) are consistent. According to a Lyapunov-like lemma, which
is used for the asymptotic stability analysis for non-autonomous systems,' > the
following lower bounded scalar function can be chosen to design the sliding
mode controller:

se(t) + D) + 57 (1) + DL (1)

V(TthC9 t): 2

(3.23)
Then

V(T Ter 1) = 50 (0)3c (1) + @ ()P (1) + sp(D35(1) + Pp () Pp (1) (3.24)
Using the model of Eqgs. (3.1) and (3.2), it follows that

V (T, Tp ) =

i()Te(1)— (1) —
myCq 2mgcqy MmaCq

se)| —a(Ta=Tea)e ™ + (T (1) = To(2))

' It is worth noting that a system X (z) = f(x(¢), u(#)) under time-varying feedback u(x(¢), t) rep-
resents a non-autonomous system. This is needed, for instance, also in the typical case in which x (¢)
will be required to track a time-varying trajectory.

2 See pg. 125 and pg. 126 of [35].
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8O | e (Tea ) = T0) + @B )] + 33O (T — Tra)e ™
. R , K Ky
- i(OTh(t) — i)+ —— (T () = Tc (1)) + ——(Tn(t) — Ty)
myCk 2mycy micr myCk
dp (1) .
— —— +ken(Tha(t) — Ty (1)) + q§h(f)¢'h(f)]- (3.25)
M Ck

Considering the definition of @.(t) and @, (¢) and in particular Eqgs. (3.16)
and (3.17), it follows that

V(Th’ TIe, 1) :Sc(t)l: - Cl(Ta - Tcd)efm + _S i(OTe(1) — dc(1)
aCa MmyCq
—at K
+kec(Teq(t) — Tc(t))] + 5, (;)[ —a(Ty = Tha)e™ + T = To(0)
micCg

K d,
£ @0 T~ P ke (T - Tian]. G26)
myCk miCk

The first control loop can be designed using the equivalent input current i.q(t)
and the corrective input current i.(t) to obtain a controlling closed loop current
ic1(t) as follows:

MmaCq

STe(r)

[a (Ta - Tcd)e_at —kec (Tcd(t) - Tc(t)) —Ac (Sc(t)) —Bcsgn (Sc(t))] .

iog (1) ie(1)

icl(t)=

(3.27)

In a similar way, we calculate a controlling closed loop input s (¢) con-
sisting of the equivalent conduction input »,,(t) and the corrective conduction
input ».(t) for the hot side:

o mgck _ ,a,_K(Th(t)—Tc(f))_ 3
)= s [t =Taa)e ! = =2k (T 0= Ti0)
%eq(t)
myCx
T [xh (5 (8)) +Bn sen (s (t))] . (3.28)

(1)

The variable s (¢) is treated analogously to the value of Kj. It indirectly
represents the forced convection due to the use of a fan to increase the effect
of the heat removal rate. The relationship between forced convention and the
heat sink conductance coefficient K; was explained in [1]. Since the aluminum
heat sink dimensions and material properties remain unchanged, the only way
to actively change the performance of the heat sink and thus the temperature
of the hot side is obtained by controlling the ventilation. With s (¢), the air



Temperature control in Peltier cells Chapter | 3 49

volume flow rate is controlled in terms of the fan speed, which is controlled by
the input power to the DC external rotor motor of the fan. The contribution of
the fan power to the total conductance of the heat sink can be obtained from
manufacturer data sheets; more generally, we can refer to [36—-38], where the
mathematical descriptions are shown more comprehensively. Hence s () can
be seen as an effective input value responsible for the heat sink total perfor-
mance.
In Egs. (3.27) and (3.28) the sgn(s¢, s5,) represents the sign function

+1 if sq, s >0,

. (3.29)
—1 if s, s, <O.

sgn(se, sp) = {

As is well known, the equivalent control makes the derivative of the slid-
ing surface equal zero to stay on the sliding surface, and the corrective control
compensates the deviations from the sliding surface to reach the sliding surface.
The feedback control laws in Eqgs. (3.27) and (3.28) are such that V (T}, T, t)
remains a Lyapunov-like function of the closed loop system.” It is worth noting
that if input Egs. (3.27) and (3.28) are inserted into Eq. (3.26), then

. . . 0
V(T Tes 1) = 56050+ 50030 = 5 (0) (-

MmgcCy
d
#9u0(= 2 i) = B sensn @), (330

—hese(t) = e sn(se(1) )

and since A, > 0 and A;, > 0, it follows that

. . . 0
VT, Ter1) = 550 + 510300 = 5 (= S5 = B sgn(se(1)))

MmaCq

d
+ sp (t)( — #(;2 — B sgn(sh(t))). (3.31)

The sufficient condition

V(Th, T 1) <0 (3.32)
is guaranteed if
d.(t
Be > max (t) (3.33)
MyCq
and
dy(t
By = max | 0| (3.34)
mgcCy

3 Please refer in detail to [35] on pg. 282.
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To show the asymptotic stability, a Lyapunov-like lemma is invoked. In fact, the
condition V(Th, T,, t) <0, together with the fact that assuming that disturbance
d.(t) and dj(¢t) are uniformly continuous functions, implies that V(Ty, T, 1)
is a uniformly continuous function because it consists of a sum of uniformly
continuous functions. These two facts, together with V (7}, T,, t) being lower
bounded, guarantee that the hypotheses of Lyapunov-like lemma are satisfied
and thus lim;— 400 V(Th, T,, t) =0, and we obtain the following result:

lim T.(t) =T,q(t)=T,q and lim Tp(t) =Tpa(t) =Tpe. O (3.35)
t——+00 t——+00

Remark 1. The fact that V(Th, T.,t) <0 guarantees the boundedness of the
controlling closed-loop input current i (t) and the controlling closed-loop con-
duction input ¢ (¢). Moreover, the scalar function (3.23) is radially unbounded,
which guarantees the global asymptotic stability of the controlled system. [

Remark 2. In case of parametric uncertainties, conditions (3.33) and (3.34)
become

B > max de(1) +max |Aq(1)] (3.36)
MyCq
and
81 > max | D] 4 max 1Ay )] (3.37)
MiCk
with the assumptions
Ar: max|Aq(1)] <6 (3.38)
and
Ay max|Ap)| < by, (3.39)

where 8. and §;, are known bounded real quantities. With conditions A and A,,
the system described in Egs. (3.1) and (3.2) is assumed to be stable. The func-
tions A.(¢) and Ay (¢) represent the estimated maximal margin of uncertainties
due to the variations of the parameters, which generate a non-perfect cancelation
through the equivalent inputs i., (f) and »4(?). O

Remark 3. We can see that the cooling phase is guaranteed for i(t) > O for
all ¢ such that 7j,(t) > T.(¢) for all ¢ and all considered TECs. This is subject
to the Peltier effect, which governs the directional dependency of the electric
current applied. Changing polarity leads to a redirection of the heat flow, so
that for an unclamping and thus ice thawing action, heating is guaranteed for
i(t) < 0 with the consequence that 7;,(¢) < T.(¢). In terms of ice clamping,
the last condition does not necessarily have to be 73, (f) < T,(¢), since thawing
conditions only depend on T.(¢) > 273 K, so that for a sufficient time period
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T}y, the thawing is even guaranteed for i (T;,) = 0. Whereas the time Ty, is then
a function of thermal conductance, natural convection and radiation, and the
heat quantities of all involving matter. To facilitate fast thawing, however, it is a
highly recommended practice to force the input current to i () < 0. |

Structural stability

The Lyapunov-like lemma was introduced to mathematically prove the sta-
bility of the derived Sliding Mode Control law. A further assumption can be
formulated to prove the existence of an additional structural stability. The struc-
tural stability of the desired cold side temperature is defined to depend on the
coefficient Ky, representing the heat removal through forced convection and
conduction on the hot side. The higher the thermal conductance, the lower the
thermal resistance of the heat sink. Thus the higher the possible temperature
difference can be achieved, the lower the T4 can be chosen. So the stability of
T, (t) can be seen as a function of the term Kj, which must guarantee enough
cooling of the hot side. Assuming that due to the action of the fan the variation
of Ty (¢) is small enough, the hot side temperature change of Eq. (3.2) can be
rewritten in a steady-state form considering the following assumption.

A1: There exists a value of variable K (¢) such that

0=Si()Ty(t) + %Riz(t) — K(Tn(t) = T.(1)) — K (T (1) — T,).  (3.40)

Eq. (3.40) can be guaranteed by the existence of an input current, which can
achieve a maximal heating power Qpmq, by defining

dop(t)
di (1) =0

(3.41)

with Qj,(¢) corresponding to Eq. (3.2). By differentiating Eq. (3.2), in view of
Eq. (3.41), we have

STy (1) + Rithax () =0, (342)
so that
. Tn(1)S
i Qhmax (1) = =L - (3.43)

Condition (3.40) can be guaranteed if we prove that 7j,(¢) consists of small
variations with respect to the right terms of (3.2). Considering Egs. (3.40)
and (3.43), this can be guaranteed by

—1
Ki(t) = <Th (t)—Ta) ((R*1 T2()S%)+(QR) ™ TA(1)S?) — K (T, (t)—TC(t))).
(3.44)
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To be more practical, it is possible to consider the maximal and feasible value
of Ki(t) = K k- Eq. (3.44) can be taken to calculate the needed parameter be-
forehand or to evaluate the thermal performance of an existing heat sink; thus it
is a good tool for designing and sizing proper thermal systems with high tem-
perature differences. Furthermore, Eq. (3.44) proves the existence of a value
stabilizing the thermal system.

Remark 4. — Case Study With reference to the practical application, the bound-
ary values, which determine the minimal and maximal heat removals, are rep-
resented by the reciprocal of the term K}, since this value can be gathered from
the manufacturer’s data sheet. The value of interest is the thermal resistance R;y,.
For example, by following Eq. (3.44) and assuming constant steady state values
(e.g., maximal desired temperature delta), we can derive that:

1’% = Th - Ta
T T2S2R 4 T2S22RT) — K(Ty — Te)

(3.45)

with R, representing the thermal resistance that guarantees the stability in the
presence of maximal heating power when the corresponding igp,,,, is applied
to the element. An exemplary calculation can be then derived, considering a de-
sired setpoint at 7.4 = 263 K with a constant ambient temperature at 7, =295 K
and formulating the boundary condition that 7}, should not be more than 10 de-
grees over the ambient temperature. Then, to attain the structural stability, a heat
sink should be chosen with thermal performance of Ié,h <0.19 % or K r>5.3

%. In fact, according to the data sheet, the performance metric of the chosen
heat sink for measurements (see Table 3.1 in Section 3.2.1) is R;; = 0.125
%, describing the maximal achievable cooling performance (in the presence
of maximum ventilation performance). Furthermore, if the chosen boundary
condition is revised, then the structural stability can no longer be guaranteed.
Assuming a new case that the temperature difference between the ambient and
hot sides is lower than 5 degrees, the chosen heat sink performance would not
be sufficient, as, for stability, it must be then guaranteed that Ié,h < 0.095 %
Note that this calculation is for exemplary use only.

3.2.1 Simulation results of MIMO SM controller

For the simulation of the proposed controllers, we use constant parameters for
the Seebeck coefficient, thermal conductance, and the electric resistance shown
in Table 3.1. For the cold side temperature, a value of —10°C (corresponding to
263.15 K) was chosen as the desired setpoint, as it represents a sufficiently good
operation temperature for generating high adhesive ice strength [1]. The hot side
temperature setpoint was chosen to be +32°C (corresponding to 305.15 K), such
that in total a temperature delta of AT = 42K should be controlled.

Fig. 3.1 shows the conceptual scheme of the designed control law. In Fig. 3.2
the tracking results for the cold and hot sides are shown. Whereas the rising time
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TABLE 3.1 Constant coefficient values used for simulation of MIMO SMC con-
troller. Values referring to the TEC type QC-450-0.8-3.0, heat sink LA6250 and
fan ebmpapst 24VDC.

Coefficient Value Unit Coefficient Value Unit Coefficient Value Unit
ma 0.1323 kg K 0.976 W/K ) 0.03 7!
my 1.360 kg S 017 V/K Be 0.001 Ks~!
ca 898  Jkg !kl R 200 QX 0.0003 s~1
ck 898  JkgTlk! 4 005 s1 B, 0.0001 Ks~!
A 0.026 m? kec 001 s1 Ky 1 571
Technical data of fan

thermal resistance at maximal input voltage (DC) 0.125 KWL
maximal input voltage (DC) 24V
maximal power 3W
maximal air volume 56m3h~!
maximal speed 6.850 min~—!

l X (t Cold Side iy (1)
Tea()—>§ —eall p Sliding Mode : 3

Controller T.(t)
Ice Clamping =
System >

f Th(t)

X, (t Hot Side 25 (%)
Thd(t)_’CD_m(‘L’ Sliding Mode

Controller

t

FIGURE 3.1 Block diagram of conceptual control scheme.

dynamic of the desired hot side shows fast response, taking into account an error
tolerance of +0.5 K, the cooling velocity on the cold side of the system is much
slower. This is because the temperature difference of the desired cold side with
regard to the ambient temperature is much higher. However, it is important to
note that the settling time dynamics of the cold side is 2.5 times faster than that
of the hot side, being subject to the higher A, and 8. values, which were chosen
to emphasize the cold side dynamics with regard to the purposed freezing appli-
cation. It should be pointed out that the rising time seems to be long, concerning
a manufacturing system, but we have to consider that this represents the launch
time, when the system has to cool down starting at room temperature. After
reaching the operational setpoint, the unclamping procedure is achieved through
a reversal of the polarity of the applied current, which leads to a heating of the
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FIGURE 3.2 Hot and cold temperature simulation results in (a) with (b) and (c) being the detailed
views of cold and hot side temperatures, showing their rising time dynamics depending on the
tolerance set as 0.5 K.

cold side and thus to a fast thawing of the ice. For this, the system is heated to
0°C, which in turn speeds up the velocity of cooling in the next clamping phase.

In Fig. 3.3 the corresponding input current and the input value for the con-
duction are shown. As shown in Fig. 3.3(b), the boundaries are set to 2 W/K and
8 W/K, describing the minimum and maximum of the heat sink performance.
The minimum heat conductance is accounted for the heat sink itself, without
fan action, in the presence of natural convection, which is always present, and
thus this value has to be taken as the lowest constant limit. The maximum value
is related to the maximal power output of the fan at maximum voltage input.
In conclusion, this range defines the operational area of the designed controller
and is derived from the electric power consumption of the applied fan.

From the simulation results we see that the controller is capable to control
both sides stable and for a long time run. It leads to the conclusion that an
accurate temperature delta control can be obtained using the proposed control
strategy. A precise temperature difference controller shows not only advantages
towards the avoidance of zero point displacement, but it may also be interesting
regarding other application areas, such as measurement or calibration technolo-
gies.

However, as discussed in Section 3.1.2 and with consideration of the results
presented in [1], it is not possible to deduce the exact value of the hot side tem-
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FIGURE 3.3 Simulation results of controlling closed loop input current in a) and controlling
closed loop conduction input in b).

perature, which would guarantee a non-displacement, without further modeling.
For this purpose, a more complex physical model representation needs to be
derived, including material properties of each component of the ice-clamping
system. Therefore it was decided to keep the fan action at its maximum for the
upcoming simulations and measurements. Hence a single-input single-output
(SISO) system is considered. Moreover, with regard to an economical, ecolog-
ical, and thus sustainable manufacturing, at maximal cooling performance, this
choice is advantageous, since the electric power consumption of the TEC can be
minimized when powering the fan on its maximum. The performance metrics
of the TEC show a high voltage at a high current (see Table 3.1), whereas the
power consumption of the fan is, in contrast, much lower. Through simulation
it is possible to derive that almost 11 W can be saved at maximum fan action (at
the same setpoint T4 (t)).

3.3 Experimental validation

Measurements were performed to validate the simulations and experimentally
validate the stability of the controller in the presence of model and parameter
uncertainties when external thermal disturbances are applied to the clamping
plate. Controller gains were taken from simulations, summarized in Table 3.1.
The conceptual structure of the experimental setup is shown in Fig. 3.4.

The temperature is measured with type-k thermocouples. The data is logged
within the pController Arduino Due, which controls the magnitude of the output
current and drives the TEC by forcing the closed-loop input current to track the
desired temperature values via DC. Furthermore, Fig. 3.4 shows the scheme of
how an external lumped thermal disturbance is implemented on the cold side
of the clamping device, simulating a machining action. For this, a specimen
made of AIMgSi0.5, similar to the reference specimen used for measurements in
[1], is heated with a heating element till thermal inertia. After reaching thermal
inertia, it is put on the clamping plate for a certain amount of time, simulating
high thermal stress of an operation with a worn tool and forcing the system to its
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FIGURE 3.4 Structure of the experimental setup, showing the basic overview of the electronic
hardware.

limits, namely nearly to the melting point of the ice. The properties of the TEC,
heat sink, and fan remain the same, as used for the simulations; see Table 3.1.

Definition of thermal disturbance

To test the controller performance when thermal disturbance is applied, pre-
measurements were performed. External lumped thermal disturbances depend
on different factors, such that their determination cannot be generalized. Begin-
ning with the material of the workpiece, its specific heat coefficient, conductiv-
ity, and mass have to be taken into account. The operation parameters, like the
machining mode, whether a new or worn tool is used, cutting forces, feed speed,
and the cutting depth are also decisive factors, which need to be taken into con-
sideration. Therefore, to better interpret the presented results for the introduced
system, experiments with the reference specimen were performed to attain some
exemplary disturbance values, based on common machining operations, such as
drilling and milling. Since a milling action was already discussed in the previ-
ous chapter, an exemplary drilling action is introduced in addition. Drilling was
performed without cooling at room temperature, by thermally isolating the spec-
imen, to attain the input thermal power and energy. The evolving temperature
was measured with a k-type thermocouple sensor, which was placed inside the
specimen. The time to derive the thermal energy input was monitored. A worn
tool was used to simulate extra high thermal stress and to illustrate a common
machining procedure, since in the industry the tool would not be replaced with
each new machining procedure. The average feed rate was 17.2 mm/min, and
the drilling hole depth was 10.5 mm. The results plotted in Fig. 3.5 show that
the maximal thermal power for the largest (worn) tool was recorded to be 56 W,
corresponding 2300 J.
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FIGURE 3.5 Introduced power and energy by a drilling action with three different drill diameters
at an average feed rate of 17.2 mm/min and with a drill hole depth of 10.5 mm.

Measured controller performance

The tracking results, in the presence of an external lumped disturbance, are
shown in Fig. 3.6, comparing measured (subscript meas) and simulated results
(subscript sim). The simulations of the cold side dynamics are much in line
with the experiments, having a steady state error < 0.01%. However, the simu-
lated current deviates from the real measurements (see Fig. 3.6(b)), which can
be accounted for model uncertainties due to the use of a compact model with
constant parameters. The corresponding mean absolute error is 280 mA; see
Fig. 3.6(c). We can see from the results that the disturbance attenuation of the
controller shows fast and robust behavior, having a small undershoot in the re-
sponse, which is highly desirable for a homogeneous temperature distribution on
the clamping plate. A uniform heat allocation equals constant clamping forces.
We can conclude that even among uncertainties and model simplifications, the
proposed controller is characterized by a strong and robust performance.

According to Fig. 3.5, the applied thermal disturbance represents the second
drilling action (with a tool diameter of 5 mm), and hence 600 J were applied to
the cold clamping plate. In fact, the chosen thermal disturbance led the temper-
ature of the cold side to exceed the zero point, and hence a thawing process was
already present. Consequently, applying 60017J to the system shows clearly its
upper limit (at least for the considered system). Despite the quick response of
the controller, the thermal inertia of the system lowers its efficiency. To counter
this, it is therefore advisable to lower the setpoint to increase the safety margin.
Nevertheless, it should be noted that this kind of thermal disturbance represents
an especially high thermal stress, since low feed rates with worn tools were
used to determine exemplary values. From the real performance test in [1] it
was shown that even without a controller action the clamping plate temperature
on the cold side did not exceed the dew point.

In Fig. 3.7 the performance of the controller was tested, when, next to a short
time disturbance (400 J), a permanent thermal noise was applied to the cold side
of the system. The results show a good disturbance compensation and accurate
tracking and prove a longtime stability of the controller when a continuous ther-
mal load is applied to the system (here again, 600J were applied on the cold
side to simulate extra high thermal load), representing a long machining opera-
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FIGURE 3.6 SMC performance: comparison of simulation and measurement results in the pres-
ence of an external lumped disturbance; the cold side temperatures are shown in (a), the input
currents in (b), and the absolute error of input current compared to the experiments in (c).

tion. In Fig. 3.7(b) the corresponding controlling input current is shown, which
shows a quick response to the applied thermal disturbance, emphasizing a good
sensitivity to temperature changes as soon as they occur. This sensitivity is due
to the appropriate values of the parameters A and 8 obtained from simulation.

short disturbance d.(t) = 400 J 600 J

w
]
o

N W W
© O =
o © o

@®
=]

Temperature (K)
NN
~
o

N
o
o

0 1000 2000 Time (s)

N

Electric current (A)
= N
[ SRS )
:/J
3

0 1000 2000 Time(s) 3000 4000 5000 6000
FIGURE 3.7 (a) Sliding Mode controller performance in the presence of a short and permanent
(longtime) disturbances applied to the cold side of the clamping system; (b) the corresponding con-
trolling closed-loop input current of the controller.
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Performance of dynamic temperature setpoint

Following the proposal that the desired temperature setpoints can be described
either as constants or in a dynamic way (see Egs. (3.6) and (3.7)), further
measurements were performed to examine the effects of both approaches. In
Fig. 3.8(a) and in the detailed view of Fig. 3.8(c) and (d), the results for the cold
and hot side temperatures are shown. Especially for the cold side, a dynamic
approach leads to a smoother and therefore faster reaching performance of the
desired value of 263.15 K (—10°C). In both cases (cold and hot) the overshoot
characteristics of temperatures are noticeably damped. Fig. 3.8(b) shows the
corresponding current results for both approaches. As a conclusion, a dynamic
expression can reduce the initial energy of the controller without reducing the
accuracy of the tracking performance. Moreover, this approach leads to a better
behavior of the controller action.

3.4 Controller extension

The objective of a distributed control leads to the question whether the ideal
model representation is appropriate for the control task of multiple TECs or
whether the model has to be extended to better map the real system. For this
purpose, the mathematical model representation is modified for the case of two
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interacting TECs. The thermal interaction is assumed to be represented by ther-
mal conductive heat flows inside the clamping plate and inside the heat sink.
The schematic concept is shown in the enlarged physical model in Fig. 3.9.

Heat-Absorbing Side - Cold Side

FIGURE 3.9 Extended ice-clamping device actuated by two TECs with interacting thermal heat
flows.

According to Fig. 3.9 and with consideration of Eq. (3.1), the cold side tem-
peratures of the first and second TEC change as follows:

dT:(1)
aCa =
dt
1
—Sil(t)Tcl(l)-l-ERi%(t)-irK(Thl(t)—Tcl(t))—K12(Tc1(t)—Tcz(t))-lrdc(t),
(3.46)
and
dTe(t)
Mata=0— =
1
—Siz(t)Tcz(t)—i‘ERi%(f)—FK(ThZ(t)—TcZ(t))—K12(Tc2(t)—Tcl(l‘))—ch(t),
(3.47)

with the new interacting conductive term K12 AT describing the heat flow inside
the material of the cold clamping plate, where K is the coefficient of the (spa-
tial) thermal conductance. The same applies to the hot side temperature change.
The reformulation of Eq. (3.2) yields to

dT; 1
mpCr th(t) = Sii (D Th1 () + ERi%(t) — K(Tn (1) = Te1 (1))
— Ki(Tn1 (1) — Ta) — K13(Th1 (1) — Tha (1)) (3.48)
and
dT; 1
mic f;(t) = Sia(OTia (1) + S Ri30) = K (Tha(0) — Tea(0))
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— Ki(Tha (1) — Ta) — K13(Th2(6) — T (). (3.49)

The new term K(3AT is the conductive heat flow inside the heat sink with
K13 the (spatial) thermal conductance coefficient of the heat sink. Similarly to
Eq. (3.4), the sliding surfaces are defined as

t
$100) = Tea (t) = T (1) + kec fo (T = Tu@)dr (350
and
t
$2(0) = Tea (1) = Tea (1) + ke /0 (Tca®) ~ Ta)dz. (351

The desired setpoint temperature remains identical for both TECs, since a homo-
geneous temperature distribution of the clamping plate is required. Nevertheless,
for another case of application, this can be easily adjusted.

Following the same control law derivation as described in detail in Sec-
tion 3.2, the new controlling input currents for the first and second TECs can
are formulated as follows:

. MmaCq —a
fey (1) = ST () [ — Ki2(Te1 (1) = Teo (1)) + a(Ty — Tea)e™™
—kee(Tea(®) = T () = *e(510) + Besen (51(1)) | (352)
and
iy (1) = S";:;(“t ) [ — Kia(Teat) = To1(0) + a(Ty — Tog)e™

— kee(Tea (0 = Tea ) = e (520)) + Besen (20) |~ 3.53)

The existence and positivity of currents i, (t) and i., (¢) are conditioned by the
choice of parameters 8 and A, which have not necessarily the same values for
icty () and iy, (2).

A block diagram of the controller scheme is shown in Fig. 3.10. Note that
the controller is organized in a central structure, although the controller encom-
passes two coupled control laws. These control laws provide two outputs. They
are coupled through internal effects as in the thermal model. Moreover, the con-
troller has just one reference for both TECs. Therefore the controller can be seen
as a central one.

The measurement setup is depicted in Fig. 3.11. Fig. 3.11(a) shows the struc-
ture, and Fig. 3.11(b) shows the photo of the real setup. In Fig. 3.11(c) a detailed
view is shown of how the (simulated) external thermal disturbance is applied to
the cold side.

The temperature measurement results are shown in Fig. 3.12(a) for the cold
sides of the system, and the corresponding controlling input currents are shown
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FIGURE 3.10 Block diagram of the proposed control law based on the extended ice-clamping
device version activated by two TECs.
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FIGURE 3.11 Experimental setup of the extended ice-clamping system actuated by two TECs; (a)
a simplified circuit diagram of the control and measurement strategy; (b) and (c) the corresponding
real test configuration.

in Fig. 3.12(b). The subscripts extended identify the results of the new control
law with additional conductive terms.

The performance of both controllers shows fast responses, and both work
effectively and robustly in the presence of thermal disturbances, attenuating the
noise to the desired set point temperatures. From the measured results we can
conclude that the modeled interaction on the cold sides of the clamping plate
between the two TECs is not explicitly necessary, since with and without the
additional term, both results show accurate and coherent thermal (delay) behav-



Temperature control in Peltier cells Chapter | 3 63

268 I @
| Tc_01_extended

< 267 \ Tc_02_extended
=< ——Tc_01
o 266 &‘\ Tc_02 |
E]
® 265 \
g \
£ 264 \
g

263

262

0 500 1000 1500 2000 2500 3000 3500
Time (s)
< 3
£ 25 Y ®)
ezl n
o 1.5 LR Mana
2 1 AALLAL L L) o fus | bdehariiainge
g 05
w oo
0 500 1000 1500 2000 2500 3000 3500
Time (s)
TEC_01_extended TEC_02_extended — TEC_01 TEC_02

FIGURE 3.12 Comparative measurement results between the first control law, derived from Sec-
tion 3.2 and the extended version with an additional conductive term to better represent thermal
interacting of the cold side dynamics (a), and the corresponding controlling currents (b) in the pres-
ence of external thermal disturbance applied on the cold side.

ior of the cold side temperatures. No difference between the two control laws
could be identified. Moreover, it is observable that with the extended control
law version, the chattering behavior of the SMC is enhanced. Chattering is a
typical drawback of the SMC approach. To deal with this, several concepts ex-
ist, which may be used to reduce the chattering. To conclude, for the practical
use, the SMC shows high robustness in the presence of not-modeled dynamics,
such that it was decided to use the simplified control law without taking into
account the interacting conductive part. In particular, considering an array of a
number of TECs, a central TEC, being enclosed on all four sides by neighboring
TECs, will include four (or eight when taking into account the edges) additional
conductive terms. The advantage is that not only the complexity is reduced by
treating each TEC element individually, but regarding the practical aspect, this
facilitates the programming and computation aspects of the Controller.

3.5 Controller comparison

To check whether the choice of SMC is an appropriate one, a controller perfor-
mance comparison was performed. It was decided to use the classic approach
of the PID controller, which has the advantage of being model-free and thus
easy to derive and to implement. However, as was stated at the beginning of this
chapter, it is known that the classic model-free PID controller approach suffers
from multiple drawbacks. In [39] a detailed description of these drawbacks and
comparative measurements was given, in which it was demonstrated that it is
strictly advisable to include a feedforward regulator to the control law to obtain
a good controller performance for the ice-clamping system instead of using only
the feedback control. However, introducing a feedforward regulation means that
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again a model has to be present to derive the feedforward law. Since in [39] only
the derivation of the control and regulator law is shown, the proof of stability is
missing. To address this, in Section 3.5.1, we introduce a proof of stability and
comparative measurements between the PI and SM controls.

Note that it was decided to neglect the derivative part D of the PID control,
since the present thermal system is governed by long time constants due to ther-
mal inertia of the components of the system, which can be seen as a system of
multiple thermal capacitors. Since the derivative part of the PID controller is
appropriate to speed up dynamic response, it, in this sense, will not bring any
advantageous effect to the present system. Also, it is a well-known fact that the
derivative part leads to an amplification of noise, which leads to the need of an
additional filter to mitigate this, introducing an extra effort and complexity to
the system [40].

3.5.1 PI controller and feedforward regulator

To obtain a feedforward regulator, if 7,.(¢) = T,4(¢) equals the desired control
current input, then rearranging Eq. (3.1) with consideration of Eq. (3.6) leads to

MyCa dTZ(t) =—ST.q4()i(t) + %Riz(t) + K (T (t) — Tea D). (3.54)

Then, if
Th(t) — Teq(t) =0, (3.55)

then by subtracting Eq. (3.1) from Eq. (3.2) we obtain the following relation:

iz(,)[lR< 1 >:|+i(t)S<Tcd(t)+Th(l‘)>
2 mrcr  MgcCy MyCy mich

+ K (Tea(t) — Th(1)) [— :|+I€k(Th(t)_Tu)(_kakl)

+ Tea(t) — Ty (t) =0.  (3.56)

mcCk MmaCq

Hence the input current igp(¢) from the feedforward regulator can be designed
as

iFF(t)=—( R___R )_I(STh(t)+STcd(l))+< R R )—1

mrcy  MgCq

\/(STh(t)+STcd(l))2_4[( R R ) (K (7 (0) = Teat0)

myCx mgycy mrcy  Mgcy

My Cx MqCq 2mpcr  2mgcq

(= mreg" = macg ") + Tea(t) — T (t) — Rie(Th (1) — Ta)(mkck_l)]. (3.57)
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Now considering the PI controller with I'p and I'; as the coefficients of the
proportional and integral terms, we design the input current ipy(t) from the
controller as

t
ipr(®) =Tp(Teat) = To(0) + T /0 ((Tea(@) = Te@)dr + A (). (3.58)

The complete controller can be designed by adding Eq. (3.58) to Eq. (3.57) and,
for the new input current ipgp, it follows that

iptre(t) = ipr(t) +ips(1). (3.59)

The term A, (¢) in Eq. (3.58) represents the Anti-windup signal with K, being
a constant to be set to the signal; see Eq. (3.60). It is an additional term, which
can be used to prevent an integration windup, since the input to the system has
to be saturated. In fact, the input current to a TEC must be saturated towards the
positive boundary of the maximum current of a TEC to prevent overcharging.
Whereby sat describes the saturating level as a constant value corresponding to
the physical boundaries of a TEC. Furthermore, a negative current has also to
be avoided, since a polarity reversal leads to a reverse of thermal flow. Thus the
lower bound is set to zero. In [39] the advantage of the introduction of an Anti-
windup action was discussed and proved by measurements of an ice-clamping
system. The Anti-windup is defined as

Aw(®) = K (ifpe(0) = ipme(0) ), (3.60)
where
i) = iplrr(t) if iprr(?) < sat, (3.61)
PIFE sat if ippr(t) > sat. '

It is known that if the system is controlled using a feedforward action that
drives the system around desired trajectories, it is possible to analyze the dynam-
ics of it using a linearized model around these trajectories. If i (r) = /u(¢), then
we obtain the following structure of the system described in Egs. (3.1) and (3.2):

- K K
T (1) T mgca mgcqy Te(1) ﬁ
- K+K, * u(
I K + R
Ty (1) T Ty (1) T
—_——
Ao By
_ ST 0
MyCq
+ u(t) + T,. (3.62)
ST () 1

mycp 2mycy
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The dynamic behavior of the system can be analyzed around the desired
trajectory. In general, if a nonlinear system

X)) = fx@),u)) (3.63)

is given, then its linearization around a desired trajectory T.4(¢), Thq(t), and
uq(t)is

Tc([) - Tcd(t)
X@) =f(Tea(t), Tha(t), ug(@))+V f(Tea®), Tha(t), ug(t)) | T () — Tha(r)
u(t) —uq(t)
(3.64)

In the present case, linearizing the system described in Eq. (3.62) around the
trajectories T¢q(t), Tha(t), and uy(t), we obtain the following structure:

’

where V f represents the Jacobian matrix.

r K K R
Te(r) " Maca mgcqy T.(1) 2mycq
= ok + u(t)
I K +Kx R
Th(1) myck T Tmger (1) 2mycy
_ ST _ 8@ g T Te(®)
MaCq MmaCq 2mgcq/ug(t) -
+ Via (@) + Macaitd Th (1)
8Tha (1) 0 S/uq(t) Tpa (1)
mCk micCk 2myci/ug(t) ﬁ(t)
Jacobian matrix of the linearization
0

+ 1 T,, (3.65)

2mycy
where T,(t) = To(t) — Toa(t), Ty (t) = T (t) — Tha(t), ii(t) = u(t) — uy(t), and
ug(t) =ire(t).

System (3.65) can be rewritten as

_ K+Kj

o ]_| - W& | ro
Ty (1) K

Ty (1)
mpcy mgCk
Ao
. _S%ﬂ 0 T.(1) T u(t)
o svmm || T m
Y L 2mycy
A(t)

By
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__ Tq® T ST
2mgca/ug(t) it 2mgcqug(t) MqCq w(t T .
+ Tha (1) ®+ T ST Vua(®)+ - a
2myci/ug (1) 2mycruq (1) mpck MiCr
B@®)
(3.66)

The structure of the controller is represented in Fig. 3.13, where we can see
a combination of a feedforward action with a PI controller. In particular, the PI
part of the controller is as follows:

t
u(t) =Tp(Tea(t) = Te(t)) + Ty /O ((Tea (@) = Te@)dr + A0 () + ua (o),

(3.67)
where T.4(t) — T.(¢) is the representation of the error e(¢) defined by Eq. (3.8).
Let

t
010 = [ (1)) = Teo)ar (3.68)

be the state of the integral controller.

measured value T ,(t) Disturbance d.(t)
measured value Tp(t) ‘1’
System ¥
Heat sink TEC Clamping
) (with fan) (thermal actuator) Plate
Feedf irp(t)
eedforward QEmission Qupsorption
: Regulator
desired < iprpr(t) .y
temperature B }
+

PI-Controller —|_)

ip(t)

iprrr(t)
Anti-windup tiitd

measured value T.(t)

FIGURE 3.13 Block diagram of the control scheme consisting of a feedforward action and a PI
regulator.

Then substituting Egs. (3.67) and (3.68) into Eq. (3.66), we obtain the fol-
lowing structure:

Tc () _ T Macq Mmacq T (1)
T (1) K _K+ky Ty (1)
mycy mck

Ao
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NVI0)
n S 0 L@
0 5/ug® T (@)
myck
A1)
R
+ 2mlgca (Fpe(t) +Tyxp (1) +Md(f)>
2myck
— e’
By
e Tu@®
n zm;cag)m (Fpe(t) +Lpxr(t) +ua(t) — ”d(t)>
_ Tha@®
2myck/ua(t)
B(1)

Tea (t) _ STcd (t)

_ 0
2mgcqug(t) MaCq
n 4 £+ T,. (3.69

Tha (1) + STha(1) \/ud() |: 2mIka :| o )

mpcCk

2myciuq (1)

The whole control system, which consists of the PI controller together with the
feedforward regulator, can be represented as the state-varying system

I K RI" K RT"
TC(t) T maca 2ma§a MmgCq Zmaéa TC(t)
I = K RI" K+Ki RI”
Th(t) mrck 2mkICJk - kakk Zmaéu Th(t)
xr(t) -1 0 0 xr(t)
_\/_/
Ao X(1)
SVuq(t) R
- maza 0 0 Te(1) 2mgca
+ S/ua (D) @) |t & |Tea®
0 Swa O 2
0 0 0 xr (1) 1
—_——
A1) By
_R_ __Tu@®
2mgcq 2mgca/uq(t)
+| & |w®+| _muw | (Tre® +Trxi0)
2myck 2mycp/ug(t)
0 0
B(r)
_ T _ STeq(0) 0
mgcq mgcq
T I | STeo Vua@®+ | 1 | Ty, (3.70)
mpcy myck 2mycy

0 0
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where u () represents the forward action defined above.
If system (3.70) is calculated at the desired states (7, (t) = T,4(t), T, (t) =
Tha(t), and xy (1) = x14(7)), then

7 K RI' K RT"
TCd (t) a MmaCq o zmaga mgCq 2maézl TCd (t)
; = K R’ K+K RT"
Thd(t) myck - zmkik - mkckk Zmaéu Thd(t)
Xra(t) ~1 0 0 X1d (1)
Ao X(1)
SV R
- ngst) 0 0 Tea(?) 2mgcq
0 T 0 2mycy
0 0 0 X]d(l) 1
—_———
A®) Bo
R _Tea@®) _ STea(t) 0
2mycq mycq mycq
+ R ug@+ | T4 4 8T Vua@+| 1 [Ty
kack micCr micCg kack
0 0 0
(3.71)

By subtracting Eq. (3.71) from Eq. (3.70) we obtain the following expres-
sion:

e(t) = Age(r) + Af(r) +B(1)(Tpe(r) + Tyx (1)) (3.72)

with
Tea(t) = T (1)
e(t)=| Th(t) —Tp() |- (3.73)
x1q(t) — xy(t)
Note that Tj4(¢) is referred to as the consequence of T.;(¢). This means that
only T,4(t) represents a desired (setpoint) value such that T4 (¢) is the indirect
result of it when reaching 7;.;(¢). The same applies to xj;(¢), represented as the

state error result at T,.4(¢), since x; () is the integral of e(¢); see Eq. (3.68).
As the result of the subtraction, we obtain the term Af(r) of Eq. (3.72) as

Af(X) = £(Xy) — £(X), (3.74)
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where X and X, are the state and the desired state of the system, respectively.
It follows that

_ S\ua@® 0 0 Tea(t) — Te(2)

Af(r) = 0 SVug®@ Tha(t) = Th(t) |- (3.75)
micr
0 0 0 xrq(t) — x7(2)

Ar) e(r)

Proposition 1. Consider the error of the controlled system around the desired
trajectory described by Eq. (3.70) as follows:

&(t) = Age(t) + Af(t) + B(t)(Cpe(r) + Trx;(1)). (3.76)

If the nonlinear function field Af(t) of Eq. (3.76) is a Lipschitz one,* then
there is a suitable choice of I'p > 0 such that system (3.76) is asymptotically
stable around the desired trajectory if and only if

'y >0. (3.77)
In other words,

lim e(1) =0 VAL(@). (3.78)

Proof. According to Lyapunov theory, (Ag, Bg) is a controllable pair, and for
a suitable choice of the controller gains I' p, Ag is a Hurwitz matrix if I'; > 0.
This means that there are symmetric positive matrices Py and Qg that satisfy the
Lyapunov equation

APy +PoAg = —Qy. (3.79)
Introduce the following Lyapunov function:
V(e(r)) = %eT(z)Poe(t). (3.80)
Then the time derivative is
Ve@®)) = el (1)Poe(r) + el (t)Poé(t). (3.81)

From Eq. (3.76) it follows that

V(e(r) = (Aoe(t) + AF() +B(@)(Tpe(r) + Trx1 (1)) Poe(r)

4 Functions with bounded first derivative [41] to avoid becoming infinitely steep. Furthermore,
using the Lipschitz condition in combination with the Lyapunov approach is a common practice in
engineering for nonlinear systems and control; see [42].
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+ el (1)Py(Age(t) + Af(r) + B(1)(Tpe() + Tix; (1)), (3.82)

where the term Af(¢) states the time-varying part of system Eq. (3.70). This
yields

Vie()) = (eT (OAL 4+ (Af(1)T + (B(t)Fpe(t))T + (B(t)I‘IxI(t))T)POe(t)
+ T ()P (Aoe(t) + AF(W) +B()(Tpe(t) +T1x1 (1) ). (3.83)
Finally, from Eq. (3.79) it follows that

V(e() = —e’ () Qoe(r) + (AF(1) Poe(r) + e’ (1)Po(AL(1))
+ (" Orp + T x] )BT (1)Poe(r) + e’ (1)PoB(1)(T pe(t) + Trxs(1)).
(3.84)

Since Af(z) are Lipschitz functions, there is a set of positive constants L such
that for each function f(¢),

If(Xa) = fFXOI =L|IXa— Xl (3.85)
— e
e(t)
The scope of the controller is the reaching of the desired cold side temperature
T.q(t), and thus error e(t) = T.4(t) — T.(¢) is considered; therefore 7} (t) and
x7(¢) reach their final values, which are limited, because 7,(¢) reaches a limited
Teq(t). Let Ag,,, be the smallest eigenvalue of the matrix Qg, and let A gy, be

the largest eigenvalue of the matrix Py. Suppose that the following condition is
satisfied for e(#) small enough (see [43]):

AQom = Lapyy + MU phpy + MU A pyy. (3.86)
Then
V(e(r)) < —(hgy, — LApgyy — MT phpy, — MU A py, )€ (1), (3.87)

where M is the maximal value of the elements of the matrix B(#). Once suitable
matrices Qg and Py are chosen, we can also choose I"p and I'; such that A has
negative real eigenvalues and in the meantime satisfies Eq. (3.79).

To guarantee that Ag is a Hurwitz matrix, the following calculations concern-
ing the characteristic polynomial of matrix Ag are needed, which verify that all
its eigenvalues are strictly negative:

M2+ ar+tar+an=0, (3.88)
where

K Ky K I'pR
ap = + + + s
Cihj Cihj Callg CaClMiNg

(3.89)
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KK 'pPKR 'pKiR I''R
a=——p o= P I (390)

B CaMgClMmyg CaMgCiMg CaMgCrMyg CaMgClMmyg
Kceomy, + Kepmy + Kregmyg

ap=T,R (3.91)

2 2
2cicpmpmy

Now the character of eigenvalues (of the Jacobian matrix) can be used to
state a criterion of stability for the nonlinear system. Thanks to the Routh—
Hurwitz criterion, it is not necessary to know the explicit values. According
to this criterion, it is sufficient to examine “whether the real part is positive,
negative, or zero” [44], to determine the region in which the system is stable.
The Routh—Hurwitz condition states that the roots of Eq. (3.88) are negative if
and only if

ap > 0, apg > 0, and azai > ay. (3.92)
U

3.5.2 Conclusions and comparative measurements between Pl and
SM controllers

Comparative measurements were performed using the setup presented in
Fig. 3.4 in Section 3.3. Three different controllers were investigated, the PI con-
troller, the PI with feedforward regulator (referred to as PIFF), and the SMC.
The controlled temperature results are shown in Fig. 3.14(a), and in Fig. 3.14(b)
the corresponding electric input current is shown. In Fig. 3.15 a detailed view
of the cold side dynamics is shown. Since the worst controller performance was
recorded for the PI control, the measurements for the disturbance attenuation
were only performed for the PIFF and SM controllers, which are depicted in
Fig. 3.16.

Due to the switching nature of the SMC, a quantitative comparison between
the PI and SM controllers is not directly applicable. In fact, in terms of SM
control, they are two basic phases, the reaching phase and the sliding phase,
so that the main step response characteristics of interest are the reaching time
and the chattering behavior of the SMC. Due to the switching behavior and
the magnitude of the chattering, a direct comparison in terms of the rise time,
settling time, and over- and undershoots is difficult to obtain with classic step
response tools and therefore has to be redefined for the present case.

The results of the performance analysis are depicted in Table 3.2. The rise
time tse is defined as the first crossing point of 7¢.(¢#) with the desired value
—10°C (or 263.15K). The settling time 7 is defined as the time needed for
the state T.(¢) to settle within an error band defined as £0.2% of the desired
value (see the dashed lines in Fig. 3.15(a)). The root mean square (RMS) error

is defined as follows:
Z?:l* (Xec t)2
RMSgiror =/ =——, (3.93)
n
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FIGURE 3.14 Comparison of PI controller, PI with feedforward action, and SM controller: (a)
measured temperature results and (b) the corresponding input currents.
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FIGURE 3.15 Detailed view of the Fig. 3.14(a): cold side temperature dynamics as a result of
different controllers.

where the error x,. is the deviation of the state 7.(¢) from the desired setpoint
value; see Eq. (3.8). It was decided to identify the RMS error value at two differ-
ent starting times. Therefore the subscript # = 1* in Eq. (3.93) first corresponds
to the beginning starting at time ¢ = 0 and second, to t = fgey,, Which is defined as
the fastest settling time of the examined controller performances. The best set-
tling time behavior is obtained by the SMC; see Table 3.2. The latter is chosen
to better evaluate the performance at steady state without taking into account the
transient reaching phase. The steady-state behavior is of greater interest, since
this phase represents the operating condition of the clamping device. Further-
more, it was decided to refer to the discrete type of RMSgor (in contrast to
the integral type for a continuous distribution), since the recorded measurement
points represent discrete time steps due to the digital uController.
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FIGURE 3.16 Controller performance in the presence of a thermal disturbance: (a) measured
results for the cold side temperature and (b) the corresponding current inputs.

TABLE 3.2 Comparison of performance of
PI Controller with and without feedforward
regulator and SMC.

Pl PIFF SMC
Rise time (s) 1.123 193 381
Settling time (s) - 320 301
RMSError £ = 0 (K) 8.19 458 472

RMSEgyror t = tsety (K) 2.56 0.17 0.32

The quantitative comparison shows that the rise time performs best for the
proposed open-loop regulation paired with the PI controller. On the other hand,
the fast rise time results in an undershoot of the state. Although the SMC con-
trol shows slightly slower rising dynamics, its settling time performance almost
equals the rise time with no undershoots, so that the overall transient perfor-
mance shows the best behavior. Note that these rise time results represent the
launch phase, so that the system starts at room temperature to cool down to the
desired value, which initially takes a while to achieve the steady-state condi-
tion. Once the system reaches operation conditions, the unclamping procedure
(by reversing the current polarity) will heat up the plate only to O or 1 degrees to
thaw the ice, so that further cooling phases will be faster, since the temperature
difference between starting point and desired setpoint value is decreased.

The worst controller performance is recorded for the pure feedback PI con-
trol, having the slowest dynamics with a permanent steady-state error higher
than the defined error tolerance (see dashed lines in Fig. 3.15(a)), such that no
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settling time can be obtained. The PIFF control has the best error performance
with the lowest RMS errors. Especially for the steady state, the PIFF error is
over 15 times smaller compared to the PI. In comparison with the SM con-
troller, the error difference gets much smaller (two times). However, since the
sliding nature of the SMC leads to chatter around the desired trajectory, this, in
the classical sense, does not represent a real steady-state error.

In the presence of the same external disturbance, applied to the cold sides,
the SMC shows a faster reaction and a significantly better settling time charac-
teristic compared to the PIFF, depicted in Fig. 3.16(a), and the corresponding
input current depicted in Fig. 3.16(b). Moreover, in contrast to the PIFF, the
SMC has no undershoot.

In terms of a homogeneous temperature distribution on the plate, the chat-
tering of the SMC has to be minimized.
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4.1 Introduction

After the first injection molding (IM) machine was patented in 1872 [3], the
large-scale integration of this processing method into series production started
towards the end of the first quarter of the 20th century with the introduction
of new polymer materials, which allowed more complex part geometries and
shorter processing cycle times. With the invention of screw IM machines in
1946 [4], process parameters such as the injection velocity could be controlled
more precisely, resulting in increased qualities of the produced parts. This is
one of the reasons why plastic IM has been established as the most widespread
manufacturing process in the plastic processing industry. It is employed by al-
most 70 % of all plastic processing companies [1,2]. Although today piston IM
machines are still used for special processes, e.g., micro-IM of heat-sensitive
plastics, almost all plastic IM machines use plasticizing screws. The design and
operating principle of such processing machines are described in detail in Sec-
tion 4.2.

In particular, the very short cycle times and the use of multiple cavities
within an injection mold, make quality control of each manufactured component
enormously difficult, which is why the plastics processing industry has usually
resorted to line test inspections. In addition, the monitoring of machine values
with an initial analysis of their correlation to the crucial quality variables has
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established itself as a proven method (e.g., [5-9]). Rapid developments in the
field of automation and digitalization of production processes have opened up
new opportunities for the IM process to implement the methods created in the
context of Industry 4.0 and the Internet of Things (IoT) for linking production
chains through communication interfaces. In particular, the Unified Architecture
(UA) of the Open Platform Communications (OPC) Foundation standardizes the
communication protocol between different machines and peripherals, thus en-
abling all accruing machine and process data to be collected centrally. Due to
the availability of such high-resolution and comprehensive data, machine learn-
ing methods can be effectively applied in corresponding production lines. Most
of the research in this area is focused on improving and providing a good pre-
diction of the part quality during the IM process, thereby aiding the machine
operator in choosing the optimal machine setpoints (e.g., [10—14]). A Digital
Twin (DT), for example, can represent a combination of the monitoring of pro-
cess values and prediction of component quality derived from this. However, its
implementation is associated with some challenges, especially in the provision
of all machine, process, and quality values in sufficient resolution and within the
process cycle time.

4.1.1 Digital Twin

A Digital Twin can be defined as a high-fidelity representation of the operational
dynamics of its physical counterpart, enabled by near real-time synchronization
between the cyberspace and the physical space [15]. It can, amongst others, be
used for simulation, monitoring, and control of the physical asset. Depending on
the characteristics of the physical system and also the intended purpose of the
DT, different digital representations are appropriate, i.e., a DT of a physical sys-
tem is not a unique entity. A DT intended for monitoring may be significantly
different from a DT intended for control of the physical system. The DT and
the Physical Production System (PPS) it represents constitute a Cyber Physical
Production System (CPPS). The DT is a prerequisite for developing a CPPS and
is also essential for achieving smart manufacturing: By using a DT in conjunc-
tion with optimization procedures the decision-making process of the operator
can be aided. Via direct feedback control from the DT to the physical system
even autonomous smart manufacturing can be enabled [15]. The benefits for
producers are a significant reduction in the manual effort for supervising and
controlling CPPSs, which in turn frees up skilled workers.

In companies that use the IM process in series production, one machine op-
erator is usually responsible for monitoring several injection molding machines.
This employee usually only intervenes if individual machines indicate a mal-
function or if random checks of the manufactured components reveal a quality
deviation outside the tolerance limits. Based on experience, the machine oper-
ator then adjusts the machine setpoints to compensate for the quality deviation.
By using DTs of the individual machines these adjustments are made on the
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basis of all correlations that influence quality, so that the number of produc-
tion waste can be significantly reduced by preventing bad part production. In
addition, downtime is reduced, and start-up processes are accelerated.

4.1.2 Challenges

Both the realization of a DT and its integration into the CPPS is a challenging
task [16]. To mitigate the efforts associated with realizing a DT, reference ar-
chitectures have been proposed for injection molding [15—17]. Whereas these
works mainly focus on software and data integration, the aspect of how to ob-
tain an accurate DT, i.e., a dynamical model, of the plastic IM process has not
been at the center of attention. As the results of the model-based optimization
procedures will heavily depend on the accuracy of the model, this aspect is cru-
cial. In addition, estimating a dynamic model that maps machine and process
values to part quality is especially challenging in IM: As opposed to other batch
processes, the measurements of part qualities can only be performed at the end
of each batch. The DT must therefore be able to map trajectories of machine
and process values to a single quantity datum.

A prerequisite for realizing and continuously updating a DT is the measuring
of all quantities relevant for predicting part quality. A standard IM machine ex-
clusively measures so-called machine values, i.e., quantities that are measured
in the injection molding machine, rather than in the mold cavity where the part
is formed. The process values that describe the state of the cavity or even qual-
ity values that describe the relevant properties of the produced part and are the
ultimate quantity of interest are not measured. The implementation of the infras-
tructure (hard- and software-wise) necessary to measure all relevant quantities
poses another challenge. Especially the realization of in-line quality measure-
ments is difficult. In-line quality measuring systems are laborious to implement,
and some quality variables cannot be measured nondestructively.

Another challenge for quality prediction are external influences that affect
the IM process and can have unpredictable effects on part quality. Due to these
influences, the same machine settings at different times can lead to deviating
qualities. Significant influencing factors here are environmental influences, such
as temperature and humidity within the production halls, fluctuations within the
cooling water circuits, wear of machine and mold components, and material-
related influences, such as batch fluctuations, varying residual moisture content,
or deviating mixing ratios. Particularly due to the increased use of recycled ma-
terials, the fluctuating material properties have an increasing influence on part
quality, making a quality prediction very difficult without continuous monitor-
ing of the process variables.

4.1.3 Solution approach

An industrial plastic injection molding machine (ALLROUNDER 470 S, Ar-
burg GmbH + Co KG, Lofiburg, Germany), shown in Fig. 4.1, is equipped with
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sensors and an in-line quality measuring system. Thereby all relevant quantities
to build a DT that maps the physical process from machine setpoints s to the
resulting part quality @ are made available. Different modeling approaches and
model structures for obtaining an accurate quality model, which together with
the process model constitute the DT, are investigated, and their performances are
evaluated in a case study. In particular, a novel switched system internal dynam-
ics model approach for building a dynamic quality model is presented. Although
not part of this work, the Digital Twin can then be continuously updated via
the retrieved machine, process, and quality data. Via model-based numerical
optimal control the optimal machine setpoints for a desired quality Q¢ can
be calculated from batch to batch, thereby essentially implementing a quality
control loop while leaving the machines internal control loops unchanged. The
CPPS is depicted in Fig. 4.2: The given physical assets, the injection molding
machine and the produced part (green — the lightest gray in print version), are
augmented via a quality measuring system (orange — light gray in print version),
and via various data interfaces (blue — mid gray in print version) data is trans-
ferred in real-time to the DT, i.e., the models and their corresponding functions
(red — dark gray in print version).

Clamping Unit Mold Control Unit Injection Unit

‘Elperature Control

FIGURE 4.1 Injection molding machine ALLROUNDER 470S.

4.2 Plastic injection molding

The basic design of modern injection molding machines is very similar among
different manufacturers and consists of five functional units depicted in Fig. 4.1.
To better understand the impact of the machine parameters and the resulting
process values, a typical injection molding cycle as that used in the case study
will be described before the values themselves, and the current process control
strategies will be explained.
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FIGURE 4.3 Injection molding process cycle used in the case study.

4.2.1 Process cycle and machine components

While the mold specifies the geometry of the parts to be produced, the clamp-
ing unit performs the mold and ejector movements required during the injection
molding cycle and provides the clamping force needed to prevent the mold from
opening due to high injection pressures. As depicted in Fig. 4.4, the injection
unit consists of a hopper, through which the base material is fed into the process
in granular form, and a barrel tempered by heating bands, which contains the
screw responsible for material conveying, melting, and dosing through a rota-
tional movement. In addition, a translatory movement of the screw injects the
melted material into the cavity of the mold.

Within the control unit of the machine, the operator can define the process
sequence. An exemplary sequence, as also used in the case study, is shown in
Fig. 4.3. First, the mold is closed (1) so that the previously dosed quantity of
melt can be injected into the cavity under high pressure (2). To prevent shrink-
age of the part during cooling in the mold, a packing pressure is maintained for
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a defined time after injection (3), allowing the cavity to be kept filled volumetri-
cally. During the subsequent residual cooling time (4), the melt volume required
for the next cycle is dosed against a defined back pressure (5) and then relieved
by decompression (6). Following the residual cooling time, the mold opens (7),
and the ejector movement (8—10) demolds the finished part from the cavity.

4.2.2 Machine setpoints and measured process variables

The production process of an IM machine can be divided into three phases de-
pending on the controlled machine values, the screw velocity and hydraulic
pressure. To clarify the screw positions resulting from the three phases, they
are depicted in Fig. 4.4.

1) Injection: At the beginning of the injection phase, the screw is in the
dosing position. A defined melt volume, located in front of the screw, is then
injected with a defined injection velocity until a set switching point is reached,
which is defined by the screw position. Since this phase is velocity-controlled,
only a hydraulic pressure limit is set on the machine to avoid damage.

2) Packing: To compensate for material shrinkage resulting from cooling, a
defined pressure curve over a specified time is needed. Therefore the packing
phase is pressure-controlled, whereas the pressure reference signal is composed
of multiple consecutive pressure ramps. Three pressure levels were set in the
case study presented in this chapter, with only height and duration of the second
level being varied as part of the experimental design. The packing phase starts
immediately after the screw reaches the switching point and ends after the set
time of the pressure levels is over.

3) Cooling: Cooling of the melt begins immediately upon entry into the mold
cavity. However, since the time between the start of injection and the end of the
packing phase is not sufficient to cool the plastic part to a temperature that en-
sures deformation-free demolding, an additional cooling time is required. Since
this cooling phase is pressureless, the injection unit can simultaneously meter
the melt volume for the next cycle against a set back pressure so that the screw
is again in the dosing position.

Table 4.1 lists the important machine parameters that were set at the control
unit of the IM machine during the case study and the resulting process values
that were monitored. The process variables measured in the cavity, the cavity
pressure pcyy and cavity wall temperature Tc,y, of a few cycles with different
realizations of the setpoint s are shown in Fig. 4.5. In addition to the listed
variables, for each set target value, the corresponding actual values were also
recorded. Typically, an IM machine records only the trajectories of the clamping
and injection unit, i.e., the hydraulic pressures, positions, and velocities. For
monitoring the resulting process values inside the mold cavity, the machine was
additionally equipped with a combined pressure and temperature sensor (Type
6190C, Kistler Instrumente GmbH, Sindelfingen, Germany) positioned in the
rigid side of the mold. The monitoring and storing of the data will be described
in Section 4.3.
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TABLE 4.1 Machine setpoints s and measured process variables p ().

Machine setpoint s; Unit Process Variable p; Unit
Nozzle temperature °C Injection pressure bar*
Mold temperature °C Screw position cm?
Injection flow rate cm?/s Injection flow rate cm?/s
Switching point cm? Cavity pressure bar*
Packing pressure bar* Cavity wall temperature °C
Packing time S

Back pressure bar*

Cooling time s

*In IM the pressure is usually measured and stated in bar, and therefore no conversion to SI units has
been made here.

Metered Plastic Melt Screw Hopper
Nozzle Heating Bands | Barrel Plastic Granules

___________ SEETE

Injection Stroke

Switching Point

Dosing Position

Residual Stroke

Packing Stroke

ETT T —

FIGURE 4.4 Schematic illustration of the inside of the injection unit including the movement and
important positions of the screw.

4.2.3 State of the art: process control in injection molding

The injection molding process is affected by various disturbances (e.g., environ-
mental influences, material viscosity, mold temperature, closing behavior, wear
and tear of non-return valve), which make a stable production of high-precision
parts difficult. To compensate these disturbances, process control systems are
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FIGURE 4.5 Subset of measured normalized cavity pressure pcay and normalized cavity wall
temperature T¢,y signals recorded during execution of the experimental design described in Sec. 4.5.

developed. Depending on which variables are controlled, three different control
strategies can be distinguished [18]:

e Control of machine values, i.e., process variables that are measured machine-
side and therefore reflect the state of the injection molding machine, such as
the screw velocity and the hydraulic pressure.

e Control of process values, i.e., process variables that are measured cavity-side
and therefore reflect the state of the process at the location of part formation,
i.e., the cavity, e.g., the cavity pressure and temperature.

e Control of quality variables, i.e., the properties of the manufactured parts that
contribute to their functioning

In industrial applications the control of machine values is prevalent. How-
ever, aforementioned disturbances affect the process values and hence the part
quality, i.e., the part quality may vary even if the machine values are reproduced
perfectly each cycle [19]. Therefore the efforts of the scientific community in
recent decades have been directed towards the control of in-cavity process-
variables, especially the cavity pressure, which are more closely related to the
quality variables. However, due to the nonlinear behavior of the material, PID
controllers whose parameters are adapted to the current system state are em-
ployed for this task. These have to be parameterized for every mold, which is
very time-consuming and therefore not suitable for industrial production [19].
To overcome these obstructions to an introduction of cavity pressure control
on a wide industrial scale, the concepts of model-based optimization (MO) and
iterative learning control (ILC) have been applied [19,20]: An optimal cavity
pressure trajectory is calculated based on the pvT-model (material-specific re-
lationship between pressure p, temperature 7', and specific volume v), i.e., the
quality model. Via an ILC, which can be model-free or model-based, the con-
troller output is then adapted from cycle to cycle to minimize the tracking error.
The control of quality variables has not yet been achieved. The main obstacles
are the necessity for in-line quality measurements and a quality model to predict
the quality characteristics of the final part.
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4.3 Data acquisition and management

In the past, different approaches have been developed for obtaining process data
from injection molding processes. Here, too, the approaches differ in the type
of data to be obtained. For example, process data describing the behavior inside
the cavity of the injection mold can be acquired by additional sensor technology
and read out via external monitoring systems [21-23]. In this way, Ke et al. [24]
were able to integrate seven pressure sensors into a mold cavity to analyze the
filling behavior as precisely as possible.

Zhao et al. [25] also used external sensors for process data acquisition, but
by doing so they did not record process data in the cavity, but from the injection
unit. For this, they used three different types of sensors and data acquisition
cards to record pressures, positions, temperatures, and times.

To meet the requirements associated with the smart factory concept and
Industry 4.0 in terms of communication capability and the degree of inter-
connectivity along the process chain, machine manufacturers have developed
communication interfaces enabling them to integrate their machines into fully
networked environments. Most injection molding machines therefore not only
allow visualization of the process variables in the machine display, but also
provide various export options for the process data generated during the man-
ufacturing process such as USB interfaces [26] or network servers such as
the aforementioned Open Platform Communication Unified Architecture (OPC
UA) [27].

OPC UA is a platform-independent service-oriented architecture developed
by the OPC Foundation as a standard for data exchange between machines and
systems. Based on OPC UA, companion specifications such as EUROMAP 83
[28] and EUROMAP 77 [29] have been developed specifically for plastics pro-
cessing machines. The companion specification EUROMAP 77 defines, among
other things, an OPC UA ObjectType, which is used for the root object repre-
senting an injection molding machine with all its subcomponents. Martins et
al. [27] have used this standard to record process parameters such as the injec-
tion velocity, cycle time, and maximum injection pressure.

4.3.1 Machine and process values acquisition via OPC UA

Although nearly all machine and process variables can be read out from the
injection molding machine via the described standards, this method is only suit-
able to a limited extent for the formation of DTs, since the data transfer rate is
not fast enough for a real-time transfer, especially when several variables are
considered. However, in addition to exporting one-time values such as the injec-
tion time or the maximum injection pressure, some injection molding machines
also allow the export of so-called measurement and monitoring charts (in tab-
ular form) that contain trajectories of set process variables over the cycle time.
This can be, for example, the hydraulic pressure or the injection flow trajecto-
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ries. External sensors that are read out via a measuring amplifier connected to
the machine can also be mapped in these charts.

In the case study described in this chapter, a manufacturer-independent
Python script was developed, which exports one-time machine values such as
switching point, nozzle, and heating band temperatures (including their target
and actual values), resulting one-time process variables such as injection time
and residual melt volume after the packaging phase, as well as time-series of
target and actual process variables such as hydraulic pressure and injection ve-
locity trajectories. Process values such as the cavity pressure and temperature
time-series were also recorded in this way via the in-mold sensor connected to
the injection molding machine.

Within the machine control system, each setpoint and actual value as well as
the aforementioned measurement and monitoring charts are assigned an internal
manufacturer-dependent label. Via the OPC UA specifications, each of these
labels is linked to a unique manufacturer-independent NodeID. The developed
script continuously monitors a trigger signal and queries all parameters listed
in Fig. 4.6 after the signal occurs. The trigger signal had to be selected in such
a way that at the time of triggering, all cycle-related process variables relevant
for the formation of the DT were fully mapped in the corresponding charts and
the one-time actual values were available. Additionally, after triggering, there
needs to be enough time to query the values before they were overwritten by
the values of the next cycle. Therefore the opening of the injection mold (7 in
Fig. 4.3) was chosen.

Although the monitoring charts only monitor one signal, the measure-
ment charts can include up to four different signals. By dividing the pro-
cess variables time-series into multiple equally distributed consecutive time-
series, which are all mapped in different charts, the frequency of the tra-
jectories can be adjusted. The set recording duration of a chart is thereby
divided into 512 equally distributed measuring points due to the program-
ming of the IM machine. By dividing the cycle time over multiple charts
the measuring points add up as a multiple of 512 depending on the num-
ber of charts. The maximum frequency at which the sensor values can be
recorded is 500 Hz for the machine used. However, since there is only a lim-
ited number of available charts (4 measurement charts, 8 monitoring charts,
and 4 extended monitoring charts), a compromise must be found between
achievable frequency and mapping of the relevant time section of the cy-
cle time.

To determine an appropriate sampling frequency, the most dynamic signal,
i.e., the measured injection pressure, was sampled at the highest sampling rate
possible, i.e., 500 Hz. The amplitude and power spectrum are shown in Fig. 4.7.
Before applying the Fourier transform, the signal was centered, and a Hann
window was applied to reduce the effect of the offset between the first and last
signal values on the spectrum. We can observe that the frequencies below 25 Hz
account for more than 90 % of the total sum of Fourier coefficients and more
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1 SIGNALS = {

2 ‘cycle_counter': signal_struct('ns=2;i=238982"),

3 ‘monitoring_chart_1": signal_struct(’'ns=2;

4 ‘monitoring_chart_2": signal_struct('ns=2;

5 ‘monitoring_chart_3": signal_struct('ns=2;

6 ‘monitoring_chart_4': signal_struct('ns=2;
‘monitoring_chart_5": signal_struct('ns=2;

8 ‘monitoring_chart_6": signal_struct('ns=2;
9 ‘measurement_chart_1": signal_struct('ns=2;
‘measurement_chart_2": signal_struct('ns=2;

42912°, num_signals=4),
44482°, num_signals=4),

‘measurement_chart_3": signal_struct(’'ns=2;i=573862", num_signals=4),
‘cycle_time’: signal_struct('ns=2;
‘heating_zone_1_actual’: signal_struct('ns=2;i
"heating_zone_2_actual’: signal_struct('ns=2;
‘heating_zone_3_actual': signal_struct('ns=2;
‘heating_zone_4_actual': signal_struct('ns=2;
‘heating_zone_5_actual': signal_struct('ns=2;
‘heating_zone_1_target': signal_struct('ns=2;
‘heating_zone_2_target': signal_struct('ns=2;
‘heating_zone_3_target': signal_struct('ns=2;
‘heating_zone_4_target': signal_struct('ns=2;
22 ‘heating_zone_5_target': signal_struct(’'ns=2;
23 *injection_velocity_target': signal_struct('ns=2;
24 ‘packing_velocity 1': signal_struct('ns=2;
25 ‘packing_pressure_1_target’: signal_struct('ns=2;
26 ‘packing_velocity 2": signal_struct('ns=2;
27 ‘packing_pressure_2_target': signal_struct(’'ns=2;
8 ‘packing_time_2_target': signal_struct('ns=2;
‘packing_velocity 3": signal_struct('ns=2;
‘packing_pressure_3_target': signal_struct('ns=2;
‘packing_time_3_target': signal_struct('ns=2;

‘dosing_volume_target
‘dosing_volume_actual':

signal_struct(’'ns=2;
signal_struct(’'ns=2;

*switching_point_target': signal_struct('ns=2;
‘switching_point_actual’: signal_struct('ns=2;
‘residual_volume': signal_struct('ns=2;
‘backpressure_target': signal_struct('ns=2;
‘max_pressure’: signal_struct('ns=2;
*switching_pressure’: signal_struct('ns=2;
‘dosing_time": signal_struct('ns=2;i
‘injection_time’: signal_struct('ns=2;

‘timestamp’: signal_struct('ns=2;

FIGURE 4.6 Recorded charts and values including their corresponding NameSpaceIndex (ns) and
NodelD (i).
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FIGURE 4.7 First part of amplitude spectrum (above) and power spectrum (below) of the injection
pressure signal sampled at 500 Hz. The red (mid gray in print version) curve represents the share of
cumulative sum up to the respective frequency relative to the total sum.
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than 99.9 % of the total signal power. Therefore we concluded that a sampling
rate of S0Hz is sufficient for data acquisition. To achieve this sampling rate in
the case study, the cycle time had to be divided among three consecutive charts,
each with a recording duration of 10.16s. The process variables were divided
among the various charts as follows:

e Monitoring charts 1-3: injection velocity

e Monitoring charts 4-6: screw position

e Measurement charts 1-3: target and actual injection pressure,
pressure and temperature in the mold cavity

The segmentation of the cycle time among the three charts is depicted in
Fig. 4.8. The recording of the displayed trace starts directly at the beginning
of the process cycle and ends when the trigger is reached. In the case study,
this trigger was chosen to be the opening of the injection mold (7 in Fig. 4.3).
Data during the time span Az, which occurs between the trigger and the start of
the next cycle, is not recorded, as it is not relevant for model building. Within
this time span, only the injection mold moves, which is not relevant for the part
quality.

trigger trigger
|

\\

chartl i + 1| chart2i+ 1| chart3i+1

AN

chartl i chart2 i chart3 i

A A
l | =
| cycle i I cyclei+ 1 |

FIGURE 4.8 Visualization of splitting each cycle time into three charts.

All recorded machine and process variables are stored in a Hierarchical Data
Format 5 File (HDF5) in a cycle-related manner. Fig. 4.9 shows the chosen struc-
ture of the files. For simplified visualization, each parameter is denoted with the
manufacturer-dependent label and unambiguously assigned to the correspond-
ing cycle. For each parameter, the corresponding recorded value (blockO_val-
ues) is stored in addition to the description (blockO_items) shown in Fig. 4.6.
The charts, e.g., 31031, are stored in tabular form, as shown in Fig. 4.9, where
column O represents the time, 1 the value of the injection velocity at the corre-
sponding time, and 2 the machine state (not considered in this study).

4.3.2 In-line part quality data acquisition

In IM series production with very short cycle times and, possibly, multi-cavity
injection molds, in-line quality control is very costly, and in some cases the costs
exceed the benefits. However, especially in the case of complex technical parts,



A Digital Twin for part quality prediction and control Chapter | 4 91

~ @ cycle_6568
€4 Q305_Value
CaQ311_Value
€4 Q312_Value
€4 Q313_Value
€a T8011_Value
€a T8021_Value
€a T803I_Value
Qa T804I_Value
Ca T805I_Value
€4 V301I_Value
Ca V305_Value
Ca V4062_Value
Q4 V4065_Value
Ca f071_Value
~ @ f31081_Value
24 axis0

l

e
oo

& block0_items

& block0_values
Ca f3113I_Value
Ca 32031_Value

FIGURE 4.9 Structure of the HDFS5 file.

which are subject to high requirements in terms of load-bearing capacity, dura-
bility, and optical properties, undetected quality deviations can result in costly
consequences. Quality control of each manufactured part is desirable, but it is
not possible to record all relevant quality characteristics within the process cy-
cle and to measure non-destructively. Quality parameters that can be detected in
the process cycle include weight and geometric tolerances such as dimensions,
shrinkage, and warpage and also optically detectable defects such as sink marks,
color differences, streaks, and weld lines. Since quantifiable values are recorded
by measuring the component weight and its dimensions, and conclusions can be
drawn about the process behavior with the aid of these quality variables, these
characteristics were taken into account in the case study. For this purpose, both
a scale (Entris II, Sartorius AG, Géttingen, Germany) and a digital measurement
projector (IM-7020, Keyence Corporation, Osaka, Japan) were integrated into
the process (Fig. 4.10). These measurements are carried out manually. Since the
quality variables are recorded within the process cycle time by this measurement
setup, they can be assigned to the cycle-based process data. However, the qual-
ity characteristics of the part produced in cycle i can only be measured during
cyclei 41 (Fig. 4.8).

Fig. 4.11 shows the tamper-evident closure, which was produced in the case
study, and its dimensions are measured with a measurement projector. Whereas
only the diameter of the perforated circle, denoted as the inner diameter D; in
the case study, was measured on the upper side of the closure, both the diameter
D, and the roundness were determined for the outer diameter on the lower side.
As further quality characteristics, the web widths W; and W, were measured on
both sides of the perforated circle.
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FIGURE 4.10 Quality measuring setup including a scale to measure the parts’ weight and a digital
measurement projector to measure the parts’ dimensions.

Position of Sensor

Injection Point

FIGURE 4.11 Tamper-evident closure and its geometrical dimensions (screenshot from measur-
ing projector) measured in the case study ([1] inner diameter Dj, [2] outer diameter Do, [3] width
at joint Wi, [4] width at tab Wy, [5] roundness).

4.4 Control-oriented modeling of final part quality

A data-driven internal dynamics approach for dynamic modeling of the part
quality characteristics is developed. The proposed approach is in principal a
nonlinear state-space model capable of mapping process value trajectories to
final part quality. This quality model can be employed to calculate reference
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process value trajectories via numerical optimal control. In contrast to pvT-
optimization (Section 4.2.3), the data-driven quality model does not rely on
any assumptions and is able to map arbitrary process values to the part qual-
ity. This means in turn that based on this model, reference trajectories can be
generated not only for cavity pressure, but also for all process variables deemed
relevant. Also, the process values’ trajectories are optimized directly with re-
spect to the part quality as opposed to the minimal shrinkage, as is the case in
puT-optimization. The downsides of the proposed approach are that the result-
ing parameter estimation problem is rather complex and time-intensive to solve,
and the need for training data is rather high.

4.4.1 Final part quality prediction

To obtain a consistent and desirable batch end-product quality, precise quality
prediction models are necessary that can be employed for in-batch or batch-to-
batch optimization. Many batch processes, such as the plastic injection molding
process, do not allow for continuous in-process quality measurements. Quality
variables of interest, e.g., the weight, density, or geometrical features, can only
be quantified once the part is ejected from the machine. The task of predict-
ing the quality characteristics of the emerging part at the end of the batch is
known as final part quality prediction [30]. Although the formation of quality
characteristics is a dynamic process, i.e., its future evolution is a function of its
current state, it has almost exclusively been treated as a static modeling task
[13,24,30-33]. One of the reasons is that the estimation of a dynamic model
that maps process value trajectories to a single batch-end quality measurement
is an unusual and difficult modeling task. In plastic injection molding, the final
part quality is usually directly predicted from process setpoints [16,32]. This
approach works reasonably well; as long as the process is operating at steady
state, process dynamics do not change, and no disturbances act on the process.
In plastic injection molding processes with cavity pressure control, the cavity
pressure reference trajectory can be derived from the pv T -diagram of the mate-
rial. This is known as pvT -optimization [34]. The pressure reference trajectory
is derived from the pvT-diagram with the intent to obtain a part with a certain
specific volume v and minimize shrinkage in the process. pvT -optimization
does not provide a link to any other quantity of interest, such as surface charac-
teristics or mechanical properties of the produced part. In particular, Hopmann
et al. [23] documented that in an injection compression molding application, the
cavity pressure trajectory that yielded the best quality differed from the pressure
trajectory that led to the least shrinkage. This suggests that apart from cavity
pressure, other process values have to be taken into account and that minimiz-
ing the shrinkage does not ensure an optimal part quality in every regard.

In most applications, besides plastic injection molding, multivariate statis-
tical process control (MSPC) methods, such as multi-way principal component
analysis (MWPCA) and multi-way projection to latent structures (MWPLYS),
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are employed to correlate process variable trajectories with final product quality
[35]. Although these methods exploit all the information in the data, as static
models, they are subject to certain restrictions, e.g., all batches need to have
the exactly same duration [33]. Hence methods must be employed that some-
how scale all trajectories to the same length, e.g., dynamic time warping. By
doing so the original information contained in the measured data is affected to
an unknown extent.

4.4.2 Preliminaries

Dynamic models can amongst other criteria be differentiated into external and
internal dynamics approaches; see Fig. 4.12. In the far more widespread external
dynamics approach, a static model f (-) is provided with past inputs u;_ ; € R"
j=1,...,n,and outputs y,_;, e R i =1, ..., m, to predict the current output
Yi; hy and ny, denote the dimensions of the input and output signal, whereas n
and m are the orders of the model, i.e., the maximal shifts of the input and output
signals. Hence the dynamics are realized via external filters, which in their most
simple form correspond to time delays. The model equation for a time-invariant
external dynamics model without dead time is

ysz(yk—la"'ayk—mauk—lv"-vuk—n)’ (4'1)

1 1

where ¢~ is the time-shift operator, i.e., ¢~ u#; = uj—1. The internal dynamics
approach realizes process dynamics not via external filters, but via the internal
model states x; € R™* and therefore results in a state space representation of the
identified system. The states usually do not have any physical meaning and are
merely a means of realizing dynamic behavior. An internal dynamics model is
provided with the current input and the previous state to predict the next output:

Xpp1=h(xg,uy),

4.2
Y=g (xp), (#4.2

where h and g are the right-hand sides of the state and output equations, re-
spectively. Both the external and internal dynamics approaches are viable for
the problem of final part quality prediction from process value measurements.
Irrespectively of the chosen dynamics, models can only be trained in parallel
configuration, i.e., as simulation or output-error (OE) model. Training in series-
parallel configuration, i.e., as one-step ahead predictor or equation-error model,
is not possible since the model output y, is only available at the very last time
instance k = T of each batch. This also means that only the prediction error
of the last time step ey = ¥y — yr is available for calculating the parameter
updates during optimization, i.e., in case of a quadratic loss function

L==Gr-vyr) Gr—»yr) (4.3)

N =
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FIGURE 4.12 External (left) and internal dynamics approach (right).

Major advantages of the internal dynamics approach are the lower-dimensional
input space, especially for higher-order multiple-input multiple-output (MIMO)
systems, and that most advanced controller synthesis methods require a state-
space representation. Additionally, determining the dynamic order can be cum-
bersome in case of an external dynamics approach, especially in the MIMO-case
and if input and output are allowed to have different delays. In an internal dy-
namics approach, determining the order of the models equates to choosing the
dimension of the internal state vector. However, training recurrent model struc-
tures poses a complex optimization problem: The evolution of the internal states
must reflect the true process dynamics but can only be deduced from input—
output data. In the external dynamics approach on the other hand, the process
dynamics are fixed by the filters specified by the user.

In the last decade, recurrent model structures that alleviate these problems
have been developed, most notably, the long short-term memory (LSTM) [36]
and the gated recurrent unit (GRU), which will both be subsumed under the term
Gated Units in the following. Although a subject of ongoing research, it appears
that Gated Units restrict the dynamics that can be represented in comparison to
traditional Recurrent Neural Network approaches. This results in fewer bifurca-
tion boundaries and hence fewer regions with very large gradients in the model
parameter space, which makes them less sensitive to initialization and easier to
train [37]. In the following, modeling approaches for predicting the final part
quality with external and internal dynamics models will be presented. External
dynamics models without output feedback, e.g., Finite Impulse Response (FIR)
and its nonlinear variants, will be excluded from consideration. These models
treat each time instance as a distinct input. This would result in thousands of in-
puts (and model parameters) depending on the length and number of measured
process variables. The amount of experimental data needed to estimate these
parameters makes this approach unfeasible.
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FIGURE 4.13 Switched internal dynamics model for final part quality prediction.

4.4.3 Internal dynamics quality model

The machine-value-controlled IM process is a time-varying process due to the
switching between different controllers at defined switching time instances be-
tween the injection, packing, and cooling phases. The formation of the part
quality characteristics can also be assumed to be a time-varying process, al-
though for different reasons: The part changes its aggregate state from fluid to
solid and hence its mechanical properties. A fluid will respond differently, e.g.,
to a certain applied pressure, than a solid body. Accounting for this time-varying
behavior could be done by assuming that the model parameters are functions
of the internal model states, but this would further exacerbate the complexity
of the optimization problem. The quality model was therefore assumed to be
a time-varying switched system comprised of three time-invariant subsystems
representing the injection, packing, and cooling phase (i = 1, 2, 3, respectively).
The parameter vectors of the state and output equations of each subsystem are
denoted ®' and &', respectively:

1, k<t,
xk+1=hi(xk,uk;(~)i), x0=0, keZ, i=12, tj <k<t,

3, k>n, (4.4)

yi=8g' (xk;<I>").

The switching time instances #; coincide with the end of the respective phase
and are known in advance. Since the internal state is thought to be an, albeit very
abstract, representation of the emerging part, the model is assumed to be con-
tinuous in the states, i.e., all subsystems are of the same order, and xi;“ = xfi at
the switching instances. The unfolded switched system is depicted in Fig. 4.13.
For the aforementioned reasons, the recurrent part ' of each subsystem will be

modeled using a GRU. The GRU is depicted in Fig. 4.14. Its state equation is

xk+1:fz®xk+(1_fz)®fc' (45)
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FIGURE 4.14 Gated Recurrent Unit architecture.

The operator ® denotes the Hadamard product. The activation of the so-
called reset gate f, update gate f,, and the output gate f are given by

fi=0 (Wr e wdd” + br) ;
fo=0 (W lxud +5,), (46)
fo=tanh (We- [£e,u]” +b.)

withx; = f,Oxi, Wy, W, W, € RX0t b b, b, € R",and f,, f,, fc:
R™ — R, where o denotes the logistic function, and tanh is the hyperbolic
tangent function (both are applied element-wise).

The feedforward-part g’ maps the internal model state x; to the model out-
put y.. However, only yr, i.e., the part quality measurement at the very last
time instance T of each batch, is measured. Therefore &, i = 1, 2, will not en-
ter the loss function as it has no effect on y; and will not be adjusted during
training. Usually, a feed forward neural network with a nonlinear hidden layer
and a linear output layer is employed:

h; =tanh (Wy, - x; + by) ,

4.7
Yi=Wo-hi+bo,

where hj is the activation of the neurons in the hidden layer. Parameter ini-
tialization was found to be crucial to obtain useful models. As in any (stable)
dynamical system, the contribution of the GRU’s state x; at a given time in-
stance k to the output y,, A7 at a later time instance decreases exponentially
with AT. Since the model to be optimized is recurrent in the states, the same
is true for its parameters. This phenomenon is known as the vanishing gradient
problem. If care is not taken during initialization, especially the contribution of
the first two subsystems (i = 1, 2) will be negligibly small. The solution to this
dilemma is initializing the bias of the update gate bé, i = 1,2, with large positive
values. By doing so the state equation (4.5) becomes Xy ~ X, i.e., the GRU
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just passes on the state. This ensures the maximal possible gradient, at least at
the very beginning of the optimization procedure. If necessary, the optimizer
will then reduce the bias to an appropriate value, such that the GRU dynamics
approximates the dynamics of the true process. For this reason, the bias must
also not be chosen too large; otherwise, it would take an excessive amount of
optimization steps to reduce it to an appropriate value. For this case study, the
best results were obtained by drawing b, from a random uniform distribution I/
with support [4, 10], i.e., UJ4,10;. Without this initialization, the estimated mod-
els were merely able to reproduce the mean of the training data.

4.4.4 External dynamics quality model

Although no continuous output measurements are available, the external dynam-
ics approach is still applicable: The model is trained in parallel configuration,
i.e., as a simulation model, with output measurements not required when eval-
uating the model. It should be noted that a recommended initialization strategy
for output-error (OE) models is to train the model as a one-step-ahead predictor
and use the result to initialize the OE optimization. This procedure can poten-
tially yield an initial parameterization that is close to a good local minimum of
the NOE loss function. Due to lacking continuous output measurements, this
procedure cannot be applied, and we have to resort to random initialization. As
discussed in Section 4.4.3, a switched system approach with three subsystems
is chosen to model the time dependency of the formation process of the part
quality characteristics. For convenience of notation, the maximum time delays
of the input and output are assumed to be equal, and each subsystem is assumed
to have the same maximal delay n:

, T .
y=1r ([3’/<—1 oo Yeen WK1 - uk—n] §0l)

1, k<1, (4.8)
y,=0vj=1,....,n—1 keZ, j=132, t1<k<t,
3, k>n.

Since the external dynamics approach requires the (unknown) first n output
measurements as initialization, they are set to zero in accordance to the inter-
nal dynamics model (4.4). The unfolded external dynamics switched system is
depicted in Fig. 4.15. As the external model is to be trained in parallel config-
uration, care has to be taken that the initial model is not unstable. Finding a
stable parameterization for a nonlinear model is difficult. It is easier to choose
a model structure whose output cannot blow up by design. A multilayer per-
ceptron (MLP) with bounded activation functions satisfies this assumption, as
opposed, e.g., to a polynomial model, and is therefore an appropriate candidate
structure.
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FIGURE 4.15 Switched external dynamics model for final part quality prediction.

4.4.5 Static quality model

Estimating a static model that maps process setpoints, i.e., # = s, to the final
part quality, i.e., y = @, can be considered as the current industrial state-of-the-
art. This approach will therefore be considered as a baseline in the subsequently
presented case study. Employing a static model entails the implicit assumption
that the process is at steady state. This implies that data collected for a number
of cycles after changing the process setpoint cannot be used for model estima-
tion, increasing the time spent on collecting data for model training. In addition,
during process operation, the model cannot be used whenever even minor dis-
turbances occur, such as variations in the time interval between cycles, e.g.,
because a part got stuck. As these events happen quite frequently, it is pro-
posed to include process value measurements at the beginning of a cycle, i.e.,
po = p(t = 0) as inputs to the static model, i.e., u” = [sT, p]. By doing so
the initial state of the process is explicitly considered. Variations in the time be-
tween cycles would become visible in different temperatures of the mold cavity.
The model equation of the static approach is simply

y=f@).

4.5 Case study: tamper-evident closure quality prediction

To investigate whether dynamic quality models have additional value compared
to the less complex and less time-consuming static approach, a case study is
conducted. The objective of this case study is the prediction of the mass m and
inner diameter D; of the tamper-evident closure depicted in Fig. 4.11. The mate-
rial chosen for the production of this closure is an unreinforced black polyamide
6 (PAO6) of the type B3S (BASF SE, Ludwigshafen am Rhein, Germany).

To effectively train models, the training data must originate from as large a
process window as possible to include all correlations and nonlinear effects of
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TABLE 4.2 Upper and lower limits of the setpoint parameters
used for the face centered composite design of experiment.

Setpoint parameter Unit Lower limit Upper limit
Nozzle temperature °C 250 260

Mold temperature °C 40 50

Injection flow rate cm?/s 16 48
Switching point cm? 13 14

Packing pressure bar* 500 600

Packing time s 3 5

Back pressure bar* 25 75

Cooling time s 15 20

*In IM the pressure is usually measured and stated in bar; therefore no conversion
to Sl units has been made here.

the processing parameters. However, a compromise must be found between a
large process window, the achievable quality, and the processability of the ma-
terial. A large number of Design of Experiments (DoE) have been developed
to analyze precisely such correlations between the individual parameters and
to describe them by means of regression analysis. Since the injection molding
process reacts very sluggishly when certain parameters (e.g., temperatures) are
varied and it takes several cycles until a constant process is established again
after the change, randomized experimental designs, such as Latin Hypercubes,
are sometimes difficult to implement in the real process. Heinisch et al. [38]
compared the performance of artificial neural networks trained with data re-
trieved from different DoEs used in IM simulations. It can be shown that central
composite designs (CCDs) outperformed the other DoEs and thus provide the
best data basis for training neural networks. CCDs extend a full factorial design
(FFD) by so-called star points (SP), which are located exactly on the coordinate
axes and have a distance « to the origin, which is the central point (CP) of the
FFD. For this case study, a process setpoint s € R® is defined by the eight set-
point parameters defined in Table 4.2. With two factor levels for each setpoint
parameter and two repetitions of the central point (for the estimation of process
dispersion), the resulting experimental design contains a total of 274 experi-
ments (FFD: 28 =256, SP: 2 - 8 = 16, CP: 2) with 10 repetitions each. A face
centered CCD (e = 1) was chosen.

For the production of the parts, the aforementioned IM machine (Fig. 4.1)
was used. The injection mold was equipped with an additional combined tem-
perature and pressure sensor, as described in Section 4.2.2. During the manufac-
turing of the parts, only the setpoins listed in Table 4.2 were varied according to
the face centered CCD, and for each experiment, ten parts were produced.
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FIGURE 4.16 Measured inner diameter D; and mass m of the tamper-evident closure over the
first ten charges. Gray samples were used for training, red (dark gray in print version) samples for

model validation.
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FIGURE 4.17 Process measurements from three different factor combinations (cycles 1-10,
51-61, and 71-81).

A subset of the acquired data, i.e., the first ten factor combinations, are de-
picted in Fig. 4.16. From Fig. 4.16 we can observe that the process setpoint has
a noticeable effect on the parts’ inner diameter D; and mass m.

We can also observe that different process setpoints also lead to distinctively
different process variable trajectories. Fig. 4.17 shows the normalized cavity
pressure pc,y and normalized cavity temperature T, of different factor com-
binations that respectively corresponded to parts with small, medium, or large
inner diameter Dj. Normalization was performed with respect to the maximum
cavity pressure plag* and cavity temperature 7.0 that occurred during the first
cycle. It is also evident from Fig. 4.16 that with respect to the quality variables,
a good amount of variation also exists within most factor combinations. Espe-
cially, a pronounced transient behavior is noticeable with respect to D;. For a
dynamic quality model to predict these variations, they must be reflected in the
process measurements. Therefore the cavity pressure pc,y and cavity tempera-
ture T¢,y of factor combinations with and without pronounced transient behavior
with respect to Dj; were investigated. As an example, the measurements of the
first (cycles 1-10) and ninth factor combination (cycles 81-90) are shown in
Figs. 4.18 and 4.19, respectively. The process measurements taken during the
cycles of the first factor combination are appreciably different from another,
whereas there is barely any difference between the process measurements of the
ninth factor combination. Most noticeable is a significant increase in the ini-
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(a) Normalized cavity pressure p(z) and temperature (b) p(z) vs. T(t)
T(t) over time ¢

FIGURE 4.18 Process measurements from first factor combination (cycles 1-10).
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FIGURE 4.19 Process measurements from ninth factor combination (cycle 71-81).

tial and maximal cavity temperature T,y Over the first ten cycles, which is not
the case during cycles 81-90. This effect is due to the fact that some setpoint
changes require more time than others, which allows the mold more or less
cool-down time. In addition, the cavity pressure trajectories vary mostly around
t ~ 2.5s. Closer inspection revealed that the cause was an increase in cavity
pressure, which took place at different points at time, but precisely when the
measured cavity pressure was 104 °C. Most likely, the pressure spike was due
to changes on the level of the microstructure, which occurred at different points
in time as a result of different initial cavity temperatures. Based on these obser-
vations, the cavity temperature is expected to be a decisive quantity in predicting
the part quality.

Of each factor combination, the second and the third last repetitions were
chosen as validation data Dy,), whereas the remaining data Dy, were used to
train the model. By doing so it was made sure that the model ability to explain
the transient behavior is validated. The model structures considered for this
task are listed in Table 4.3. Implementation and optimization of all nonlinear
models was performed using Casadi [39] and Ipopt [40]. 20 multi-starts were
performed for each candidate structure. The performance of each model config-
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TABLE 4.3 Considered candidate model structures for quality prediction.

Label Dynamics Definition

PR? static nth-degree polynomial regression (PR) model with inter-
actions mapping process setpoints s and possibly initial
process value measurements pg to product quality Q.

MLP? static MLP with n neurons in single hidden layer mapping pro-
cess setpoints s and possibly initial process value measure-
ments pg to product quality Q.

ED" ext. dynamics External dynamics (ED) model consisting of 3 subsystems
mapping process measurements p to product quality Q, as
described in Sec. 4.4.4.

D" int. dynamics Internal dynamics (ID) model consisting of 3 subsystems
mapping process measurements p to product quality Q.
The recurrent model part is realized via GRUs with n in-
ternal states. The mapping from internal state to product
quality is realized via an MLP with 10 tanh neurons in the

hidden layer.
1.00
Il PR
0.95 B PR with pg
B MLPT
0.90 no
BN MLP! with p,
o~ — n
& 0.85 D3
m
0.80
0.75

FIGURE 4.20 BFR of the model structures in Table 4.3 for the quality prediction task tamper-
evident closure.

uration is measured in terms of the Best Fit Rate (BFR), which corresponds to
the coefficient of determination restricted to positive values:

A \2
Z (yc - yc)
BFR =max 40,1 — 07_2 . 4.9)
> (Ve — Je)
C

The performance in terms of the best fit rate (BFR) (4.9) on Dy, of each model
structure is depicted in Fig. 4.20. For model structures that are nonlinear in
the parameters, a boxplot is given to visualize the effect of initialization de-
pendence. The lines connect the best identified models. The first thing standing
out from Fig. 4.20 is that the proposed switched internal dynamics approach
ID consistently yields the model with the best fit, with the exception of n = 8
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internal states. For this configuration, the optimizer was apparently not able
to find a good local optimum. The superior performance of the internal dy-
namics models is remarkable, since the task of predicting batch end quality
from raw sensor measurements is considerably harder than a static mapping
from setpoints to the part quality. The results regarding the polynomial mod-
els PR and the MLP seem somewhat conflicting. Comparing the polynomial
models with and without initial process measurements p, suggests that the ad-
ditional information helps predicting the part quality, as PR‘S1 with p is the best
polynomial model. The decreasing performance for PR with p, for n > 4 is
most likely due to the tendency of higher-degree polynomials for oscillatory
interpolation behavior. The best MLP and second best model overall on the
other hand is MLP;O, a purely static MLP, which does not receive initial pro-
cess measurements p, as input. As discussed previously, variations in quality
measurements are larger between factor combinations than within a factor com-
bination and are therefore mostly governed by the machine setpoint. A good
fit of the static model was therefore expected. It is however surprising that the
MLPs without initial process measurements p performed as well as the inter-
nal dynamics model in terms of the Best Fit Rate. To investigate this outcome,
the predictions of the best internal dynamic model ID%, the best static model
with initial process measurements PR‘SL with p, and the best static model with-
out initial conditions MLPgO on Dyyin and Dy, are compared; see Fig. 4.21.
Fig. 4.21 shows that the models using process measurements to predict the part
quality are able to explain variations within the same setpoint (factor combi-
nation) reasonably well. The reason why MLP;0 has a slightly higher BFR
than PR‘S‘ with p, despite not being able to explain any variation within a cer-
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tain setpoint becomes apparent from the histograms of the prediction errors in
Fig. 4.22. PR? with p, has more prediction errors that exceed +0.1 mm com-
pared to MLP%O. These larger errors have a disproportionate effect since the
BFR is quadratic in e. It should also be mentioned that the prediction errors of
all three models are not normally distributed according to the Shapiro—Wilk test.
Fig. 4.23 clearly shows that within three distinguishable clusters, the prediction
error slightly increases with increasing Dj, i.e., smaller D; tend to be over-
estimated, whereas larger D; tend to be underestimated within these clusters.
Hence there exists some, albeit minor, deterministic relation none of the models
was able to capture, either because the model is not complex enough or some
model inputs are missing. A phenomenon that might be difficult to model even
for the most complex considered candidate structures is the change in mono-
tonicity that can be observed for neighboring setpoints, e.g., cycles 21-30 and
51-60 in Fig. 4.16a. During both experiments, the cavity temperature increases
steadily with every cycle. During cycles 21-30, D; decreases monotonously,
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as is expected since thermal expansion causes the cavity to shrink. During cy-
cles 51-60, however, Dj increases sharply during the first few cycles before
it decreases and approaches a constant value. These changes in monotonicity
can be observed for setpoints directly adjacent in the setpoint space, a non-
linear behavior that is difficult to capture. Considered additional model inputs
were the ambient temperature, ambient humidity, and the number of completed
production cycles during that day (as a measure for the duration of continuous
production of the machine). None of these inputs improved predictive perfor-
mance.

4.6 Conclusions and outlook
4.6.1 Conclusions

The purpose of this work was to provide and implement a framework for the de-
velopment of a Digital Twin of an industrial plastic injection molding machine.
Therefore a system for process data acquisition was developed, which records
the process data (single values and trajectories) cycle-related via the OPC-UA
interface of the IM machine during series production. An additional tempera-
ture and pressure sensor was installed in the cavity of the injection mold for the
analysis of quality-relevant state variables. It was shown that the sampling fre-
quency of the recorded process variables is high enough to allow access to all the
information contained in the trajectories. For the development of a Digital Twin,
quality variables must be recorded in-line in addition to the process variables.
For this purpose, the quality data of the manufactured tamper-evident closure
were recorded during the following process cycle within the cycle time. The
weight was recorded with the aid of a laboratory scale, and the dimensional ac-
curacy (diameter and distances) was measured by a digital measuring projector.
By applying a design of experiment (face centered central composite design) the
described experimental setup was used to sample a process window as large as
possible for training different models. Subsequently, the crucial aspect of find-
ing an appropriate model representation of the plastic injection molding process
for part quality prediction was investigated.

Various static and dynamic modeling approaches were compared in a case
study. The case study revealed that there is a substantial amount of variation in
the part quality not only between but also within a certain process setpoint. A
proposed internal dynamics approach for part quality prediction from raw pro-
cess variable measurements was able to explain more than 90 % of the variance
in the dataset. However, a static polynomial model considering the process set-
point and process variable measurements at the beginning of a cycle performed
almost as well. Since the effort of training the latter is considerably less, they
have been found to provide the best trade-off in this specific case study. From
the point of view of the practitioner, it is certainly most welcome that the easiest
to implement and fastest to estimate model approach yields highly competitive
prediction models.
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4.6.2 Outlook

Future work will cover the estimation of quality models for more involved quan-
tities, such as mechanical properties of the produced part. It is suspected that the
quantities considered in this case study, i.e., part weight and geometric proper-
ties, are influenced by the actual course of the process to little extent. As long
as the cavity is filled properly and its volume remains constant (due to thermal
expansion), these quantities will vary little. The proposed internal dynamics ap-
proach is expected to have an advantage over static approaches if the course of
the process influences the considered quality variables considerably. This is ex-
pected to be the case with mechanical properties, such as a parts tensile strength,
where especially the evolution of the temperature is a significant factor.

In the future, the Digital Twin will also be employed for quality optimization.
The static models estimated in this work are in principal already fit for this
purpose. To take into account the effect of creeping disturbances like machine
wear and tear, as well as changes in ambient temperature, the parameters should
be re-estimated or estimated recursively once the prediction error increases. As
mentioned above, a dynamic process model, from which in conjuncture with
the dynamic quality model the optimal process setpoints can then be inferred,
needs to be estimated to complete the dynamical Digital Twin. This aspect will
be covered in future work as well. Based on the experience gained from the case
study conducted in this work, an incremental increase in predictive performance
is expected at best.

Finally, to truly close the quality optimization loop, the optimal machine set-
points need to be applied automatically to the machine. Up to now, producers
only have reading access to the nodes in the OPC-UA address space of the in-
jection molding machine. So to achieve autonomous smart manufacturing, the
permission to write to the variables of the machine has to be enabled by injection
molding machine manufacturers.
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Retina Implant, a government-sponsored German company, is developing a
retinal prosthesis that may allow blind people to gain partial vision. It involves
implanting a small microchip inside the patient’s eye. Photocells absorb light
falling on the eye and transform it into electrical energy, which stimulates the
intact nerve cells in the retina. The nervous impulses from these cells stimu-
late the brain, where they are translated into sight. At present the technology
allows patients to orientate themselves in space, identify letters, and even
recognise faces ...
—Yuval Noah Harari
Sapiens: A Brief History of Humankind

Introduction and challenges with autonomous robots and
motion control

With the rapid development of autonomous mobile robots and driverless
vehicles, a pioneering idea suggested in [1], known as Simultaneous Local-
ization And Mapping (SLAM), has become a hot topic in the research field
recently. Due to the limitations of the indoor operating environment, GPS
cannot be used to restrict positioning errors, and SLAM opens another door
for the development of the indoor robot positioning and guidance. Among
different technologies, LiDAR-based SLAM has already become a relatively
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mature scheme, but the cost-effective problem is still prominent. As a prac-
tical solution, the low-cost visual SLAM (VSLAM) has become a research
hot spot in recent years. In fact, sensor selection is highly dependent on
computational cost, measuring range, environment (including complex ge-
ographical features and obstacles), cost-effectiveness, and accuracy [2].
Improving the autonomous navigation capacity of mobile robots yields
concrete economic advantages for the firms that use them. However, de-
veloping a self-sufficient navigation system from scratch is no simple feat.
Savioke CEO Steve Cousins recently told The Robot Report that the com-
pany would rather devote resources to regions where it has a competitive
edge than to those where it does not. | think what Brain Corp. is doing
has the potential to completely change the cost landscape. They have the
purchasing power to negotiate lower per-sensor costs, and they design ev-
erything to work together smoothly. With the help of SLAM technology,
the mobile robot can perceive the surrounding environment according to
its own sensors during the movement so as to perform autonomous posi-
tioning and incrementally construct an environmental map [4,5].

Many researchers and engineers in the field of robotics remain intent on
creating their very own versions of autonomous navigation. That is some-
thing that Brain Corp. gets. Brain Corp’s Director of Innovation Paul Behnke
and Vice President of Innovation Phil Duffy (who spoke at The Robot Re-
port’s first Robotics Summit & Showcase event) presented a webinar titled
Robotics: The Decathlon of Startups to educate robotics developers on the
difficulties of creating an autonomous navigation system. This part focuses
on different aspects on motion and control of autonomous robots starting
from different problems on SLAM and also with advanced problems on
control.

Getting the software right

Behnke said, “That's the first issue that comes to mind when you think
about designing robots for different kinds of surroundings.” Autonomous
robots will need complex algorithms to successfully navigate busy public
locations like airports, shopping centers, warehouses, and more. The close
quarters and ever-shifting impediments of such places make planning out
the best possible pathways difficult. The difficulty is in creating software
that addresses these concerns from the perspective of the end user.

Gathering enough real-world data

Physical obstructions in a robot working area are just one of several fac-
tors that might hinder its ability to navigate autonomously. Autonomous
navigation is made more challenging by locations with few or no land-
marks, as well as by factors such as time of day. For instance, in [3], visual
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SLAM dataset including various sequences has been acquired to visualize
the impact of a sensor on the precision of SLAM algorithms with different
modalities such as RGB, IR, and depth images in both passive and active
stereo modes. A lot of these problems are edge situations that do not be-
come apparent until after the software is written and the robots are tested
in the real world. Cases on the edge are the sucker punches you never saw
coming [6].

Creating precision motion control

According to Duffy, developing a system with precise and accurate motion
control is the true key to producing a robot with autonomous navigation.
In many cases, transporting a robot simply involves moving it from one lo-
cation to another. Industrial floor care machines were Brain Corporation’s
first product to hit the market, and they had to go as near to a wall or other
impediment as possible to clean the most surface area.

Reducing false positives

The ability to identify and interact with humans is critical for develop-
ing new services for consumers. Your company is doomed before it even
begins if your robot cannot distinguish between a human and a package
on the floor. Having a system that can distinguish people differently from
barriers is vital whether you are designing your algorithms or seeking for
navigation solutions to employ in your robotics project. Solving the hu-
man factor is essential unless you want to remove all humans from the
robot working environment.

Installation must be simple

Nontechnical workers just do not have the necessary expertise to complete
the procedure. This comprehensive and technically complicated launch
has the potential to stall this crucial early stage; sending an engineer to
each new customer’s location is neither scalable nor feasible. Customer
identification of personnel capable of taking on installation as a new
project is one approach to overcoming this obstacle. Preventive design
maintenance is another option. Design your robot to seem like other things
your customer’s workers are already acquainted with. The interface must
be both simple and easy to use.

References

[11 R. Smith, M. Self, P. Cheeseman, Estimating uncertain spatial relationships in robotics,
Machine Intelligence and Pattern Recognition 5 (1988) 435-461.



114 PART | Il Motion control and autonomous robots as a challenge

[2] M.S.A. Khan, D. Hussain, K. Naveed, U.S. Khan, [.Q. Mundial, A.B. Ageel, Investigation
of widely used SLAM sensors using analytical hierarchy process, Journal of Sensors 2022
(2022) 1-15.

[3] I.E. Bouazzaoui, S. Rodriguez, B. Vincke, A.E. Ouardi, Indoor visual SLAM dataset with
various acquisition modalities, Data in Brief 39 (2021) 1-11.

[4] W.D. Chen, F. Zhang, Review on the achievements in simultaneous localization and map
building for mobile robot, Control Theory and Applications 22 (3) (2005) 455-457.

[5] M. Csorba, Simultaneous Localization and Mapping, University of Oxford, 1997,
pp. 56-89.

[6] B. Liu, P. De Giovanni, Green process innovation through Industry 4.0 technologies and
supply chain coordination, Annals of Operations Research (2019) 1-36.



Chapter 5

SLAM algorithms for
autonomous mobile robots

Sufang Wang? and Weicun Zhang"

4Second Academy of China Aerospace Science and Industry Corporation, Institute 706, Beijing,
China, bUniversity of Science and Technology Beijing, School of Automation and Electrical
Engineering, Beijing, China

5.1 Introduction

For autonomous mobile robots, there are three aspects involved in navigation
and positioning [1,5]:

1. where am I?
2. where am I going?
3. How should I get there?

These three issues correspond to three technologies respectively:

1. Positioning, to get the current position of a robot;

2. Perception, to get the target location for the robot;

3. Path planning, to decide the optimal trajectory for the robot to move to the
target location.

With the help of SLAM technology, the mobile robot can perceive the surround-
ing environment according to its own sensors during the movement so as to
perform autonomous positioning and incrementally construct an environmental
map [2,3].

Although the research on autonomous mobile robots has become a hot topic
in the field of high-tech field, we have seen and applied very little in our daily
life. Most of them are based on theoretical research and laboratory experiments.
According to published papers, most of them are based on a single sensor, such
as liDAR SLAM and visual SLAM. SLAM using liDAR has mature algorithms
and solutions. With the follow-up of hardware devices, visual SLAM (VSLAM)
has also been developed. To meet the requirements as much as possible, different
products adopt different sensors.

The SLAM technology of mobile robots has very important theoretical sig-
nificance and application values. For driverless vehicles, SLAM helps to build
3D environment models and position navigation by liDAR. In the military field,
SLAM facilitates mobile robots to reach many harsh environments that humans
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cannot reach. It is also essential to realize intelligent reconnaissance and combat
of robots. SLAM can also be used to locate and remove hazardous explosives
[4]. In our daily life, SLAM can be used to support household robots to walk
autonomously and successfully avoid obstacles to complete high-quality tasks.

In this chapter, we try to review related algorithms and technologies widely
used in SLAM research, especially in VSLAM research, including the classifi-
cation of SLAM, the Kalman filtering algorithms in SLAM and VSLAM, and
comparisons of different kinds of SLAM systems and algorithms.

5.2 SLAM classification

Intelligent robots are gradually entering our daily life. Their make our daily life
easier and more convenient. However, simple robots cannot walk autonomously;
to address such an issue, the auxiliary role of the liDAR is needed to realize the
robot intelligence. It can acquire the information of the robot environment in
real time. However, a robot itself cannot understand the information scanned
by liDAR. Thus the powerful SLAM navigation algorithm is very important
for the robot to achieve an intelligent walking. Widely used 1iDAR products,
such as SICK liDAR (Sick AG, based in Waldkirch, Germany, is a global man-
ufacturer of sensors and sensor solutions for industrial applications), Velodyne
liDAR (Velodyne is a US-based company focused on R&D and production of
liDAR sensors for autonomous driving) and SLAMTEC RPIiDAR (SLAMTEC
company, based in ShangHai, China, was founded in 2013 and focused on the
development and application of robot autonomous localization and navigation
solution as well as related core sensors), have been validated successfully in
many applications.

As a practical solution, the low-cost visual SLAM (VSLAM) has become a
research hot spot in recent years. VSLAM is usually implemented together with
cameras. According to different working approaches, VSLAM is classified into
three types: Monocular, Stereo Vision, and RGB-D, respectively. Here by RGB-
D we mean Red, Green, Blue plus Depth. Red, green, and blue can be combined
in various proportions to obtain any color in the visible spectrum.

Using only one camera in VSLAM is called monocular SLAM, whereas
using multiple cameras as sensors is called stereo VSLAM, which is the most
widely used VSLAM. The combination of a monocular camera and an infrared
sensor is RGB-D SLAM.

5.3 liDAR-SLAM

The key issue in SLAM is positioning. The methods to solve positioning prob-
lems are divided into two categories, probabilistic and non-probabilistic meth-
ods. The probability-based method is the mainstream of positioning technology
in liDAR-SLAM, and the Bayesian estimation is its basis. There are mainly two
algorithms of the probability-based method, the Kalman filter (KF) and parti-
cle filter (PF) algorithms. Next, we will introduce these algorithms with focus
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on the multiple model Kalman filtering, also known as multiple model adaptive
estimation (MMAE).

5.3.1 Kalman Filter

Considering that there are system and measurement noises with Gaussian dis-
tributions, we need to process sensor data in SLAM system according to some
kinds of filtering algorithms. Among others, the Kalman Filter (KF) provides the
optimal estimates of the system states in SLAM systems [6—9]. The premise of
using KF is that the system under consideration is a linear system with Gaussian
noises. However, the actual system is often described by nonlinear state space
equations. Thus the standard KF is not suitable. The extended KF (EKF) lin-
earizes the nonlinear system through first-order Taylor expansion [10]. The un-
scented KF (UKF) is a method of approximating nonlinear distribution using a
sampling strategy [11]. It does not need to calculate the Jacobian matrix and has
a higher linearization accuracy, and its performance is better than that of EKF.

KF-SLAM occupies a dominant position in many solutions, because it has
some advantages in convergence and affordable implementation complexity.
But it has the problem of lack of self-closed loop capability and associated
fragility. When an error occurs in the data association, it will eventually be
brought into the entire SLAM state estimation, sometimes even causing the en-
tire prediction process to diverge. Therefore a robust data association method is
very important.

Practical implementation of the Kalman filter is often difficult due to the
uncertainties and nonlinearities of the modeling of dynamic systems. Extensive
research has been done to address the modeling uncertainty and nonlinearity
problems in state estimation, filtering, and control. Among others, the multi-
ple model Kalman filter, also known as the MMAE scheme has received much
attention. The multiple model concept coincides with the famous engineering
logic of “divide and conquer”. The thought of multiple models for adaptive es-
timation originated from Magill [42]. Later on, many scholars such as Lainiotis
[43], Athans et al. [44,45], Anderson and Moore [46], and Li and Bar-Shalom
[47] studied MMAE for different purposes of applications.

There are mainly three aspects in designing an MMAE system: first, to se-
lect a “local” model set to include the parameter uncertainties or nonlinearity
of the system; second, to design “local” KF set corresponding to the “local”
model set, in which each “local” KF is designed based on each “local” model;
third, to design or select a weighting algorithm to calculate weights for each
“local” KF. After that, each “local” KF generates its own state estimates and
a corresponding output error (residual) to feed the weighting algorithm. The
“global” MMAE state estimate is then a weighted sum of all “local” KF’s es-
timates. We use the block diagram in Fig. 5.1 to describe the principle of an
MMAE system. In Fig. 5.1, x(k) € R" is the state of the system, u(k) € R™ is
the control input, y(k) € R is the system output, w (k) € R? is the measurement
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FIGURE 5.1 Block diagram of MMAE.

noise that cannot be measured with uncertain covariance E[w(k)][wk)]F =
R(k) ={Ry,..., Ry}, and v(k) € R" is the system noise that cannot be mea-
sured with uncertain covariance E[v(k)][v(k)]T = Q(k) ={01,..., On}.

Here we introduce two improved weighting algorithms to simplify the clas-
sical weighting algorithm, which was developed from a dynamic hypothesis test
and Bayesian formula. With the improved weighting algorithm, the convergence
conditions have been relaxed than those of the classical weighting algorithm.

Consider an uncertain discrete-time system P (¢}) described by the following
state-space equation:

x(k+1) = Ak, 9)x (k) + B(k, 9)u(k) + v(k), 5.1)
y(k) = C(k, 0)x(k) + w(k). '

The matrices A(k, ©), B(k, ), C(k, ), R(k,v), and Q(k,¥) are assumed to
be piecewise continuous, uniformly bounded in time, and containing unknown
constant parameters denoted by a vector ¥ € R!. The initial condition x(0) is
assumed to be deterministic but unknown. Consider a finite set of candidate
parameter values © := 9, 9>, ...., 0y indexedbyi e l,..., N.
The MMAE algorithm can be described as follows:

N
R =" pitk)%i k), (5.2)

i=1

where x (k) is the estimate of the state x (k) at time k, and p; (k),i=1,....,N
are time-varying weights generated by the weighting algorithm, which will be
given in the next section. In (5.2), each “local” state estimate %; (k),i =1,..., N
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is generated by the corresponding “local” KF described as follows.

Ritklk —1) = Ajx(k — 1) + Biu(k — 1),
P;(klk — 1) = A; Pi(k — DA] + 0.
K; (k) = P;(klk — 1)CT(C; P;(k|k — DCT + R, (5.3)
Xi(klk) = X (klk — 1) + K; (k) (y(k) — C; X; (k|k — 1)),
P(k) = — K;(k)C;) P(klk — 1),

where Ai = A(k, l?i), Bi = B(k, 191'), Ci = C(k, 191'), Qi = Q(k, 191'), R,’ =
R(k,;), and X; (k/ k) is x; (k) in Eq. (5.2).

We expect that if the jth model M; in the model set is (or close to) the
real plant model, then the corresponding jth KF will generate the optimal state
estimation X ; (k). In addition, if the jth weight p;(k) converge to 1 and others
to 0, hen the state estimates of the MMAE will converge to X (k).

Thus the key problem for an MMAE system is to design an effective weight-
ing algorithm with insurance of correct convergence, as well as an effective
model set that includes the real model or the model closest to the system.

5.3.1.1 Weighting algorithm

First of all, we need to define the residual/error signal of each “local” KF:
ri(k) = y(k) — yi(k) = y(k) — Ci%; (k). 5.4

The classical weighting algorithm can be described as follows:

1./ —1
B; (e_E’I(k"'])Si rl-(k+1))

pitk+1)=

7 = pi(k),
Y8 (e’%’j htns; D) b l (5.5)

pi0)=§.i=1,....N,

where r;(k),i = 1,..., N is the residual of the ith Kalman filter, S;,i =
1,..., N, is the steady-state constant residual covariance matrix of r;(k), B; =
m is a constant scaling factor, and m is the number of measure-
ments. For more details of design and convergence analysis of the classical
weighting algorithm, see [48,49].

To further relax the convergence condition of the classical weighting algo-
rithm, two improved weighting algorithms have been put forward by Zhang
[50,51] to replace the classical weighting algorithm.

Algorithm 1:

1
1i(0) = NP (0) =1 (0), (5.6)
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k
1
1y — ) 2
) =1+ @I, (5.7)
g=1
Imin (k) = min/; (k), (5.8)
lmin(k)
litk) =1i(k = 1)———, (5.9)
17(k)
(=0 (5.10)
pi(k) = , )
RS 0
where || - || denotes the Euclidean norm.

According to [50,51], we have the following convergence result of weight-
ing algorithm (5.6)—(5.10). For more details of the proof of the theorem, see
Lemma | in Appendix.

Theorem 3. Let M; € M be the model closest to the true plant in the following
sense with probability one:

Sk @12 < S5 @I V= 1,
LYk @I = o, 51
¥ Z,(;:l 7 (> = o,

where o is a constant, and o; may be constant or infinity.
Then the weighting algorithm (5.6)—(5.10) leads to

pik) = 1; pik)—>0,i=1,....N, i #]. (5.12)

It is worth pointing out that the convergence condition for the weighting al-
gorithm (5.6)—(5.10) is weaker than that for the classical weighting algorithm.
To be specific, the convergence condition (5.11) means the discriminability of
ri (k), whereas the convergence conditions for classical weighting algorithm in-
clude ergodicity, stationarity, and discriminability of r; (k); for more detail, we
refer to [48].

To get a sharper convergence rate, we may use the following weighting al-
gorithm.

Algorithm 2:

1
i) =—: pi(0) =14 0), (5.13)

k
, 1
liky=1+ %; Iri (@117, (5.14)
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Imin (k) = minZ{ (k), (5.15)
) __lnﬁn(k)
Bi(k) = 7w (5.16)
litk—1) if Bi(k) =1,
li(k) = ceil(l ) (5.17)
Litk = D[BK)]T=FR" if (k) < 1,
li (k)
(k) = =) 5.18
pi(k) ANAT) (5.18)

where ceil(x) is the ceiling function that generates the smallest integer not less
than x, i.e.,
ceil(x) = min{n € Z|x < n}.

According to [51], we have the following convergence result of weighting
algorithm 2. For more details of the proof of the theorem, see Lemma 2 in Ap-
pendix.

Theorem 4. Let M ; € M be the model closest to the true plant in the following
sense with probability one:

k k
DU @IP <D lr@I* Y= 1, i # . (5.19)

g=1 qg=1
Then the weighting algorithm (5.13)—(5.18) leads to
pjtk)—>1; pi(k)—>0,i=1,...,N, i #]. (5.20)

Remarks. These two algorithms, i.e., Eqs. (5.6)—(5.10) and Egs. (5.13)—
(5.18), both can be used in MMAE; it should be chosen according to specific
engineering conditions, such as software and hardware configurations.

We further have the following results on the multiple model Kalman filters.

Let us consider the situation that the model set M includes the unique real
model of system (5.1). Other complicated situations will be considered in the
future research work. We have the following results on the convergence of the
proposed MMAE system.

Theorem 5. Let the following conditions be satisfied:

1. M; € M is the only real model of system (5.1) in the following sense with
probability one:

Yk I @17 < Xy I (@)1 Ve = 1,

1 k . 2 .

fzzzl 7 (q)ll2 —0j, (5.21)
T Zq=1 i (I= — o3,

0j <0, 1# ],
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where o is a constant, and o; may be a constant or infinity.

2. Each Kalman filter is designed to ensure the stability, i.e., the state estimates
of each Kalman filter are bounded.

Then the state estimates of MMAE with weighting algorithm (5.6)—(5.10) con-
verge to the optimal estimates given by the jth KF corresponding to M, i.e.,

R(k) — £ (k). (5.22)

Proof. According to Theorem 3, condition 1 of Theorem 5, i.e., Eq. (5.21), leads
to

pjk)y—1; pitk) - 0,i=1,...,N, i #]. (5.23)

Further, condition 2 of Theorem 5 guarantees that
Xi(k) <oo,i=1,...,N. (5.24)

Then by (5.23) and (5.24) we have

N
Rk =Y pitloi(k)
i=1
N

= pj()%;(k) + i ()% (k
Pk (k) i:%,p( £i (k) 525)

N
=120+ Y 0-%k)
i=1,ij
— xj(k),
which completes the proof. O

Theorem 6. Let the following conditions be satisfied:

1. M; € M is the only real model of system (5.1) in the following sense with
probability one:

k k
ol @I < D @I, V=1, i # j. (5.26)

g=1 q=1

2. Each Kalman filter is designed to ensure the stability, i.e., the state estimates
of each Kalman filter are bounded.

Then the state estimates of MMAE with weighting algorithm (5.13)—(5.18) con-
verge to the optimal estimates given by the jth KF corresponding to M, i.e.,

R(k) — 2 (k). (5.27)
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Proof. According to Theorem 4, condition 1 of Theorem 6, i.e., Eq. (5.26), leads
to

pj(k) = 1; pitk) > 0,i =1,..N,i#j (5.28)

Further, condition 2 of Theorem 6 guarantees that
xi(k) <oo, i=1,...,N. (5.29)

Then by (5.28) and (5.29) we have

N
2= pik)zi (k)
i=1
N
= p; ()% (k) + i (k)% (k
pj(k)Z; (k) i:LZi#p( )i (k) 5.30)

N
— 18K+ Y 0-%i(k)
i=1,ij
— %;(k),

which completes the proof. O

5.3.2 Particle filter

As a new type of filter, the particle filter gets rid of the assumption of the sys-
tem linearity and the constraints of the Gaussian assumptions on the system and
measurement noises. The particle filter can approximate any probability distri-
bution, and the calculation is simple and convenient. It can also effectively solve
the robot positioning problem [12]. Murphy et al. [13,14] found that if a robot
motion trajectory is known, then the probability between landmark positions
is conditionally independent. Therefore the Rao—Blackwellized decomposition
is proposed and implemented, which provides a theoretical basis for the par-
ticle filter to solve the SLAM problem. Based on this, Montemerlo et al. [15]
demonstrated the feasibility of using Rao—Blackwellized Particle Filter (RBPF)
to solve the SLAM problem and proposed the FastSLAM algorithm.

The FastSLAM uses an improved particle filter to estimate the posterior
distribution of the robot path. In Fig. 5.2 [16], each particle maintains a state
estimate and a set of individual feature location information. Each particle rep-
resents a path traveled by a robot. Each feature is individually estimated using
an EKF. Each particle maintains a number of M EKFs, and there are a total of N
particles to predict the robot state [17]. Compared with other methods, the Fast-
SLAM reduces the sampling space, thus greatly reducing the complexity and
improving the calculation speed; it has a high precision and better robustness;
it can be applied to a non-Gaussian, nonlinear, and unknown posterior density
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FIGURE 5.2 RBPF-SLAM algorithm.

function. However, it was found in the experiments that it requires more parti-
cles to avoid estimation divergence and that divergence is closely related to data
association. In addition, as a new algorithm for solving SLAM problem, particle
filters also have many space for improvement and optimization.

5.3.3 Graph-based optimization

Lu and Milios [41] first proposed graph-based optimization. In their paper, the
two-dimensional map created by 1iDAR is taken as an example, and the in-
fluence of all frames is taken into consideration to form a spatial constraint
relationship. Compared with the filter method that only considers the influence
of the previous frame, if at a random moment between x¢ and x; an error oc-
curs, then the later posture is difficult to correct. However, as the surroundings
size increases, the posture error rate increases. Therefore the filter method is not
suitable to estimate posture in big surroundings. But graph-based optimization
can optimize all frames to calculate correct postures. Graph-based optimization
estimates the trajectory of the entire robot and continuously optimizes the lin-
ear points to minimize the errors. Since the precision after optimizing multiple
times is significantly higher than the filter method, it is suitable for applying to
estimate posture in big scenario, but the efficiency will be reduced accordingly.
Graph-based optimization generally optimizes graphs constructed by SLAM
front-end estimation and loop closure detection. So graph-based optimization is
also called back-end optimization. Considering that most application situations
of robots are nonlinear systems, posture graph can be solved by nonlinear least
squares algorithm. Basic idea of nonlinear least squares is that given a nonlinear
system with nonlinear state equations, we need to find an optimal solution to
minimize the error of estimates (observations). Also, to find the target function
of nonlinear least squares, we assume that the error obeys Gaussian distribution.

5.4 Visual SLAM algorithm

Visual SLAM is mainly divided into visual front-end and optimized back-end.
The front-end is also called visual odometry (VO). It estimates rough camera
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movement based on the information of adjacent images and provides a good
initial value for the back-end. The implementation method of VO is divided into
the feature point method and the direct method according to whether or not fea-
tures need to be extracted. The feature-based method is stable in operation and
insensitive to light and dynamic objects. So it is considered as the mainstream
method of VO [18].

5.4.1 Feature-based method

Davision [19] first proposed a monocular visual SLAM (MonoSLAM) system
that uses EKF as the back-end to track sparse feature points on the front-end.
After that, the keyframe-based monocular visual SLAM gradually developed
[20-23]. The most representative of these is parallel tracking and mapping
(PTAM). Klein et al. [21] proposed a simple and effective method for extract-
ing key frames, parallelizing the tracking and mapping, and for the first time,
PTAM used nonlinear optimization as the back-end. Mur-Artal et al. [23] inher-
ited and improved PTAM and innovatively proposed three threads to implement
the monocular visual SLAM system based on PTAM of the dual thread. The en-
tire system is implemented around the ORB feature ORB-SLAM. Subsequent
studies have shown that the ORB-SLAM system is equally applicable to monoc-
ular, stereo, and RGB-D models and has good general-purpose use. The entire
SLAM processes can be divided into three threads: tracking thread (real-time
tracking feature point), optimizing thread (for partial bundle adjustment), and
loop closure detecting and optimizing thread of global pose graph. Also, apply-
ing identical ORB feature to the three threads makes them interact with each
other, which diminishes the accumulated errors when constructing the graph
and guarantees the global consistence between the motion trajectory and map.
With the above-mentioned improvements, ORB-SLAM2 system becomes ap-
plicable to monocular, binocular, and RGB-D modes and has good versatility.
ORB-SLAM? algorithm framework is shown in Fig. 5.3.

ORB-SLAM?2 system is built with four parallel threads: tracking, local map-
ping, loop closure detecting, and global bundle adjustment (BA) optimization.
Among them, the fourth thread executes after having the confirmation of the
previous thread. We give the specific explanation for the four threads as follows:

1. tracking: pre-processes the input to get features at the location of significant
key point.

2. local mapping: executes partial BA algorithm to achieve local map regulation
and optimization.

3. loop closure detecting: this thread is divided into two steps: first, cycle in-
spection and verification; and second, cyclical correction and optimization
of the posture map. Compared with monocular ORB-SLAM camera, which
may result in a scale drift, stereo/depth information makes the scale observ-
able. Geometry verification and target optimization are no longer needed
while system deals with scale drift issues. Also, based on rigid body transfor-
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FIGURE 5.3 ORB-SLAM?2 algorithm framework.

mation instead of similarity, the global BA optimization of the fourth thread
is executed after the posture graph.

4. global BA: after optimizing the posture graphs, the optimized system struc-
ture and motion result can be calculated by executing global BA. This system
embeds a DBoM2-based position recognition model used for relocation,
which can effectively avoid tracking failures, like occlusion. This system
applies scenes graph re-initialization and loop closure detection, etc. This
system applies ORB feature to localizing and constructing map; it also has
good scale invariance and ideal rotation invariance. Besides, it can promptly
extract features to match, so that it can meet the requirements of real-time
operation.

Because a monocular camera captures a two-dimensional projection of a
three-dimensional space object, which is a single image, and there is uncertainty
in the motion and trajectory estimated by moving the camera, the true depth of
the object cannot be determined. Therefore there are enormous difficulties in the
three-dimensional reconstruction work. At this time, stereo cameras and RGB-D
cameras appear, but stereo cameras have a major problem in terms of calcu-
lations under the existing conditions. However, SLAM based on RGB-D data
simplifies the complexity of 3D reconstruction. Henry et al. [24] first proposed
a method of 3D reconstruction of indoor environment using RGB-D camera,
extracting the SIFT features in the color image and finding the correspond-
ing depth information on the depth image. Then Random Sample Consensus
(RANSAC) method is used to match the 3D feature points, and the correspond-
ing rigid motion transformation is calculated. RANSAC is applied to many cases
with incorrect data, which can handle data with error matching and use it as the
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initial value of the iterative closest point (ICP) to find more accurate position
and pose. RGB-D SLAM usually uses the ICP algorithm for pose estimation
and camera motion transfer matrix optimization. The basic concept of ICP al-
gorithm is to minimize the registration error function between the paired points
in two point sets P and P,. The registration error function is defined as

N
1
e(R,t) =min — V1) — Rvy(i —tz,
(R.1) = mir NZ;II p1(0) — Rupa(i) — 1]
1=
where R is the rotation matrix, ¢ is the translation vector, N is the number of

point pairs, and vp1(i) and v,2 (i) are the coordinates vectors of the ith point
pair. To be specific, we have the following expressions of R and ¢:

1 0 0 cosfB 0 —sing cosy siny O
R=| 0 cosa sina 0 1 0 —siny cosy O
0 —sine cosw sinB 0 cospB 0 0 1

and
=1 1, t ]T,

where «, 8, y are the rotation angles around the coordinates axes x, y, z, respec-

tively.

The procedures of ICP algorithm in RGB-D SLAM is as follows [25].

. Read in the two point sets Py, P»;

2. Select the pair of points. Search P, for the point closest to P; to form a point
pair. Find out all the pairs of points in the two point sets;

3. Calculate two barycentric coordinates based on the pairs of points in the two
point sets;

4. From the new point set calculate the rotation matrix R and the translation
vector ¢;

5. From the obtained R and ¢ calculate the new point set P; after the rigid
transformation of the point set P»;

6. If the absolute value of the difference between the sum of squares of the
distances from P, to P; is less than the threshold value for two consecutive
times, then it is converged and the iterations stop. Otherwise, steps 1-6 are
repeated until the algorithm convergence is achieved.

—

Among many matching algorithms for depth images, such as Generic Algo-
rithm, RANSAC, and ICP, the latter is the most widely used. With ICP algo-
rithm, three-dimensional data will be processed directly to depth images and
do not need to assume and distribute object features. After selecting the proper
initial value, the ICP algorithm has good convergence performance, thus get-
ting the global optimal value and obtaining more accurate matching results. So
it quickly becomes a mainstream algorithm for depth image matching [26]. Al-
though feature-based SLAM method has many advantages, the extraction of key
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points and the calculation of feature points are very time-consuming, and some
useful image information may be discarded because only feature points are used,
such as a white wall, because there are few feature points. In such a situation, it
is difficult to accurately calculate the motion of the camera.

5.4.2 Direct method

According to the classification of the number of pixels used, the direct method
can be divided into sparse, dense, and semi-dense. Assume that P is a spatial
point of a known location. When P is derived from a sparse key point, it is
called the sparse direct method. When P comes from a portion of pixels, it
is called the semi-dense direct method. If all pixels are used, then it is called
the dense direct method, which can build a complete map. Many people have
been devoted to the study of the direct method [27-33]. Irani and Anandan
[27] gave a detailed and in-depth description of the direct method. Silveira et
al. [28] applied the direct method to the visual SLAM and described main ad-
vantages and limitations. Subsequently, a sparse-based semi-direct monocular
visual odometry (SVO) was proposed [29]. This algorithm has high accuracy
and good robustness and is faster than the most advanced methods currently
available. This sparse method eliminates the needs of feature extraction and
robust matching techniques for motion estimation and is suitable for estimat-
ing the state of microcars in GPS denied environments. Next, Engel et al. [30]
proposed a large-scale direct monocular SLAM (LSD-SLAM); LSD-SLAM al-
gorithm framework is shown in Fig. 5.4. Compared to other direct methods, it
reconstructs the keyframe’s pose map and the environment’s semi-dense and
highly accurate three-dimensional map in real time. Usenko et al. [33] proposed
a novel direct visual-inertial odometry method for stereo cameras that use the
complementarity of visual and inertial data to improve the accuracy of 3D re-
construction maps.

Newcombe et al. [34] integrate all the deep data and image information
from Kinect into the observation scene and reconstruct the 3D model to get
the global map. Particularly, it allows reconstruction of dense maps in real time,
making a big step towards augmented reality (AR). Henry et al. [35] adopt a
joint optimization algorithm to apply RGB-D cameras to the robot field in in-
door environments. Kerl et al. [36] proposed a visual SLAM method based on a
direct dense RGB-D camera. The error terms of this method are the photometric
and depth errors. The optimal camera pose is solved using the g20 optimization
library. Also, an entropy-based method for key frame selection and loop closure
detection is proposed. Thus the path error is greatly reduced. Compared to the
feature method, the direct method does not need to extract image features. It
has a fast speed of execution, high robustness to the photometric error of the
image, but a high requirement for the camera internal reference. When there is
geometric noise, the algorithm performance decreases quickly. In the event of
image motion blur, camera position can still be achieved, but the direct method
has poor robustness to large baseline motion.
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FIGURE 5.4 LSD-SLAM algorithm framework.

5.4.3 Scheme comparison

LiDAR sensors’ advantages are a wide visual range and a high precision, which
can measure the angle and distance of surrounding obstacles precisely, so that it
can help robots to avoid obstacles, but liDAR is relatively expensive. In contrast,
camera has some advantages, such as lower cost, lightweight, easy installa-
tion, convenience, and flexibility. Also, camera can extract plenty of scenes
information; therefore visual SLAM becomes popular for SLAM researchers
these years. Visual SLAM and density reconstruction use little CPU. It provides
enough capability for application logic and processing of other sensors. By pro-
viding the situational awareness of robots or drones the depth camera can help
solving SLAM problems better [37].

The performance of visual SLAM depends on the environment in which it is
operating. The ideal conditions are summarized as follows:

1. Light is sufficient, without large changes in lighting. The camera must be
able to identify features in the scene. Generally, a more complex scene, with
lots of objects or geometry, is the best situation. Blank walls, floors, or ceil-
ings are the worst cases. Many reflective surfaces, such as glass or mirrors,
can cause problems. Also, direct sunlight can interfere with the depth cam-
eras, which affects the accuracy of occupancy mapping.

2. When the scene is mostly motionless, Visual SLAM works best. If people
or objects are moving, then performance will be more or less affected. If the
entire scene is moving, like in an elevator, SLAM will not work at all.

3. When the camera motion is primarily translation, not a rotation, Visual
SLAM works best. When rotation is necessary, it is best to rotate slowly.

4. When SLAM begins, the camera must be stationary, and there must be suffi-
cient visual features. If the camera is aimed at a blank wall, floor, or ceiling
that is enough to block the camera view, SLAM may not initialize properly.
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liDAR and camera have their own advantages and disadvantages. It is very easy
for the camera to identify the same object, but it is difficult for the liDAR. If
the camera tells the liDAR that the two frames are the same object, then it is
possible to know what the speed and displacement of this object are between
the two frames by the liDAR. It can be seen that recognition and tracking are
easy to achieve, resulting in more accurate maps.

5.5 Conclusions

Great progress has been made in SLAM technologies and products after more
than thirty years of research and application by predecessors; especially, SLAM
based on liDAR has already been a relatively mature scheme in positioning and
guidance for indoor robots, but the high cost is still the primary problem to be
addressed. Therefore the low-cost visual SLAM has become a research hot spot
in recent years. However, no matter which sensor is used alone, there are some
defects. The multi-sensor fusion technology based on liDAR, vision sensor, and
inertial measurement unit [38,39] not only can realize the cooperative operation
among sensors, but also greatly enhance the robustness. It is believed that the re-
search and application of multi-sensor fusion technology will bring wider space
to driverless, robotics, augmented reality, and virtual reality. In addition, SLAM
is combined with deep learning to perform image processing [40], to generate
semantic maps of the environment, and to improve the human—computer inter-
action techniques, so that intelligence can be better realized.

Appendix

Lemma 1 ([19]). Consider weighting algorithm (5.6)—(5.10). Suppose M; is
closest in the model set Ml = {M;,i =1,2,..., N} to the true plant in the fol-
lowing sense with probability one;

k k
1 1 L
L@ < Y @) VK=K i (5.31)
g=1 q=1
1 & 1 &
klggo;;_l:r?@) =0j. lim §q§_lr?<q> =0, 05 <op, i#),  (532)

where k* is an unknown limited time instant, o; is a constant, and o; may be
constant or infinity.
Then we have

lim p;(k)=1; lim p;(k) =0, i #j.
k— 00 k— o0
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Proof. 1t is not difficult to see that algorithms (5.6)—(5.10) together with (5.31)
guarantee with probability one that

i) = 1K),

l;nin(k) . .

AR Vk >k, i . (5.33)
l;nin(k)

Uey <1,

Further, considering (5.32), we have

Lin®) 140 -
k—oo li(k) 1+

1, i#j. (5.34)
Putting (5.33), (5.34), and (5.9) together, we obtain
lim [j(k)=1;(k*)>0; lim [;(k) =0, i # j. (5.35)
k—o00 k—o00

Then from (5.10) we have

lim p;j(k)=1; lim p;(k)=0, i #j, (5.36)
k— 00 k— 00
which completes the proof. O

Lemma 2 ([25]). Consider weighting algorithm (5.13)—(5.18). Suppose there is
a model, say M; € M, which is closest to the true plant in the following sense
with probability one:

k k
D ri@? <> ri(@)? Vk=d.i# j, (5.37)

g=1 g=1

where d is an unknown limited time instant.
Then weighting algorithm (5.13)—(5.18) guarantees

pjk)—>1; pik) =0, i=1,....,N, i #j. (5.38)

Proof. Ttis not difficult to see that algorithms (5.13)—(5.18) together with (5.37)
guarantee with probability one that

lmin(k) = l} (k)7
Imin (k) — 1
ACEE

Lmin (k)
17 (k)

Vk>d, i#]. (5.39)

<1,
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Further, we know that if g; (k) = win®) 1 and

1K)
Jlim (k) = lim l“;(g) =1, i#], (5.40)
then we still have
Jim [0 = L (5.41)
Putting (5.39), (5.41), and (5.17) together, we obtain
Li(k) = 1j(d); l;i(k) =0, i # j. (5.42)
Thus from (5.18) we have
pjk) =15 pi(k) = 0, i # j, (5.43)
which completes the proof. O
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6.1 Introduction

ROS autonomous mobile robots [1] mainly need to solve the problems of po-
sitioning, navigation, planning, and control. Navigation is the core technology
of an autonomous mobile robot, and the navigation function is mainly imple-
mented based on the move base framework of ROS. Navigation [2-4] enables
the robot to autonomously conduct the corresponding guidance according to the
internal predetermined information or by obtaining the external environment
based on sensors, so as to plan a path suitable for the robot to walk in the envi-
ronment. Therefore the key to successful navigation lies in path planning [5,6],
which consists of two parts, global and local path plannings [7]. The function of
global path planning is to use path planning algorithms to plan a feasible path
in a two-dimensional grid map, whereas local path planning is to make dynamic
planning and motion control based on the global path to achieve the effect of
real-time obstacle avoidance [8,9].

Common local path planning algorithm include dynamic window approach
(DWA) [10], timed elastic band (TEB) algorithm [1 1], pure pursuit tracking al-
gorithm [12], model predictive control (MPC) [13-15], Eband algorithm [16],
etc. Among them, DWA is to obtain the current velocity set that the robot can
reach by obtaining the current velocity of the robot and the set maximum ac-
celeration. By calculating all the velocity costs in the velocity set, the velocity
with the lower cost is selected and sent to the robot. Due to the limitation of
velocity and acceleration, DWA has short sampling time, and only safe trajec-
tories will be considered. Therefore forward simulation is easy to implement. It
has low computational complexity and is suitable for differential chassis. How-
ever, the forward-looking distance calculated by DWA is relatively short, and the
algorithm effect is greatly reduced after lengthening the forward-looking dis-
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tance, so it is impossible to avoid obstacles in advance. In complex scenes the
effect of path planning and dynamic obstacle avoidance is poor. TEB [17,18]
is an algorithm where the starting point and the target point state are speci-
fied by the user/global planner, and N rubber band-shaped control points (robot
posture) are inserted in the middle. To display the kinematics information of
the trajectory, the motion time is defined between points. TEB [19] can opti-
mize the trajectory ahead and has a better obstacle avoidance effect on dynamic
obstacles, but the TEB algorithm has a higher computational complexity. The
velocity and angular velocity in the control cycle are calculated by the distance,
angle difference, and time difference between the two states, which leads to
large fluctuations in the velocity and angle during the control process. Eband is
a method similar to the artificial potential field forming gravitational and repul-
sive forces to generate elastic bands for local planning to improve the velocity
of robot walking and the continuity of actions [20].

In view of the lack of consideration of robot motion in some planners, when
encountering dynamic obstacles, even if the global planner can re-plan the path,
the current position may deviate from the planned path [21,22]. In this chapter,
we use the Eband local path planner to implement dynamic obstacle avoidance
and the Eband algorithm to optimize the previously planned path, but its mo-
tion control changes with the fluctuation of the “bubble”, sometimes resulting
in an insufficiently smooth path. Therefore this paper mainly optimizes the al-
gorithm for the smoothness motion control of Eband and implements it through
code. The effectiveness of this method is proved by comparing the optimized
algorithm with the original Eband algorithm.

6.2 Eband algorithm implementation principle

The Eband algorithm uses a method similar to the artificial potential field form-
ing gravitational and repulsive forces to generate elastic bands for local plan-
ning. The input of the Eband algorithm is the global path, local cost map, and
the current pose of the robot. The output of the Eband algorithm is the control
velocity (angular velocity and linear velocity). Eband is represented by bubbles;
each bubble is in the free space, and each bubble overlaps with two adjacent
bubbles. The radius of each bubble is the shortest distance between the robot
and obstacle. The position of the bubble is determined by calculating the resul-
tant force (the gravitational force generated by adjacent points and the repulsive
force generated by the obstacle). Through the center position of the next bubble,
the linear and angular velocities of the control can be calculated. The specific
process is as follows.

Fig. 6.1(a) shows the path planned by the robot global path planner, and
Fig. 6.1(b) shows the path after using the Eband local path planning algorithm.
To improve the shape of the path, there are two main forces, the tightening
force and the repulsive force generated by the obstacle, until the two forces are
balanced, making the originally slack path look tight.
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c) d)

FIGURE 6.1 a), b), ¢), d) Path planning diagram.

Figs. 6.1(c) and 6.1(d) are the paths after planning by the Eband local path
planner and making the corresponding adjustments according to the obstacles
in the environment as the robot moves.

A bubble is a circular area that represents a point on the robot path that
does not collide with an obstacle. When it is close to the obstacle, the bubble
is small, and when it is far away, the bubble increases accordingly. Define the
bubble function as follows:

B(b)=q:1b—qll < p®), (6.1)

where b represents the center of the current bubble, g represents any random
position in the current bubble, and p (b) represents the radius of the bubble with
b as the center. After that, the generated bubbles are processed, such as moving
the bubbles forward or backward, so that the bubbles generated near the obstacle
are dense, and the bubbles generated far away from the obstacle are sparse.
The bubble generation along the path and changes with obstacles are shown in
Fig. 6.2. As shown in Fig. 6.2, the hollow circle on the upper left represents
an obstacle. The proximity of the obstacle causes the nearby bubbles to become
smaller and denser. After the obstacle is far away, the bubbles become larger and
sparse. When an obstacle suddenly appears near the robot, the bubble jumps; or
when the robot moves in a narrow corridor with obstacles such as trash cans,
fire hydrants, and debris, and when there is a sudden turn in a narrow section of
road, the bubble becomes smaller. If the bubble is too small, then the band may
break. At this time the robot re-plans the path and interpolation, and the target
point of the local path changes, which causes the robot to freeze.
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FIGURE 6.2 a), b), ¢), d) Bubble generation along the path and changes with obstacles.

6.3 Improved Eband algorithm

The jump of the Eband bubble in a specific scene directly leads to the jump of
the current target point of the local path and the fluctuation of the motion control
velocity, which will result in the robot motion jam. To solve this problem, in this
chapter, we present an improved Eband algorithm including three aspects: cur-
vature algorithm optimization, velocity product factor denoising, and velocity
interpolation.

6.3.1 Curvature algorithm optimization

Aiming to change the radius of the bubble caused by the sudden obstacle, which
leads to the change of the curvature of the motion, the curvature calculation is
optimized to smooth the large curvature change that causes the linear velocity
of robot to drop sharply.

On the generated local path, three bubbles are intercepted, band[0], band[1],
band[2]; band[0] represents the pose of the robot, and the subsequent two bub-
bles represent the next two poses of the robot. Then band[0], band[1], and
band[2] correspond to pose[0], pose[l1], and pose[2]. Using the X and Y co-
ordinates in each pose, the angle change between the front and rear poses can
be obtained.

Here we use vectors to calculate the angle changes of the two poses of the
robot; band[0] and band[1] are set to vector a, and band[1] and band[2] are set
to vector b:

a=(x1,y1), b=(x2,y2), (6.2)
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where
x1 = pose[1].pose.position.x-pose[0].pose.position.x,
y1 = pose[1].pose.position.y-pose[0].pose.position.y,
X7 = pose[2].pose.position.x-pose[1].pose.position.x,

y2 = pose[2].pose.position.y-pose[ 1].pose.position.y.

Further we define
curvaturefactor = cos(ab) = (a - b)/(|al|b]) (6.3)

where a - b means the dot product of vectors a and b. To be specific, we have

X1X2 + y1y2
Jai+yDad +33)

cos(ab) = (6.4)

The value range of cos(ab) is [0, 1], which means that when the turing angle is
0°, the curvature factor does not affect the overall linear velocity, and when the
turing angle is close to 90°, the linear velocity will directly become 0. In the real
scene, it is to brake sharply and turn 90°, and the linear velocity is decelerated
to 0.

6.3.2 Velocity product factor denoising

To overcome the problem of robot motion jam caused by noise in the veloc-
ity product factor of Eband in narrow sections, the linear denoising of velocity
product factor in narrow sections is carried out.

The influence of the velocity product mainly depends on the narrowness of
the environment. When the environment is too narrow, the corresponding bubble
radius of the Eband rapidly decreases. At this time the linear velocity should
also be decelerated to ensure safety. The linear velocity formula output by the
algorithm is

Max_el_lin = max_vel_lin_ * curvature_factor * velocity_multiplier, (6.5)

where max_vel_lin_ represents the maximum linear velocity set in the parame-
ter file, which can be dynamically adjusted, curve_factor is the curvature factor,
which represents the influence of the turning arc on the linear velocity, and ve-
locity_multiplier represents the influence of space narrowness and bubble radius
on linear velocity. The weight of the environmental impact factor is represented
by

Scale =4 — 1.2/max_vel_lin_. (6.6)
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The greater the maximum velocity setting, the greater the weight of the envi-
ronmental impact factor. The selection of this parameter is mainly determined
according to the application scene of the robot. In this chapter, based on the
value range [0.3, 1] of the maximum linear velocity max_vel_lin_, to constrain
the value range of Scale to [0, 2.8], a linear equation (6.6) is set, which ensures
that when the velocity is very low, the influence of Scale is 0. With the increase
of velocity, the constraints of environmental factors gradually expand to 3 at
most, so as to adapt to the application scene of robot.
In the formula

Offset = 0.42/max_vel_lin_ — 0.4, (6.7)

Offset is set to balance the entire velocity product, limit the value range of the
velocity product, and control the maximum and minimum velocity range. Since
the maximum linear velocity is in the range of [0.3, 1], to achieve the maximum
effect of the velocity product when the velocity is the minimum and satisfy the
value range [0.02, 1], Offset in formula (6.7) is selected as a linear parameter.
The formula for calculating the velocity product is as follows:

Velocity_multiplier = Scale * bubble_radius + Offset. (6.8)

We can seen from formula (6.8) that the velocity product Velocity_multiplier
is determined by Scale, bubble_radius, and Offset. When the bubble radius is
the smallest, Velocity_multiplier reaches the smallest value, indicating that the
surrounding environment is more complicated; on the contrary, when the bubble
radius is the largest, the surrounding environment is open and safe, and at this
time, the velocity product reaches the maximum; the value range of the velocity
product factor is [0.4285, 1].

6.3.3 Velocity interpolation

To overcome the jumping problem of the local path target point caused by the
jump of bubbles, in this chapter, we use bubble interpolation to avoid jump-
ing. In order that the robot can more smoothly output the speed to reach the
local target point and to take into account the response sensitivity of the robot
to avoid obstacles, according to the motor response ability of the robot, the dis-
tance of 0.2 m in front of the robot is selected as the interpolation bubble center.
The bubble interpolation is selected according to the performance of different
motors, and the general range is [0.1, 0.3]. The interpolated bubble radius is
calculated according to the radius of the front and rear bubbles on the band.
The interpolated bubbles are iteratively updated as local path target points. The
corresponding pseudo-codes are as follows:



Optimization of motion control smoothness Chapter | 6 141

While

{
Convert the generated plan into a band;
Take the position $0.2m$ before band[0] as the bubble center of
the interpolated bubble;
Take the bubble radius closest to the bubble center as its own
bubble radius;
Interpolate to the band;
Set the local path target point as the center of the interpolation
bubble;
Release goal;

6.4 Experiment analysis
6.4.1 Experimental data set

In this chapter, the data set used is a bag recorded in the same scene, including
a return corridor and several fixed obstacles, and subscribed to /cmd_vel topics
and /vel_data topic. The map size is 20m x 20m. In addition, this experiment
ensures that other influencing factors in the recording environment can be ig-
nored except for the return corridor and several obstacles.

6.4.2 Experimental software and hardware configuration

The optimized algorithm in this chapter and the original Eband algorithm are
both experimentally verified on the same data set. The software environment is
Ubuntu18.04 + ROS melodic. The hardware environment is Firefly-RK3399Pro
development board.

In the path planning experiment the hardware environment adopts the
RK3399Pro development board, which is a domestic high-performance Al pro-
cessing chip, integrates neural network processor NPU, has a computing power
of up to 3.0 Tops, and is compatible with multiple Al frameworks. This chip uses
ARM dual-core Cortex-A72 and quad-core Cortex-AS53 processor architecture,
with the CPU clock speed of up to 1.8 GHz, and integrates quad-core ARM
high-end GPU Mali-T860 MP4 graphics processor. It has powerful general-
purpose computing performance and excellent overall performance.

ROS was originally developed by the Artificial Intelligence Laboratory at
Stanford University in 2007. It is an open-source robot operating system soft-
ware framework. After 2008, ROS was continuously developed by Willow
Garage, and ROS was open sourced in 2010. Now the maintenance and devel-
opment of ROS is taken over by the Open Source Robot Foundation. It provides
services that are expected from the operating system, including hardware ab-
straction, realization of common functions, package management between pro-
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cesses, low-level device control, and messaging. It also provides various tools
and libraries to write and run code.
The main features of ROS are as follows.

1. Distributed architecture
ROS distributed processing architecture is a point-to-point design through
nodes. Executable files can be run separately, and modules are loosely cou-
pled. It can be operated by multi-process and multi-host, which provides
convenience and possibility for multi-robot collaboration, which also dis-
perses the calculation and operation pressure brought by the large-scale
tasks, and improves the calculation speed and operation efficiency.

2. Multilingual support
ROS is a language-neutral software framework that can be used by different
language programming enthusiasts and has language interfaces for different
languages. Currently, ROS supports many different languages such as C++,
Python, and LISP. The compilation and operation of these languages are also
very simple.

3. Rich toolkit
The most commonly used and most important tools in ROS are visualization
and debugging tools, simulation environments, etc. They are distributed in
different function packages and perform different tasks in different roles. The
existence of ROS tools not only facilitates the management of the software
framework, but also improves efficiency.

4. Free and open source
ROS complies with the BSD (Berkeley Software Distribution) open source
agreement, so it is free and open source software that allows companies,
individuals, and researchers to develop and modify. This will promote the
debugging and improvement of ROS functions at all levels. Based on the
above characteristics of ROS, it is very convenient to realize the robot motion
path planning function in ROS. ROS can also solve the communication and
coordination problems between sensor drive, display and algorithm. Ubuntu
is a release version of Linux system with powerful Anti-virus function and
free of charge, so the algorithms involved in this chapter are all programmed
under Ubuntu 18.04 + ROS melodic robot operating system, and the code is
written in C++ language. The experimental comparison chart uses the rqt-
plot drawing tool that comes with ROS to compare the data curves.

6.4.3 Experimental data comparison

6.4.3.1 Smooth curvature algorithm optimization

In this section of the experiment, the problem of curvature limitation on the
abrupt speed suppression effect is optimized, and the effect of speed reduction
in different curvature ranges is compared, where d is the change in curvature



Optimization of motion control smoothness Chapter | 6 143

) 0 60 LY 80

FIGURE 6.3 Curve of influence of curvature on various parameters when d < 1.0.

before and after and is recorded as data. The parameters are explained as fol-
lows:

1. /cmd_vel/linear/x: The linear velocity of robot movement chassis odome-
ter;

2. /move_base/EbandPlannerR0S/vel_data/x: The linear velocity of the al-
gorithm output;

3. /move_base/EbandPTannerR0S/vel_data/y: The curvature factor;

4. /move_base/EbandPlannerR0S/vel_data/z: The velocity product factor.

When d < 1.0, we have the result shown in Fig. 6.3.

We can see that the change of the curvature factor causes a drastic change in
the linear velocity. Compared with the optimized algorithm, the change of the
curvature factor has a more obvious effect on the linear velocity output by the
original algorithm.

When d < 0.2, we have the result shown in Fig. 6.4.

We can see from Fig. 6.4 that when d < 0.2, the cliff-like change of the cur-
vature factor (red line — mid gray line in print version) is effectively restricted.

When d < 0.1, we have the result shown in Fig. 6.5, from which we can see
that the fluctuation of the red line (mid gray line in print version) curvature factor
is basically stable, but the effect on the linear velocity output by the original
algorithm is getting smaller and smaller, and the most influential factor becomes
the velocity product factor of the green line (semi-light gray in print version).
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FIGURE 6.4 Curve of influence of curvature on various parameters when d < 0.2.
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FIGURE 6.5 Curve of influence of curvature on various parameters when d < 0.1.

When d < 0.15, we have the result shown in Fig. 6.6.

Figs. 6.7(a) and 6.7(b) illustrate the comparison of the overall effect curves
before and after smoothing the curvature.

We can see from Figs. 6.7(a) and 6.7(b) that the sudden appearance of ob-
stacles causes an instantaneous change in the radius of the bubble, resulting in a
sudden change in the curvature of the motion, and the curvature affects the max-
imum linear velocity while turning. In the algorithm of this chapter, the gradient
of the curvature parameter is optimized to make the linear speed smoother when
an obstacle suddenly appears or when turning around an obstacle, which effec-
tively suppresses the sudden decrease of the robot linear speed caused by a large
curvature change.
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FIGURE 6.6 Curve of influence of curvature on various parameters when d < 0.15.

6.4.3.2 Velocity product factor denoising

When the robot moves in a narrow space, due to the narrow environment, the
bubble radius generated by Eband rarely reaches the maximum. At this time
the linear velocity of the robot is directly affected by the speed product factor.
In this scene, if a static or dynamic obstacle suddenly appears, then the bubble
radius corresponding to the band may be less than 0.1 m. In the speed setting of
Eband, when the bubble radius is less than 0.1 m, the linear velocity is already
quite small. In this scenario, when the bubble radius is less than 0.1 m, the lin-
ear velocity is already quite small. However, in the real scene the robot needs
to continue to move forward slowly and steadily. To achieve this goal, when
the bubble radius is less than 0.1 m, the influence of the velocity factor becomes
a noise point for the linear velocity. This experiment performed de-noising work
on this problem.

Before algorithm optimization, we have the experiment result shown in
Fig. 6.8.

In Fig. 6.8(a) the experiment set the minimum linear velocity to 0.3 m/s, but
due to the presence of noise, the linear velocity (blue line — dark gray in print
version) output by the algorithm has many extreme points below 0.3 m/s. These
extreme points are caused by the instantaneous value of the velocity product and
are invalid and unusable points. They also have a direct impact on the smooth-
ness of the linear velocity, so optimization denoising is required.

Observing Fig. 6.8(b), we can see that the linear velocity (blue line — dark
gray in print version) output by the algorithm has no extreme points lower
than 0.3 m/s, indicating that the noise has been removed. The velocity prod-
uct mainly affects the movement of the robot when it passes through a narrow
space. The influence of the velocity product is limited when the bubble is small
for a short time to reduce linear velocity fluctuations and make the robot move
more smoothly in a narrow space.
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FIGURE 6.7 a) The overall effect curve before smoothing the curvature. b) The overall effect
curve after smoothing the curvature.

6.4.3.3 Local target point interpolation

After the optimization of curvature and velocity product, the linear velocity
output by the Eband algorithm is relatively stable. Eband adopts a segmented
control strategy in local path planning and control. First, after the curve of the
global path planning is obtained, the global point of the corresponding length
is intercepted by the set local cost map as the local path target point. Second,
the algorithm generates a band connected by bubbles, which can be transformed
into a path, which is a local path. Finally, it is handed over to speed control. The
speed control uses the nearest bubble center of the robot as a temporary target
point for short-distance movement. This is one of the reasons why Eband can
quickly respond to sudden obstacles.

However, the above methods have certain drawbacks. First of all, the lo-
cal path planner is constantly planning when the robot is in constant motion.
When facing dynamic obstacles, the bubbles and paths generated by the algo-
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FIGURE 6.8 a) Curves of various parameters before velocity product factor denoising. b) Curves
of various parameters after velocity product factor denoising.

rithm are dynamically updated, which means that local temporary target points
may change. The jump of the center of the local temporary bubble directly af-
fects the control of angular velocity and linear velocity, causing oscillation and
stuttering. Observing Fig. 6.9(a), we can see that the linear velocity of the al-
gorithm output (blue line — dark gray in print version) is tortuous and unstable.
Since the bubble center of the local temporary target may jump, can we set a
bubble center that does not jump sharply in the band as the temporary target
point? The answer is feasible. In order not to affect the real-time performance,
we perform bubble interpolation in the band closer to the robot. The center of
the bubble is selected to be 0.2 m away from the robot. The bubble radius is
affected by the radii of the two bubbles before and after. In this way the position
of the bubble center becomes a relatively stable value, as shown in Fig. 6.9(b).
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FIGURE 6.9 a) Curves of various parameters before interpolation of local target points. b) Curves
of various parameters after interpolation of local target points.

Observing the linear velocity curve of the algorithm output (blue line — dark
gray in print version). Compared with Fig. 6.9(a), the linear velocity smooth-
ness of the algorithm output has been greatly improved, and the linear velocity
output (purple line — light gray in print version) by the odometer also tends to
be stable. The visualization effect of local target point interpolation is shown in
Fig. 6.10. The bubble in red color (dark gray color in print version) represents
the local target interpolation point, which can also be called the speed interpo-
lation point. The band formed by the bubbles is the local path planned by the
local path planner in real time. Comparing the output of the speed control on
the left, we can see that the robot moves smoothly with a relatively smooth lin-
ear velocity, and the linear velocity calculated by the algorithm and the linear
velocity measured by the odometer have a higher degree of fitting.
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FIGURE 6.10 The visualization effect diagram of local target point interpolation.

6.5 Conclusions

The Eband algorithm has the problems of sudden bubble change, large influence
of curvature on linear velocity, and robot motion freeze. This chapter mainly
focused on the following three aspects to address these problems:

1. The curvature factor is smoothed to effectively alleviate the excessive sup-
pression of the curvature factor on the linear velocity, and the calculation
method of the curvature factor is replaced to make its influence on the linear
velocity more reasonable.

2. The denoising of velocity product factor reduces the feeling of robot motion
jamming to a certain extent and makes the motion of robot more smoothing
narrow space.

3. Local target point interpolation effectively solves the problem of local target
point jump and speed control change caused by bubble jump.

Of course, there are still many shortcomings in the methods of the local path
planning and global path planning, which require further research and improve-
ment. In addition, local path planning and global path planning work together
so that the robot can better plan the movement path from the start point to the
end point.
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7.1 Motivation for the use of omnidirectional AGVs

AGVs that have omnidirectional capabilities and thus increased flexibility are
of great interest to the manufacturing industry, especially when compared to
their non-holonomic counterparts [1]. An “omnidirectional” vehicle can move
in any direction instantaneously from its current location and orientation in 2D
space [2], in many regards similar to how a human being would negotiate their
surroundings. Omnidirectional capabilities reduce the footprint required for ve-
hicle manoeuvres, especially the large turning radii characteristics of Ackerman
steering or differential steering [3]. This footprint reduction reduces the size
of the manufacturing space overall, reducing monthly maintenance costs and
capital costs associated with expansion. Omnidirectional AGVs can better func-
tion in complex working environments and older factories. These older factories
were never intended to host mobile robots or AGVs and were instead designed
around human kinesiology and ergonomics [4].

There exist two strategies to achieve omnidirectional motion in a vehicle [5].
The first strategy is to use a custom wheel capable of holonomic motion. Cur-
rently (circa 2022), three standard holonomic wheels exist, namely the mecanum
wheel [6], the omniwheel [7], and the spherical wheel [8]. The second strategy
is to use a standard wheel and rotate it about its z-axis; this is often referred to
as a swerve drive system [9].
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7.1.0.1 Traditional swerve drive systems

Swerve drive systems are also known as powered castors or castor drives.
Swerve steering is an omnidirectional strategy based on four powered castor
wheels. A powered castor wheel has powered rotation about the y-axis (rolling
rotation of the wheel) and z-axis (steering axis perpendicular to the ground
plane). The powered rotation about the z-axis of the castor wheels allows for
omnidirectional capabilities. Two layouts are commonly used for powered cas-
tors in swerve-drive systems. The first is an in-line system where the z-axis and
y-axis share a common origin point. The second is the offset system, where the
z-axis and y-axis are still perpendicular to each other, but their origin points are
separated by a distance called the castor offset. The in-line system is illustrated
in Fig. 7.1a, whereas the offset system is illustrated in Fig. 7.1b.

Castor Offset
(a) ®)

FIGURE 7.1 Power castor wheel axes.

The “castor offset” ensures that the wheels do not scuff when the wheel is
rotated about its steering axis (z-axis) as this offset forces a steering arc. With-
out the offset, compensation must be performed by rotating the wheel about its
rolling axis (y-axis) while steering occurs to form a turning arc.

For a four-wheel swerve drive system to achieve complete omnidirectional
motion, the z-axis of the four wheels must be placed on the corners of a virtual
square. If this is not done, then rotation about the centroid of the vehicle will
be impossible without scuffing the wheels. See Fig. 7.2 for an illustration of
this effect; note the orientations of the wheels, which form a tangent to a virtual
circle whose center point coincides with the centroid of the AGV body. The
direction of motion of each wheel in Fig. 7.2 is illustrated with a black arrow.
The overall motion of the AGV body is also indicated.

The remaining omnidirectional motions of the AGV can be achieved by ori-
enting the wheels of the AGV as shown in Fig. 7.3. All the motions swerve drive
is capable of are summarized in Table 7.1.

The original patent for a swerve drive system is titled “Powered Castor
Wheel Module for use on omnidirectional drive systems” [10]. It was first filed
in 1998. The original system developed called for four in-line powered castor
units to be placed on a pitch circle diameter (PCD) of an arbitrary radius. See
Fig. 7.4.

One of the primary concerns when using a swerve drive system based on
Holmberg et al.’s [10] work is the sheer number of motors that the system
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4

FIGURE 7.2 Swerve drive rotational operation.

TABLE 7.1 Swerve drive omnidirectional motions summary.

Figure Figure Letter Description
7.2 A Anti-clockwise rotation about the centroid
7.2 B Clockwise rotation about the centroid
7.3 C Forward/reverse motion
7.3 D Left/right motion
7.3 E Forward diagonal motion
7.3 F Reverse diagonal motion

would require. Since each unit needs steering and drive motors. The number
of motors for a four-wheeled system will be eight individual motors. One ap-
proach commonly used to reduce the number of motors is to couple all the drives
and steering motors together. This idea was explored by Wada et al. [11]; their
design is illustrated in Fig. 7.5.

Wada et al. [11] coupled all four wheels to a single drive motor and a single
steering motor using a belting system. One crucial feature that must be noted
with this system is that the steering sprockets of one diagonal wheel pair must
be wound opposite to the remaining diagonal pair to ensure the steering works
correctly.

This design effectively reduced the number of motors from eight to two.
There are, however, two significant drawbacks to this system. The first is that
when the steering is coupled, as shown in Fig. 7.5, the AGV can no longer ro-
tate about its centroid (as done in Figs. 7.2A and 7.2B). The system is thus no
longer truly omnidirectional or holonomic. The second drawback is that with all
of the drive motors coupled, Ackerman turning the AGV will cause the wheels
to scuff without any form of a differential gear. The need for a differential, when
Ackerman turning, is described in Fig. 7.6.
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FIGURE 7.3 Swerve drive omnidirectional operation.

Steering Motor
Drive Motor

FIGURE 7.4 Holmberg & Slater’s powered castor concept. Image adapted from Holmberg et
al. [10].

The swerve drive system does, however, have the advantage of using tradi-
tional wheels rather than specialized holonomic wheels. The use of traditional
wheels is significant as the wearing component of any AGV is the wheel, and as
such cheaper wheels will ensure a cheaper running cost, even if the upfront cost
is greater with this system.
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FIGURE 7.5 Wada, Takagi & Mori’s synchronous powered castor concept. Image adapted from
Wada et al. [11].
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FIGURE 7.6 Differential gear justification. Image adapted from Patel [12].

7.1.1 Justifying research: two wheel swerve drive system

The research aims to produce an omnidirectional AGV for use in industry; thus
this system must take industrial demands into account. The omniwheel and
spherical wheel system can therefore be immediately discarded for industrial
use due to their relative fragility [13,14]. Discarding these systems would leave
only mecanum wheels and swerve drive systems as viable options.

Since the mecanum wheel is the wearing part of the mecanum wheel system,
maintenance will be costly. Swerve drive systems do not suffer from this issue
as they use conventional wheels that are cost-effective to replace. Mecanum
wheels have difficulty with stability as the change in traction of a single wheel
can affect the motion of the whole AGV [15]. This issue is compounded by
the fact that wheel encoders cannot be easily implemented to determine slip-
page and compensate appropriately due to the nature of the mecanum wheel
[16]. Swerve drive systems can directly compensate for slippage with an en-
coder and torque feedback as they use traditional wheels [17]. The final issue
with mecanum wheels, when compared to the traditional wheels of the swerve
drive system, is the vibration that all mecanum wheels produce as the load is
transferred from one peripheral roller to the next [18].
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With all of the mentioned disadvantages of mecanum wheels, it would ap-
pear that the traditional swerve drive system should be completely dominant in
the manufacturing industry. Swerve drive system are, however, not dominant.
For all their benefits, swerve drive systems are less common than mecanum sys-
tems in industry (when a holonomic omnidirectional vehicle is required). This
lack of dominance is solely due to the initial cost of a traditional swerve drive
system compared to a mecanum system. The high initial cost of swerve-drive
AGVs is directly attributable to the eight motors needed to produce a functional
four-wheeled system [13] when compared to the four required for an equivalent
mecanum wheeled system.

This research proposes alleviating the high initial cost of the traditional
swerve drive system by removing two diagonal swerve units and replacing them
with unconstrained castors. This removal will reduce the number of motors from
eight to four, in line with a typical mecanum wheel system.

7.1.2 Justifying research: conforming to SIL standards

Any machine that operates in an industrial environment must, by law, conform to
appropriate legally binding safety standards. In South Africa, this is the SANS
standard, which is based on a combination of the international standards ISO
and IEC [19]. Most academic research fails to take this into account and often
produces machines and prototypes that are marvels of research but need to be
completely redesigned from the ground up when commercialized. This redesign
is necessary as preliminary design choices made in a “safety vacuum” would
not allow safety laws to be adhered to retroactively.

7.1.3 Justifying research: intergeneration of a suspension system in
swerve drive

Suspension systems on factory AGVs are a rarity since most AGVs of this
type are expected to work on a floor with flat ground [20]. This expectation
is a common doctrine, especially in the more industrialized nations of Europe
and Mainland China. This doctrine, however, cannot be extended to the South
African environment. Many buildings that house factories in South Africa have
floors that no longer conform to SANS 10400 [15,21]. This unevenness results
from adding and removing machines over the years (leaving behind remnants of
anchor points) or general wear and tear. Given the harsher conditions an AGV
would likely experience in South Africa, it is advantageous to incorporate a
cost-effective suspension system. This implementation has yet to be done on a
swerve drive AGV.

7.2 Design of the novel two-wheel swerve drive AGV

The layout of the two-wheel swerve drive AGV had the swerve drive units lo-
cated at the diagonal corners of the AGV as illustrated in Fig. 7.7.
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Forward Motion Sideward Motion

FIGURE 7.7 Cancellation of net torques about the centroid.

This orientation ensured that regardless of the AGV’s direction of travel, the
centroid of the AGV would experience no net torque. This lack of net torque is
due to the moments generated by the drive units about the centroid, canceling
each other since they will always have equal magnitude but opposite directions.
In practice, this is not always the case, as effects such as wheel slip will disrupt
this balance, but it provides a stable starting point that allows easier correction
of these issues in software. This simplifies control of the AGV significantly.

The equations that validate the effect shown in Fig. 7.7 are given in Egs. (7.1)
and (7.2).

ZM:Tl + 13 (7.1
Since T =r x F in Eq. (7.1),
Y M=Firi+Fy(-r) =0, (7.2)

as F1 = Fp and |r1| = |rz| in Eq. (7.2).

Z M = Sum of moments about the centroid Nm
T; = Torque generated by tractive force i Nm
F; = Tractive force generated by the ith drive unit N
T = Perpendicular distance of the ith force from the centroid m

The two remaining wheels were implemented as unconstrained castors. The
final layout of the AGYV is illustrated in the block diagram of Fig. 7.8.

The design of the drive units is illustrated in Fig. 7.9. These drive units are
custom-designed systems that incorporate an “inline” suspension. Traction is
provided by a servo motor, whereas the steering is done via a stepper motor.
Both of these motors have STO capabilities and are therefore SIL rated.

For the drive unit to function, a tractive effort must cross the boundary be-
tween the sprung and unsprung sections of the suspension system.

The torque transferal is done via a custom mechanism the author has
dubbed the “vertical compromiser”. Rotation can be transferred with this mech-
anism while the distance between the strung and unsprung mass changes. This
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FIGURE 7.8 Block diagram layout of the AGV.
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FIGURE 7.9 Finalized CAD model of the AGV drive unit.

mechanism also compensates for axial misalignment using a flexible coupling
and floating bearing. The “vertical compromiser” mechanism is illustrated in
Fig. 7.10.

A simplified block diagram of the traction system is illustrated in Fig. 7.11,
whereas the steering mechanism is illustrated in Fig. 7.12.

7.3 Kinematics

Since the mechanical design of this vehicle drive system is so unique, very little
previous work exists to describe the kinematic model, and as such, the kinemat-
ics will have to be generated from first principles. Added design features such
as the castor offset and suspension further complicated this endeavor.
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FIGURE 7.11 Tractive belt system.

7.3.1 Introduction to the drive philosophy

To produce a holonomic vehicle that is not over-contained (i.e., has more de-
grees of freedom than predicted by the mobility formula), using the swerve drive
philosophy, at least three motors would need to be used. Using three motors
would allow for the creation of a two DOF system.

7.3.2 Forward kinematics & drive unit considerations

The first task to solve in creating a kinematic model is to create the kinematics
of an individual drive unit. Since the traction motors and steering motors share
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FIGURE 7.12 Steering system.

a common axis, the issue of parasitic motion rears its head (coupling of the
steering and traction systems due to a shared common axis). If only the traction
motor operates at w; and the steering motor is held still (w;), then the AGV will
move forward. However, if the steering motor were to be actuated (w; # 0), then
the traction wheel will rotate as its orientation changes.

There are two strategies for solving this issue. The first is to use a feed-
forward controller where an offset is applied to the traction motor angular
velocity as described in the equation

Wwheel + Wparasitic if Wsteering * Wwheel < 0,

Wwheel adjusted = | @Wwheel — Wparasitic if Wsteering * Wwheel > 0, (7.3)
Wwheel if Wsteering * Wwheel = 0.

Owheel adjusted = The adjusted RPM of the wheel rpm

Wwheel = The setpoint speed of the wheel before adjustment rpm

@parasitic = The parasitic velocity as developed by the steering mechanism rpm

The second decoupling method is done using a mechanical compensator in
the form of a decoupling gear. This idea is described by Yang et al. [22] in
the thesis titled Decoupled Powered Castor Wheel for Omnidirectional Mobile
Platforms. For this AGV, feed-forward compensation in the software will be
used.

Using Fig. 7.13, it is possible to create an equation that describes the behav-
ior of the coordinate vector of the drive unit (x, y, and the rotational velocity of
the system) from the drive unit’s mechanical behavior (speed of drive wheel and
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angular velocity of the steering mechanism), the so-called “forward kinemat-
ics”. These vectors will be described as x,, and u,, respectively. The formula

for this relationship is given in Eq. (7.4).

FIGURE 7.13 Coordinates of a single drive unit castor.

S S5
X = Byly.

Xw = Coordinate vector of the drive unit
By = Kinematic matrix of a drive unit
u;w = Mechanical behavior vector of the drive unit

Eq. (7.4) can be expanded to

Xop rcos(fy) —rsin(@y) »
o]

Yo | = | rsin(0y)  scos(@y)
Ou 0 1
Xy = x axis position of the steering axis
Yw = y axis position of the steering axis
r = Radius of the wheel
s = Castor offset of the wheel
0w = Angular orientation of the wheel
Xy = Velocity of a drive unit in the x direction
Vw = Velocity of a drive unit in the y direction
Wy = Angular velocity of the wheel
ws = Angular velocity of the steering

Eq. (7.5) gives the following component equations:

Xy =1 €08 (By)wy — s sin (By) wy,

Y =1 sin (By) @y + 5 cos (Oy)ws,

(7.4)

(7.5)

B 2 B B

rad

m/s
rad/s

rad/ s

(7.6)
(7.7)



162 PART | Il Motion control and autonomous robots as a challenge

9;1) = wy-. (7.8)

It worth noting that in Egs. (7.6), (7.7), and (7.8) there exist common vari-
ables. Let us rearrange Eq. (7.6) in terms of

Xw swy sin (0y)

r= . (7.9)
Wy COS (By) g cos (By)

Substituting Eq. (7.9) into Eq. (7.7) yields

. X sw; sin (Oy) .
Yw = Wy $in (Oy) + swy cos (0y) (7.10)
Wy COS (By) Wy cos (By)
or, simplifying,

. Xusin(0y) | sossin®(6y)
=

+ sw; cos(By),

coS By, cos(By)
. . - 2 (7.11)
L Vi €08(0y) = Xy sin(By,) + swy sin” (0y,) + sw; cos”(0y,),
S Yw €08(By) = Xy sin(fy) + swy.
Substituting Eq. (7.8) into Eq. (7.11) yields
Xy $IN(By) — Vi c08(By) + 56, = 0. (7.12)

The Pfaffian constraint matrix is generated from Eq. (7.12) as shown in
Eq. (7.13), where ¢ is the configuration g = (xy,, Yy, 6y) of the point shown
in Fig. (7.13), which can be assumed to be derived from a set of loop closure
equations stating that the final position of the point ¢ must coincide with the
starting point.

A(q)q =0,
Xw
LA(Q)G=A(q) | Yw | =0
Ow (7.13)
X
= A(q)§ = [sin(@w) —cos(6y) s] Yuw | =0.
Ow

The velocity constraint given in Eq. (7.13) ([sin(f,) — cos(6y,) s]) cannot
be integrated to give an equivalent configuration constraint matrix. Thus the sys-
tem is non-holonomic in nature, with Eq. (7.12) representing the non-holonomic
constraint of the system. This has the effect of reducing the space of possible ve-
locities of the drive unit but does not reduce the space of possible configurations
(i.e., positions in real space).
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7.3.3 Inverse kinematics of the drive units

To control the final behavior of the drive unit, we need to calculate the steering
and traction values. This calculation can be done by creating an inverse kine-
matic model for the drive unit from Eq. (7.4). Thus

Uy = (By) ' Xy (7.14)

To determine the inverse By ! of By, in Eq. (7.14), according to Niku [23],
we take the following steps:

1. Calculate the determinate of the matrix

2. Transpose the matrix

3. Replace each element of the transposed matrix by its own minor
4. Divide the converted matrix by the determinate

However, B, is not a square matrix, and as such, the determinate cannot be
easily found. Thus a new strategy must be used, called the pseudo-inverse (or
Moore—Penrose inverse) method must be used [24]. According to Dresden [25],
the pseudo-inverse matrix for By, € k™*" can be defined as

B} =(B%B,) B, (7.15)

If k = R, then the Hermitian transpose B}, is equivalent to the standard
transpose BL. Thus Eq. (7.15) becomes

w

_1
Bt = (353w> BT (7.16)

Using the pseudo-inverse matrix in Eq. (7.14) in place of the true inverse
yields the following equation:

. —1 .
iy = [(BﬁBw) Bﬁ] rd

; 7.17
_ |: %cos&w %sin@w 0 i| );.w ( )
- s s 1 we
241 S 9w 2—+1 COS Ow m Qw

As the system is overdetermined [24], it is very difficult to determine values
for mechanical behavior vector (t4). Thus to generate a stable solution for the
desired coordinate vector (x,), we can reduce the number of controlled coordi-
nates of the coordinate vector by the number of non-holonomic constraints [24].
Since Eq. (7.12) has only one non-holonomic constraint (i.e., one formula), the
coordinate vector can be reduced by one term to give a system that is not overde-
termined.

As the Euclidean space is easier to work with, the rotational term in Eq. (7.5)
will be released (i.e., control of the term 6, will be given up). This will change
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Eq. (7.5) into the form
x:w _|r c9s(9,,,) —ssin(@y) | | 0w ‘ (7.18)
Yuw rsin(6y)  scos(0y) Ws

s 5
Xwo = Byouy,

Thus

. 1. . 1. (7.19)
Ow = ——Xy sin(Oy) + EYw cos(Ow),

s
where 9;1, is an internal variable described in terms of x3, and y;, thanks to the
non-holonomic constraint discovered in Eq. (7.12). If the inverse kinematics for
the new equation described in Eq. (7.19) is evaluated using the four rules defined
by Niku [23] and given previously in this section, then Eq. (7.20) will result in

—1.>

Uy = Byo  xuo,

| Lcos@w)  Lsin(6y) |:x'w:| (7.20)
—% sin(6y,) % cos(By) Yw

Using Eq. (7.20), the drive unit should accurately reproduce the behavior of
a castor wheel; this was also proposed by Wada et al. [24]. Thus there should be
no conflicts between the behavior of the driven casters in the “drive units” and

the uncontrolled casters in the “castor units”.

7.3.4 Kinematics of the swerve drive AGV

The kinematic model previously developed for a single wheel can be expanded
to the entirety of the AGV. Since the AGV has a total of 3 DOF, two in transla-
tion (in the x and y directions) and one in rotation (about the z-axis), the AGV
will need at least two drive units to control the body of the AGV relative to the
universal origin. Thus the AGV will have the bare minimum of two controlled
drive units.

The AGV’s body and two drive units are represented in Fig. 7.14. Note
that this diagram does not show the actual physical layout of the vehicle but
rather a simplified layout with the drive units assumed to share a common axis,
in this case, the y-axis. This simplification is done to simplify the mathemat-
ics as the distance between the wheels will not need to be broken into x- and
y-components. This choice can be justified as the AGV is an omnidirectional
vehicle whose front or positive x-axis is entirely arbitrary; thus a front is desig-
nated later (whatever it will be). The vehicle axis can be rotated by a determined
amount about the z-axis using a transform. This simplification was proposed by
Wada et al. [24].

In Fig. 7.14, the two drive units are labeled A and B; the origin of the AGV
is set at the midpoint between the two drive units, which are spaced a distance
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FIGURE 7.14 Coordinates of the AGV and two its drive units.

“W” apart. Since each drive unit receives x;, and y,, components of a control
coordinate vector, it is necessary to differentiate between the two coordinate
vectors. This adaptation is defined in the equations

Xw, = Xa,

Xy, = Xp,

Y = Yo (7.21)

Ywp = Vb

wy, =&,

Wy, = &p
X, = Velocity of drive unit A in the x direction m/s
Xy = Velocity of drive unit B in the x direction m/s
Y = Velocity of drive unit A in the y direction m/s
W, = Steering angular velocity drive unit A rad/g
Wy, = Steering angular velocity drive unit B rad/g

The forward kinematic equation to describe the AGV body, as shown in
Fig. 7.14, is given in the equation

%, = Byl (7.22)
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The equations of motion for the AGV’s body, which are necessary to develop
the matrix B, in Eq. (7.22) are developed with the aid of the free body diagram

shown in Fig. 7.15.

Xb

AGYV Direction
Xy

-

Xa

FIGURE 7.15 Free body diagram of the AGV and two its drive units.

The equation of motion for translation in the x-direction:

Xy = Xg + Xp. (7.23)

The equation of motion for translation in the y-direction:
Yo =Ya + Yb- (7.24)

The equation of motion for rotation about the z-direction:
Oy =0y, + 0y, — 911},, — 91,'),[’ . (7.25)
9,;“ = AGYV centroidal angular velocity due to x-component velocity of drive unit A
Gv'va = AGV centroidal angular velocity due to y-component velocity of drive unit A
0,).% = AGYV centroidal angular velocity due to x-component velocity of drive unit B
Q,Ji‘,b = AGV centroidal angular velocity due to y-component velocity of drive unit B

Here

. . 2
011,\'“ = X4 cos(0y) (W) s

. .o 2
va = Yq Sin(6y) w/)

Oy, = X c0s(6) ) :

2

(&

. . 2
Bu,, = —Ypsin(6y) (W)

(7.26)
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The equations of motion developed in Egs. (7.23), (7.24), (7.25), and (7.26)
are used to generate the matrix B, in Eq. (7.22) to give the following equation:

Xy : 0 3 0 ta

wol=| o 1 0 ! o

6y w(cosy) sin(@y) —cos@y) —q sin(dy) Y
(7.27)

The inverse matrix for B, is not square, so once again, the pseudo-inverse
will have to be calculated as described in Egs. (7.15) and (7.16). Thus

u_‘.v = (Bv)_l ;v

_ [(B{B,,)_l Bf] Xy 728

Using the online mathematical tool Wolfram|Alpha [26], the pseudo-inverse
matrix can efficiently be found:

X, 1 0 Zcos®y,) .
. . E . v
il U B zwsm(e”) yi | (7.29)
Xb 1 0 —=5cos(6y) 6
: v
Yb 0 1 —%sin@y)
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8.1 Introduction

To control the AGV using the previously developed kinematics, it is necessary
first to develop a strategy to implement them.

x4 1 0 %cos(@v) g
. ; 0 1 Ysine N
=] = 2 sin) | 8.1)
Xp 1 0 —%cos@) 4
. v
Vb 0 1 —%sin(@v)

From Eq. (8.1) it is possible to generate the velocity vectors for drive units A
and B from the desired AGV x, y velocities and angular velocity. These values
can be fed into the appropriate drive unit to control accurately the desired wheel
and steering angular velocities of each unit. This idea is graphically explained
in Fig. 8.1.

A control system strategy can be developed from the behavior described in
Fig. 8.1. This strategy is illustrated in Fig. 8.2.

8.2 Test methodology

Four operational tests were performed to validate if the AGV in this research
can perform equivalently to a traditional four-wheel suspensionless AGV. These
tests can be performed stably by a traditional swerve-drive AGV as validated by
Holmberg et al. [1] and Chikosi [2].

These tests are:

e Straight line test
Modeling, Identification, and Control for Cyber-Physical Systems Towards Industry 4.0 169
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e Strafe test
e Ackerman steering test
e Combination test

Each test was run five times, with the average of the five tests used for

analysis. Each of these five repeats contains approximately 6000 samples each.
The test is created by recording a set of inputs used to perform movements in
the manual mode. This recording was then streamed five times into the control

system of the AGV to get a system reproducing a set of identical motions.
The variables streamed to the PLC were:

—

. Pendant speed potentiometer value
Pendant Ackerman steering angle potentiometer value
. Pendant strafe angle potentiometer value

N

The resultant values recorded during each test were:

Setpoint centroidal x-component velocity (m/s)
Setpoint centroidal y-component velocity (m/s)
Setpoint centroidal yaw rate (rad/s)

Unit A steering RPM (rpm)

Unit B steering RPM (rpm)

Unit A traction RPM (rpm)

Unit B traction RPM (rpm)

Actual centroidal x-component velocity (m/s)
Actual centroidal y-component velocity (m/s)
Actual centroidal yaw rate (rad/s)

POEINTRwWN S

—
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FIGURE 8.2 Kinematic control strategy.

11. Actual unit A steering angle (deg)
12. Actual unit B steering angle (deg)
13. Actual centroidal angle (deg)

8.3 Results

The results of the tests described in Section 8.2 are recorded in this section.

8.3.1 Straight-line test

The straight-line test locks the steering (Ackerman and strafe) to zero degrees,
i.e., the AGV is traveling in a straight line. Only the speed potentiometer on the
pendant was used; the other two pots were left in the “neutral” position. This
resulted in the centroid setpoint velocities shown in Fig. 8.3.

Note that in Fig. 8.3 the only value that changes is the AGV setpoint cen-
troidal x-component velocity. The setpoint centroidal y-component velocity and
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setpoint centroidal yaw rate remain zero. This behavior is expected as the AGV
is only moving in the forward (x-axis) direction.

This test was started at 0.2 m/s as illustrated in Fig. 8.3. This starting point
was chosen to saturate the AGV acceleration, as it would have to jump from
0 m/s to 0.2 m/s immediately (obviously, acceleration limits were imposed on
using the servo drives configuration). Next, the system was ramped down to near
0 m/s, before being very gradually being ramped back up to 0.2 m/s. Following
this, the speed of the AGV was ramped up and down three more times, with
each successive ramp accelerating and de-accelerating faster than the last. These
ramps are visible as the last three spikes between times 40 s and 55 s in Fig. 8.3.
The AGV was run at a fixed speed between 55 s and 60 s. The test was stopped
at approximately the 65 s mark.

From the setpoint values developed in Fig. 8.3 the kinematic model calcu-
lated the required traction and steering speeds to ensure that the centroid of the
AGYV moved per these desired setpoints.

Since there is no centroidal component velocity in the y-direction or a yaw
rate caused by Ackerman steering, the steering motors remain at zero RPM
throughout the entire test. Hence why these graphs were not included in the
results. The two traction motors, however, had non-zero RPMs as illustrated in
Fig. 8.4.

The tractive RPM values shown in Fig. 8.4 represent the actual wheel RPM.
This value was determined by reading the motor encoder’s RPM and dividing
this value by the gearbox ratio.

As illustrated in Fig. 8.4, the immediate jump from 0m/s to 0.2 m/s at the
< 1 s mark results in the highest acceleration of the wheels. Both drive wheels
go from Orpm to 25 rpm in under 1s (as illustrated in Fig. 8.4). After 1s, the
acceleration of the traction motors will not be saturated, so for the most part,
the curve of the rpm of the wheels can be matched to the centroidal setpoint x-
velocity curve in Fig. 8.3. This behavior is expected, as when the steering is not
used, the speed potentiometer on the pendant essentially becomes the setpoint
for the wheel speed.

From the actual RPM of the steering and traction motors it was possible to
use the kinematic model to calculate the actual centroidal x-component velocity,
actual centroidal y-component velocity, and actual centroidal yaw rate.

These results were plotted in the graphs contained in Fig. 8.5. In Fig. 8.5, we
can see that the actual y-component velocity is zero throughout the test, which
is entirely expected as the AGV traveled in a straight line during this test.

The centroidal x-component velocity is almost an exact match for the set-
point x-component velocity (shown in Fig. 8.3), which is to be expected as the
actual value should closely follow the setpoint. However, there is a slight dis-
crepancy between the two graphs at the <1 s mark. This discrepancy was where
the traction motor acceleration was saturated, and as a result, there was a delay
between when the setpoint dictated that the AGV should be moving at 0.2 m/s
and when the AGV was moving at 0.2 m/s,
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Also note the yaw rate graph shown in Fig. 8.5. We would expect this graph
to be constant at zero, like the setpoint graph in Fig. 8.3, but this is not the case.
Since the traction and steering mechanism share a common axis, rapid changes
in the behavior of the traction can cause the steering mechanism to shift from
its setpoint position (zero in this case). The closed-loop control of the steering
mechanism then will quickly bring the steering back to its correct setpoint posi-
tion. This behavior is visible as spikes on the actual yaw graph of the AGV that
correspond time-wise to inflexions of the actual centroidal x-component veloc-
ity. These spikes are highlighted in red (mid gray in print version) on the actual
yaw rate graph in Fig. 8.5. The worst offender is the spike that occurs during ac-
celeration saturation, named the “acceleration spike”, and the remaining spikes,
called “direction change spikes”, have minimal effect and are not noticeable in
the real world.

8.3.2 Strafe tests

During the strafe test, the setpoint speed of the AGV was kept as constant as
possible. The speed pot was ramped up from zero to the point where the trac-
tive wheels were rotating at 16 rpm (see Fig. 8.7). The strafe angle of the AGV
(holonomic motion with AGV reference frame remaining fixed relative to the
universal frame) was then adjusted so that the machine was strafing either left
or right. Strafing was done using the strafe potentiometer on the pendant. The
sequence of movements is as follows:

turn anticlockwise 90° quickly, then back to 0° quickly
turn clockwise 90° quickly, then back to 0° quickly
turn anticlockwise 90° slowly, then back to 0° slowly
turn clockwise 90° slowly, then back to 0° slowly

turn anticlockwise 180° slowly, then back to 0° slowly
turn clockwise 180° slowly, then back to 0° slowly

The motions described in the previous itemized list will change the ratio
between the x- and y-centroidal component velocities. The angle describes the
ratio change between these two developed as a result of the strafe potentiometer
setting, which is illustrated in the equations

Xy = VAGV €08 (&strafe) s

] (8.2)
Yv = VAGV Sin(&strate) -
Xy = x-centroidal component velocity m/g
Yo = y-centroidal component velocity m/s
VAGV = Setpoint velocity of AGV (from speed pot) m/g

Egtrafe = Setpoint strafe angle (from strafe pot) rad
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The yaw rate of the AGV will remain zero for this test as no Ackerman
steering takes place, and as such, the reference frame of the AGV will maintain
its orientation with reference to the universal frame.

The setpoint x- and y-centroidal component velocities are illustrated in
Eq. (8.2), along with the zero yaw rate throughout the test. The results of these
measurements are illustrated in Fig. 8.6. Note that this test took 2 minutes (120 s)
to run.

The setpoint values shown in Fig. 8.6, when fed into the kinematic model,
caused the wheels and steering to move as shown in Fig. 8.7 to follow these
setpoints.

As we see in Fig. 8.7, the tractive (wheel) RPM remains relatively constant
after the AGV is ramped up from zero RPM, with only minor disturbances.
These disturbances coincide with fast steering motions and are caused by the
traction and steering mechanisms coupling due to their shared axis. Coupling
only occurs at high steering speeds as at these speeds the compensation algo-
rithm cycle time is too slow to compensate correctly. These spikes are tem-
porary, and the compensation algorithm will return the speed to steady-state
conditions given time. These disturbances are highlighted in red circles (mid
gray circles in print version) on the wheel speed graph in Fig. 8.7.

On the steering speed graph in Fig. 8.7, the steering motions of the AGV
have been highlighted. When enclosed in a red (mid gray in print version) dot-
ted block, the steering is attempting to move the strafe direction of the AGV
in a counter-clockwise direction and then back to zero. The direction is evident
as the AGV steering motion (for both drive units) increases in the positive di-
rection (CCW id defined as positive), peaks and then decreases to zero RPM.
This Zero RPM point represents the steering angle zenith and the inflexion point
where the steering angle will return to zero (the negative RPM after this point).
The sections of the graph enclosed in a dotted blue (dark in print version) line
represent a clockwise motion for the AGV, as the RPM accelerates in a negative
direction, decelerates to the inflexion point (maximum steering angle point), and
then accelerates in the positive direction to the zero-degree angle point.

The motions in the previous paragraph can be more easily understood if
viewed as an angle value rather than a velocity value. This analysis can be done
with the aid of Fig. 8.8, which represents the steering angles of the drive units
with reference to time. Fig. 8.8 gives the angle in degrees as measured directly
from the relative encoder on the stepper motors (multiplied by a gear ratio).

From the actual values produced by the encoders (both on the tractive system
and steering system) the real-world values were captured and represented in
Fig. 8.7. When these values are fed into the kinematic model in reverse, the
actual centroidal x-component and y-component velocities can be determined
along with the actual centroidal yaw rate as illustrated in Fig. 8.9. It is then
possible to compare the actual values to the setpoint values given in Fig. 8.6 to
determine the accuracy of the control system.
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When comparing the actual (Fig. 8.9) and setpoint (Fig. 8.6) centroidal mo-
tion values, we can see that the actual value very closely matched the setpoint
value. This result was expected since the drives were not saturated and were
able to keep their speed in sync with the setpoint speed.

The last set of values that need to be examined is the behavior of the yaw
of the AGV. These values include the actual yaw rate and the actual yaw angle
of the AGV. In Fig. 8.6 the setpoint yaw rate is shown to be zero throughout
the test; however, the actual yaw rate does not remain at zero. This effect is
illustrated in Fig. 8.10.

Although there is plenty of jitter about the actual centroidal yaw rate (as
illustrated in Fig. 8.10), this jitter is centralized and balanced around the 0 rad/s
point. With the peaks extending to only ~ 0.01 rad/s (0.095 rpm). Thus this jittery
is negligible and not noticeable under normal observation for the most part.

Of concern, however, is the drift experienced by the yaw angle. This angle
should have remained zero throughout the entirety of the test; however, as illus-
trated in Fig. 8.10, the yaw angle drifted consistently by approximately 1° every
110 seconds in the clockwise direction. The yaw angle is produced by integrat-
ing the actual yaw rate. Since the actual yaw rate is relatively consistent about
the zero point (see yaw rate graph in Fig. 8.10), likely, the time interval used for
the numerical analysis-based integration (trapezoidal method) is not as stable as
it should be. That is to say, there exists jittery about the sample point times. Sta-
bilizing the sample times is not easy to fix as the cyclic interrupt system (used
for the sampling) on Siemens PLCs is closed-source, and the programmer can
only set an interval time.

The easiest solution to this issue would be to run the integrated value through
an error correction control loop that used the navigation sensor data (from the
NAV 350) to correct this drift or abandon the integration altogether and only use
feedback from the NAV 350 sensor for the yaw angle.

8.3.3 Ackerman steering test

Ackerman steering involves changing the heading of the AGV (i.e., the AGV
frame will rotate relatively to the universal frame) like a car. The sequence of
motion for this 85-second test is listed in the itemized text:

hard steer anti-clockwise (left), then return to zero

hard steer clockwise (right), then return to zero

gradual steer clockwise (right), then return to zero

gradual steer anti-clockwise (left)

continue to hard steer anti-clockwise (left) and return to zero
extremely hard steer clockwise (right) and return to zero

During the steering test, the AGV linear velocity was kept constant in the
x-direction (relative to the AGV reference frame) at 0.9 m/s. This behavior is
illustrated in the setpoint centroidal velocity graph contained in Fig. 8.11. Since
Ackerman steering is performed during this test, the setpoint yaw rate, for the
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first time, is non-zero. The yaw rate value (Fig. 8.11 is determined by the Ack-
erman steering pot found on the pendant).

The setpoint values described in Fig. 8.11 were fed into the kinematic model
by the AGV control system to produce a set of tractive and steering RPMs
(shown in Fig. 8.12). To perform Ackerman steering correctly, both the trac-
tive velocity of the wheels themselves and the steering angle they moved to had
to be varied. If only the steering angle were to change and the tractive rpm of
the wheels were to remain constant, then scuffing would occur. Thus the RPMs
of the wheels were varied to produce a virtual differential effect, as we can see
in the wheels speed graph in Fig. 8.12.

To simplify understanding, the motions described in the previous itemized
list (for this test) are highlighted by enclosing them in dotted boxes. Red (mid
gray in print version) dotted boxes represent clockwise steering relative to the
universal frame (i.e., the AGV is turning right), whereas blue (dark gray in print
version) dotted boxes represent counter-clockwise steering relative to the uni-
versal frame (i.e., the AGV is turning left). When interpreting the steering speed,
it is important to note that the speed will “ramp up” for a deterministic amount
of time to move the steering to the desired steering angle. Once this angle has
been reached, the steering speed will drop to zero RPM. The AGV will turn
about the yaw until the steering is “ramped down” to the zero angle. The “ramp
up” and “amp down” are labeled in Fig. 8.12 for clarity.

The direction of yaw rotation in Fig. 8.12 can be determined by establishing
which unit is rotating in a positive direction (for Ackerman steering, the other
unit will always rotate counter to this, i.e., in a negative direction). If the AGV
is turning anti-clockwise relative to the universal frame (i.e., turning left), then
the “ramp up” would have been positive for unit A and negative for unit B.
The opposite will be true if the AGV turns clockwise (i.e., right) relative to the
universal frame.

This steering direction effect is also visible in the wheels speed graph in
Fig. 8.12, where one of the wheel speeds is boosted relative to the other (to
create a virtual differential). The unboosted unit remains at the nominal speed
of 12 RPM. For clarity:

Counter-clockwise (left) steering Unit A speed boost

Clockwise (right) steering Unit B speed boost

To prevent scuffing, the RPM of the wheels themselves will have to change
to replicate a virtual differential. This behavior, however, breaks down when the
boost speed reaches saturation (i.e., maximum allowable wheel RPM). When
this happens, the non-boosted unit will also experience a speed boost, as can be
seen in the last CCW and CW motions of the wheel speed graph in Fig. 8.12.
Note that the last CW (counter-clockwise motion) attempts to turn the AGV left
at such a sharp turning radius for the given speed that the speed of both units
becomes saturated, and the actual and setpoint values will deviate.
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The actual wheel and steering RPMs (described in Fig. 8.12) were fed into
the reverse kinematic model to determine the actual centroidal x-component
velocity, y-component velocity, and yaw rate. These results are represented in
Fig. 8.13.

For the most part, the actual speed values mirror the setpoint values given
in Fig. 8.11. As previously mentioned, this relationship only breaks down when
the traction speed is saturated. Between 65 and 75 seconds, a mark on the AGV
velocity graph in Fig. 8.13 indicates a minor instability occurring on the x-
component velocity. At this point the speed of Unit A was saturated, and as
such, the speed of Unit B had to be increased to maintain the desired steer-
ing arc. However, even with the minor instability, the actual yaw rate could be
maintained to match the desired yaw rate shown in Fig. 8.11. However, the sys-
tem falls apart when the speeds of both units are saturated (between 77 and
83 seconds). At this point the actual yaw rate (AGV angular velocity graph in
Fig. 8.13) deviates from the setpoint yaw rate in Fig. 8.11. This deviation is
marked with a red (mid gray in print version) deviation bar in Fig. 8.13.

The saturation of the steering speed between 77 and 83 seconds also caused
the AGV to inadvertently strafe when it was not supposed to as it could not
maintain the desired steering arc. This behavior can be seen in Fig. 8.13 as the
y-centroidal component deviating away from zero RPM and peaks at the 80-
second mark.

The steering angles of the drive units during this test are illustrated in
Fig. 8.14. It is important to note that the steering angle does not have the same
magnitude but opposite direction as would intuitively be expected. As we see in
Fig. 8.14, the angles have different magnitudes. These magnitudes diverge ac-
cording to a fixed constant resulting from the speed of the AGV and the desired
yaw rate. The higher the desired yaw rate (and thus the tighter the turning arc),
the larger this constant.

When the steering angle plateaus at a non-zero value in Fig. 8.14, the AGV
turns at a constant rate relative to the universal frame. That is to say, the steering
arc of the AGV remains constant, and if the steering angle does not change, the
AGYV turns in a circle whose radius is determined by the steering arc/yaw rate.
This is illustrated in Fig. 8.15.

Nothing prevents the AGV from performing a full 360° rotation relative to
the universal frame. For Fig. 8.15, a full 360° is mapped between —180° and
180°. Thus, whenever the AGV yaw angle crosses over the 180° mark, it is
mapped onto the opposite sign spectrum. This effect is visible in Fig. 8.15 as a
vertical straight line that jumps from —180° to 180° or vice versa.

Note that although the integration drift is not easily visible in Fig. 8.15, it
still exists as described in Fig. 8.10. This drift is 1° every 110 seconds in the
clockwise (negative) direction.
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8.4 Combination test

The combination test combines the three previous tests to check if there is any
unexpected behavior when running these different manoeuvrers together. The
sequence of the test is as follows:

Ramp up to constant velocity (50° max velocity)

Strafe in the anticlockwise (left) direction, then return to zero
Strafe in the clockwise (right) direction, then return to zero
Ramp speed up to max speed, then back down to 50°
Ackerman steer anticlockwise (left), then return to zero
Ackerman steer clockwise (right), then return to zero

Therefore this test involves all three control potentiometers on the pendant:
the speed, strafe, and steering pots. The values of these pots with respect to time
were used to develop the centroidal setpoint velocities and centroidal yaw rate
of the AGV. These centroidal velocities and the yaw rate are given with respect
to time in the graphs in Fig. 8.16. This test took 130 s to complete.

In Fig. 8.16 the changes in linear speed of the AGV are enclosed in green
blocks (light gray blocks in print version), the strafe manoeuvrers are enclosed
in blue blocks (dark gray blocks in print version), and Ackerman steering is
enclosed in red blocks (mid gray blocks in print version).

These three setpoint values (in Fig. 8.16), once fed into the kinematic mod-
els, would produce a set of steering and traction RPMs that the tractive and steer-
ing motors would run at. The resultant wheel and steering speeds, as recorded
by encoders, are given in Fig. 8.17.

In Fig. 8.17 the different manoeuvrers are once again highlighted in different
colored blocks (green [light gray in print version] = speed change, blue [dark
gray in print version] = strafe, and red [light gray in print version] = Ackerman
steering). From this it is possible to deduce that a speed change will only affect
the wheel RPMs, with both units having the same RPM magnitude and sign
of wheels (see Fig. 8.17), and the steering RPMs remain constant. When the
AGYV strafs left or right, the wheel speed remains constant, and only the steer-
ing RPMs are affected. Steering RPMs of Both units have the same magnitude
and sign during this operation. Finally, both the steering and wheel RPMs are
affected when a manoeuvrer is performed using Ackerman steering. Ackerman
steering causes the steering RPMs to have opposite signs and whose magnitude
is a constant scaling dependent on the setpoint yaw rate. The wheel RPMs dur-
ing Ackerman steering have the same sign, but one of the unit speeds will be
boosted relative to the other to create a “virtual differential”. The unit whose
speed is boosted depends on whether the Ackerman steering turns the AGV left
or right (left = unit A speed boost, right = unit B speed boost).

The reverse kinematic model, when used on the actual RPM values recorded
in Fig. 8.17, will produce the actual centroidal x-component velocity, y-
component velocity, and centroidal yaw rate. These actual centroidal values are
given in Fig. 8.18.
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When in Fig. 8.16 the setpoint values are compared to the actual values in
Fig. 8.18, they are almost identical except for some minor noise. This effect was
expected as during this test, there was no acceleration or velocity of any motors
driven to saturation.

The steering angles of the drive units, captured using the stepper motor en-
coders and a gear ratio calculation, are given in Fig. 8.19. The angle of the
wheels during a strafe manoeuvrer is enclosed in a blue box (dark gray box in
print version) in Fig. 8.19, whereas during an Ackerman steering manoeuvrer, it
is enclosed in a red box (mid gray box in print version).

Note in Fig. 8.19 that when the AGYV is strafing, the angles have the same
magnitude and sign. When the AGV is performing Ackerman steering, the an-
gles of the wheels have opposite signs and will be scaled relative to each other
by a constant determined by the desired yaw rate, mirroring the behavior seen
in Fig. 8.17 for the steering RPMs.

A change in the setpoint speed of the AGV has negligible effects on the
steering angle.

The yaw angle of the AGV is determined using integration of the actual yaw
rate (from Fig. 8.18) and is given in Fig. 8.20. The yaw angle measures the angle
between the AGV frame and the universal frame; as such, it will only change
from zero when Ackerman steering is used. This behavior can be seen between
the 75 and 130 seconds on Fig. 8.20, which corresponds to a set of Ackerman
manoeuvrers during this test. It is important to note that the yaw angle drift
of 1° every 110 seconds in the clockwise (negative) direction (discovered in
Section 8.3.2) is still present but not noticeable due to the scale used in Fig. 8.20.

8.5 Conclusions

This section discusses important observations made from the testing section.
These tests were used to confirm the validity of the design, kinematics, and
control system. Confirmation of these tests validates the functionality of the
two-wheel swerve-drive system with an integrated suspension system.

In terms of confirming validity, the AGV behaved as desired for the four
tests: straight-line test, strafe test, Ackerman test, and combination test. The set-
point values of the AGV were calculated and updated every 50 ms with the speed
of the AGV kept below the specified maximum of 1.3 m/s. The minimum num-
ber of control inputs that the AGV required to achieve omnidirectional operation
was three. These control inputs were:

e Centroidal x-velocity
e Centroidal y-velocity
e Centroidal yaw rate

The system was controlled in the velocity domain, as seen from the listed
control inputs. An attempt was made to control the steering in the position do-
main; however, this control strategy proved very jerky and unsuitable for stable
operation.
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The primary control principles for the system are as follows:

e Velocity in a straight line. If the AGV is to be driven straight forward, then
the magnitude of the centroidal x-velocity is set to the desired linear velocity.
The centroidal y-velocity and centroidal yaw rate are kept at zero.

e Strafe at a given angle and speed. The strafe behavior refers to the AGV mov-
ing linearly at an angle not aligned with the front of the AGV (the AGV frame
of reference will not change its orientation relative to the universal frame).
This behavior is achieved by setting the centroidal x- and y-velocities to a
calculated component magnitude of the desired linear velocity. The magni-
tude of these components is calculated using the desired strafe angle. During
a purely strafe operation, the centroidal yaw rate of the AGV is kept at zero.

e Ackerman steering at a given speed. For a purely Ackerman turn where the
strafe angle is zero, the centroidal x-velocity is set to the desired linear ve-
locity, whereas the centroidal y-velocity is zero. The turning arc radius is
determined by the yaw rate of the centroid coupled with the linear velocity of
the AGV.

e Combination manoeuvres. A combination of the previously mentioned op-
erations can be achieved by superimposing these manoeuvres to achieve the
centroidal x-velocity, centroidal y-velocity, and centroidal yaw rate set.

During the tests, it was found that when the acceleration of the AGV was
purposefully saturated or rapid changes between deceleration to acceleration
were performed (near acceleration saturation), the steering angle of the AGV
would be pulled off of its desired angle. The closed-loop control corrected this
effect; however, it illustrated that the shared axis between the tractive and steer-
ing systems could cause issues even with mathematical compensation. However,
this issue is unlikely to affect normal operation as saturating the acceleration or
rapidly changing between accelerating and deceleration in the manner needed to
cause this effect will likely damage the payload long before the coupling effect
is noticed. For more details on this issue, we refer to Section 8.3.1.

The tractive system affects the steering system, but the steering system was
observed to affect the tractive system; this was counter to expectations. This in-
teraction was shown in the second test (strafe), where the tractive velocity was
kept constant while the steering was actuated. In Section 8.3.2, it was observed
that during a fast steering angle change, a minor disturbance occurred on the
tractive speed. However, this disturbance was comparably minor compared to
the effect that rapid acceleration of the tractive system can have on the steering
system (as previously discussed). This behavior is because the steering veloc-
ity is significantly smaller than the tractive velocity. The only way the steering
system could have a notable effect on the tractive system was when the Acker-
man steering velocity was saturated, as observed in Section 8.3.3. In this case
the AGV cannot turn at the desired turning arc relative to the AGV linear speed.
Thus to compensate for this and maintain the turning circle at the desired arc
radius, the linear velocity decreases.
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The last effect of prominence observed during the testing was the drift of
the yaw angle. The yaw angle is determined using the numerical trapezoidal
method to approximate the integral of the yaw rate. If the sample time is not
precisely constant, then drift can occur. This yaw drift is invisible for most tests
because it is rather small compared to the actual yaw angle change. However,
during the swerve test (Section 8.3.2), when the yaw angle remains zero for the
entirety of the duration of the test, the drift can be observed. It is approximated
to be 1° every 110 seconds. If the drift proves to be constant, then it could be
compensated by using a compensation algorithm; however, an extended duration
test would have to be run to determine if this drift is as linear as it appears to
be. This issue could also be eliminated by removing the reliance of this value
on integration and instead determining it by using feedback from the navigation
sensor; this concept is discussed further in Section 8.3.2.

8.5.1 Research conclusion

To recap, the primary research goal of this project was to produce a novel two-
wheel swerve-drive AGV with an integrated suspension system. Therefore to
validate the research into this system, it must be proved to function in a manner
equivalent to a traditional four-wheel swerve-drive system. Therefore the AGV
had to pass the four tests denoted in the testing section (Section 8.3).

As discussed in Section 8.5, the AGV passed all four validation tests and
therefore can act as a replacement for traditional four-wheel swerve-drive AGVs
such as Chikosi’s [2] or Holmberg et al.’s [1] AGV. The AGV was still able to
perform omnidirectional manoeuvres even with an included suspension system;
this was due to the unique mechanism called the “vertical compromiser”.

Since the AGV researched in this project has only four motors as opposed to
the eight found in a traditional swerve-drive system, the cost of implementation
of a swerve-drive AGV could be reduced by as much as 50%. However, this
is closer to 40% as the cost of implementing “castor units” in place of the two
removed “drive units” is not negligible.

The AGYV is entirely SIL safety compliant, which means that this AGV can
be directly implemented into the manufacturing industry; Wada et al.’s [3] AGV
(similar two-wheel swerve-drive idea) was not compliant with and therefore
could not be directly implemented into industry.

This type of AGV is costs less than a traditional swerve-drive system while
still performing the same tasks and having an integrated suspension system.
These facts make the AGV researched in this paper an ideal candidate for replac-
ing traditional swerve-drive AGVs in the manufacturing industry, where omni-
directional capabilities are needed with poor floor conditions. This AGV has the
benefit of being economically viable compared to mecanum wheel AGVs as this
system has the same number of motors, four in total. Due to the added complex-
ity of the mecanum wheel, any economic advantages that the system might have
at initial capital outlay (due to a more straightforward gearing topography) are
negated.
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There are a couple of concerns about this system related to behavior near
motor speed saturation points. At these points the control system performs erro-
neously, as discussed in Section 8.5. This erroneous behavior only occurs when
the AGV is operated outside normal operating conditions and therefore cannot
invalidate this AGV as a replacement for the traditional four-wheel swerve-drive
system.
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9.1 Introduction

Automated/automatic guided vehicles or AGVs, as they are commonly known,
are an indispensable tool within industry [1]. Modern AGV applications lie in
intra-logistics, which involve internal handling, organization, and optimization
of material within an industrial, production, or commercial environment. AGVs
offer unique benefits over conventional automated systems, like conveyor belts
and operator centric systems [2]. AGVs are utilized for part handling in a flexi-
ble manufacturing system. A flexible manufacturing system is a manufacturing
process that is not “hard wired” to accommodate one production process. It pos-
sesses the potential to handle multiple production processes [3]. In the context
of an AGYV, it is a goods-handling system whereby any change in the production
process of a component can be accounted for, without a complete redesign of
the handling system [4]. AGVs may be designed in various ways to achieve a
specific purpose. Typically, the design directions are focused on manoeuvra-
bility, efficiency, and serviceability. In an ideal situation, an AGV would have
all the design directions without any trade-offs. This means that the AGV can
travel in any direction; the AGV would be modular and can run efficiently on its
battery supply.

The pinnacle of manoeuvrability is achieved with an omnidirectional drive
train. Although it is a non-omnidirectional drive train counterpart, it is not con-
strained by an instantaneous center for curvature (ICC). The ICC is a point
around which a non-omnidirectional drive train must rotate to achieve a given
position. This imposes constraints on the motion of the non-omnidirectional
drive train that typically manifests as the necessity to change the drive trains
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orientation to achieve the position. Examples of such drive trains are the differ-
ential drive train and the Ackermann steering based drive train [5,6]. In contrast,
an omnidirectional drive train, such as that of the mecanum wheel-based AGYV,
which is the subject of this paper, is not bound by an ICC and thus is uncon-
strained along its plane of motion.

The way a mecanum wheel-based AGV achieves omnidirectional capabili-
ties is through the superpositioning of the force vectors produced by the wheels
(Fy;, Fxi, where i is the corresponding wheel number, i.e., 1,2,3,4), as seen in
Fig. 9.1. The superpositioning of the forces (Fpe;) take place at the geometric
center of the AGV body assuming an equal distribution of weight across the
wheels. The Fye applied at the geometric center of the AGV would determine
the trajectory of the AGV [7,8]. If there is an unbalanced force applied to the
mecanum wheel drive train (MWDT) through any of the wheels, then the AGV
would deviate from the planed trajectory.

A ve

All wheels rotating in
same clockwise
direction

Fret
Fy: Fy

Geometric

Mecanum | —— center

Wheels R

Fya Fys
Fxa Fxs
5 «—

&

-

XG

FIGURE 9.1 Figure illustrating the forces produced by the mecanum wheel and the net force
produced as the center of the MWDT.

To achieve simplistic movements such as rotations about the geometric cen-
ter and linear translations along the ground plains the MWDT, at least two
mecanum wheels are required to work with each other again. To move in the
direction of Fpe¢ in Fig. 9.1, all the forces along the x-axis are required to be
neutralized. To neutralize the forces in the x direction, wheel 1 opposes wheel
2, and wheel 3 opposes wheel 4.

In its most basic form, this relationship can be defined by the forward kine-
matics of the MWDT AGV [7,9,10].

e w; [rad/s] is the angular velocity of the ith wheel.
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e v, v, describes the robot’s linear velocity with respect to the global co-
ordinate frame X and Y
e r [m] is radius of the roller

The longitudinal velocity in the x-direction:
b (D)= @1 +or+ o3+ o) 7. ©.1)
The transverse velocity in the y-direction:
by (1) = (w1 + 03+ 03— w3) - 7. 9.2)
The angular velocity of the AGV around its z-axis:

w; (1) = (—w1 +wr — w3 + wy) - 9.3)

_
40 +)

Once this relationship is understood, it can be leveraged to create a cross coupled
controller that can be used to mitigate the effect a single wheel slipping has on
the MWDT AGV. This controller is known as the slip mitigation controller form
here onwards.

9.2 Hardware considerations

The slip mitigation controller was designed to interface with the existing con-
trol hardware. This hardware included a Siemens s7-1516f PLC, coupled to four
Festo CMMS-ST-C8-7-G2 drives, which drove the four stepper motors con-
nected to the mecanum wheels of the MWDT AGV.

The data needed from the drives was the velocity of each motor (w;, i =
1,2,3,4) and the current required by each motor (7;, i = 1, 2, 3, 4). However,
due to the limitations of the hardware, namely the inability for the drives to
output more than one drive parameter over PROFIBUS, an Arduino was used to
acquire the missing parameter via an analogue output pin on the drive.

To control the drives effectively during normal operations, the drives were
commissioned in “velocity control mode”, which ensures that the drives reach
the setpoint velocity and remains there by controlling the applied torque to each
wheel. The torque value is relayed as current to the Arduino, which in turn relays
this information to the PLC.

9.3 Slip mitigation controller

The slip mitigation controller in made up of two distinct parts that work in tan-
dem to achieve slip mitigation. The first part is the slip detection algorithm, and
the second part is the mitigation algorithm. It goes without saying that slip must
be detected before it is mitigated.
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9.3.1 Slip detection

When slip occurs once the drives have reached the setpoint speed, it creates a
notable drop in the current the motor requires to maintain the setpoint speed.
This fact was proven during a slip test conducted on the wheel 1, the results of
which can be seen in Fig. 9.2. Slip was induced on wheel 1 at the start of the
brown box in Fig. 9.2 and removed after 3 s elapsed, marking the end of the
brown box.

TME(S)

FIGURE 9.2 Current values when wheel 1 slipped.

The drop in current of one wheel resulted in a cascade effect across the
other wheels, which unsurprisingly, resulted in more current being required
by the non-slipping wheels to maintain the setpoint speed. The connection be-
tween slip and current was used to formulate a slip detection algorithm. Since
the drives varied the torque to maintain a given wheel velocity, any sudden
change in torque without an apparent change in the actual wheel velocity in-
dicated the wheel was slipping. It does this by measuring the rate of change, or
the derivative, of the current for each wheel. If the derivative was above some
value designated as “SlipDerivativeValue”, then the wheel was slipping. The
SlipDerivativeValue was determined by experimental means; see Fig. 9.3.

The slip detector checked whether the derivative (CurrentChange) was larger
than the threshold for slip detection (SlipDerivativeValue); if so, then the wheel
was slipping, setting “Slipping” to true. If not, then the wheel was not slipping,
setting “Slipping” to false. The variable “Slipping” was used later to activate
and deactivate the slip mitigator.

9.3.2 Slip mitigator

The four wheels were separated into wheel pairs as illustrated in Fig. 9.4.

As a proof of concept, it was only necessary to develop the slip mitigation
controller for the front wheels in pair 1 for a linear movement in the x direction.
In pair 1, both wheels were connected to a slip detector and connected to a
controller that applied the mitigation technique.

The goal of the controller was to ensure that the torque between the wheels
in pair 1 were the same if one of the wheels slipped. This would ensure that the
net force acting on the AGV was still pointing in the direction of travel. When
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CurrentChange =
CurrentCurrent - CurrentPrevious

currentspeed > setpointspeed -
(setpointspeed*0.05)

Is CurrentChange <

I5 slipping = True NormalDerivativeValue,

Slipping = False

CurrentChange >
SlipDerivativeValue

Slipping= True §

FIGURE 9.3 Flow diagram for slip detection using the derivative of the motors current.

slip was detected, the controller would modulate the set point speed of the non-
slipping wheel to reduce the torque applied to it, to match that of the slipping
wheel. Thus the wheels in pair 1 still maintained a force equilibrium.

In Fig. 9.5, Ap is the current draw from a slipping wheel in a wheel pair,
A; is the current draw of a non-slipping wheel in a wheel pair, e, ; is the error
between the current values, and e, ; is the error between the set point speed of
the wheel w; and the current speed of the wheel w;. The “conventional motor
control” is the controller within the ith drive that ensures the wheel reaches its
speed set point. The Cross-Coupled Motor Control is the controller that alters
the non-slipping wheel speed to reduce the current draw of the non-slipping
wheel to match the current draw of the slipping wheel. The final slip mitiga-
tion controller and its implementation on the physical AGV is shown as a flow
diagram in Fig. 9.6.

The AGV begins its movement forward by generating a wheel velocity set
point for the two wheels (wy1, ws2) and delivering the set point to the drives
through the “Decision” blocks. The AGV accelerates the slip, and traction de-
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A
Xe Mawvirgs in the x direction

0 Yo

FIGURE 9.4 Wheel pairing when the AGV is moving in the x direction.

ONLY APPLIED WHEN A SLIPPING WHEEL IS DETECTED

Cross-Coupled Motor Control Conventional Motor Control

FIGURE 9.5 Slip mitigation control loop deployed on the MWDT AGV.

tectors are deactivated. Once the actual wheel speeds (w1, @,2) are within the
set point speed threshold, the slip and traction detectors come online. While
this is occurring, the actual currents from the drives (z,1, t;2) are fed into the
closed-loop controller. The closed-loop controller continuously generates a con-
trolled set point wheel velocity for each wheel (w,1, w.2). The controller always
generates a controlled wheel velocity because if a wheel slips, then a corrective
velocity would have already been generated from the live torque values. This
worked well because the detectors often detect the slip after it had occurred.
With the controller continuously generating a potential correction, a corrected
wheel velocity was readily available when needed.
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FRONT
SIp/Tract'onJ [ Slip/Traction

Detector 1 Detector 2
(STD1) (STD2)

Closed loop
controller

Decision
ifSTD2 = true
Then

{wout1 = wcl;}
else
{wout1 = ws1;}

Wheel Velocity
setpoint

FIGURE 9.6 Flow diagram of the slip mitigation controller deployed on the physical AGV.

When slip was detected at one of wheels, it would prompt the “decision”
blocks to take the controlled set point velocity and pass it to the drive that was
not slipping, thus mitigating the effect that one of the wheels may have had on
the AGV.

9.4 Test methodology

Slip was introduced on the front left wheel (Slip wheel). Slip was introduced at
a set period and triggered once per test for a total of three tests per slip period.
Each test was conducted by moving the physical AGV in the forward direction
at 0.400 m/s. The period of the slip disturbances were 100 milliseconds, 500
milliseconds, and one second. The results from these tests behave as a point for
comparison between the mitigated and unmitigated slips.

Three main test points are investigated. These points are illustrated in
Fig. 9.7; the start of the disturbance is denoted as n, the end of the disturbance
effect is denoted N, and the altered trajectory is shown for # > N. These points
are characterized by the AGV rate of change away from Y axis, denoted as
Ay, and its change in orientation or rotation around Rz, denoted as Agp, with
Ay and Ag formalized as

Ay=y@)—y@t—1
and 9.4
Ap=¢p{t)—@(—1).

When the AGV was moving before the slip disturbance was introduced to the
front right wheel at ¢ < n, the Ay and A ~ 0, signaling no change in the tra-
jectory of the AGV. At ¢t = n the slip disturbance was introduced for a period.
Once the disturbance has been introduced, there was an observable change in
Ay and Ag; thus Ay and Ag # 0.
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End of
Start of disturbance
disturbance effect/System
settled

New Altered
trajectory

n=t At N =n+At
B ——
Ay=0 Ay #0 Ay # 0
Ap=0 Ap+#0 Ap=0

Time (t)

FIGURE 9.7 Points of interest during testing.

The end of the disturbance period was not relevant as the effects of the dis-
turbance still acted on the AGV after the disturbance period had elapsed. What
was interesting was the full impact of the disturbance on the relative position of
AGYV; thus the second point of interest was the end of the disturbance effect at
N.

The end of the disturbance effect was characterized by Ag = 0 but Ay # 0.
This means that the AGV was no longer rotating about R_, signaling the end of
the effect the disturbance had on the AGV. However, since the disturbance had
changed the trajectory of the AGV, the AGV moved away from the Y.

The results outlined in Tables 9.1, 9.2, and 9.3 set out the total change of
AGYV in a position between the start of the disturbance n and the end of the
disturbance effect N. Thus y; and ¢, were generated and were formalized as

yr=y(N)—y(n)
and 9.5)

pr=¢(N)—y(n).

9.5 Discussion

The two metrics that were observed was the change of angle of the AGV and the
change of the AGV Yg position before and after the disturbance was introduced.
The tests were conducted with and without slip mitigation.
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Figs. 9.8 and 9.9 provide the movement of the AGV with a disturbance pe-
riod of 1 second. The graphs provide a visual indication of effectiveness of the
slip mitigation. Concerning Fig. 9.8, in the graph of angle vs time with a dis-
turbance of 1 second, we can see that at 3.61 s the disturbance was applied to
the AGV. Without slip mitigation, the AGV behaved unfavorably, resulting in
an angle change after the AGV settled at 4.9s of —6.07 degrees (Table 9.1)
according to the trend line. With slip mitigation, the AGV followed its original
trajectory better, resulting in an angle change of only 0.27 degrees. Considering
Fig. 9.9, after the disturbance was introduced to the unmitigated AGV, the Yg
position was significantly altered by as much as 70.54 mm. With slip mitiga-
tion, this was reduced to 12.64 mm. Implementing slip mitigation improved the
AGVS ability to reject angle disturbance by 103% and movement away from its
original trajectory by 88,19% (Table 9.1).

Angle vs time with a 1s disterbance period

2

1 ¢ =0,0519t-0,0642
T 0 o
L4}
o -1
Q-2 @ =-0,0847t-0,005 ¢ =-0,0748t +0,210
Q-3
o -4
s M m WAL R
2 =
< -6

-7 @ =0,1568t-6,0776

-8

0 1 2 3 4 5 6 7
Time(s)
— Mitigated disterbance Unmitigated disterbance
Disterbance infroduced atf 3.61s ====System settled at 4.9s

FIGURE 9.8 Graph of angle vs time with a disturbance of 1 second.

Ys-axis vs time with a 1s disterbance period
150
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’g 50 y =-6,6255t+ 5,1766
£ y = 22,098t - 63,224
@ 0 e
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[¢)
o -50
> y=-10,151t+7,313

100 y=-5,1215t-7,4672

-150

0 1 2 3 4 5 6 7
Time(s)
— Mitigated disterbance Unmitigated disterbance
Disterbance intfroduced at 3.61s === System settled at 4.95

FIGURE 9.9 Graph of y-axis vs time with a disturbance of 1 second.

Figs. 9.10 and 9.11 describe the movement of the AGV with a disturbance
period of 1 second. Fig. 9.10: Graph of angle vs time with a disturbance of 500
milliseconds provides a similar behavior to Fig. 9.8. At 3.69 s a disturbance is
applied to the AGV, and the AGV settled at 5.16 s. The unmitigated AGV has
a angle change of 3.19 degrees (Table 9.2). Unsurprisingly, this is roughly half



TABLE 9.1 Results of unmitigated and mitigated tests with a disturbance period of 1 second.

Degree vs time with a 1 disturbance period

Unmitigated Results
Mitigated Results
Result comparison

Unmitigated vs
mitigated results

Before disturbance

@ =—0,0847(t) — 0, 0052
@=—0,0519(t) — 0,0642 ¢ = —0,0748(r) +0,2105

Slope difference
—0,23

Y-axis vs time with a 1s disturbance period

Unmitigated Results
Mitigated Results
Result comparison

Unmitigated vs
mitigated results

Before disturbance
y = —10, 151t 4+ 7, 3135
y = —6,6255¢t + 5, 1766

Slope difference
—27,22

After disturbance
¢ =0, 1568(r) — 6,0776

offset difference
—6,29

After disturbance
y = 22,0981 — 63,224
y = —5,1215t — 7,4672

offset difference
55,76

rate of change delta
0,2415
—0, 0229

slope change%
309, 63

rate of change delta
0,2415
—0, 0229

slope change%
531,48

change %
285,12
—44,12

Offset change%
103, 46

change %
317,69
22,69

Offset change%
88,19

Offset delta
—6,07
0,27

Offset delta
—-70,54
—12,64

Change %
—116777
427, 1

Change %
964, 48
244,25
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that of the 1 second disturbance. With slip mitigation, the angle change was
reduced to 1.12 degrees. Fig. 9.11 indicates an unmitigated change of the AGV
YG position by 83.43 mm, and with slip mitigation, this is reduced to 6.07 mm.
Implementing slip mitigation improved the AGVS ability to reject angle dis-
turbance by 65.34% and movement away from its original Yg position by 97%
(Table 9.2).

Degree vs time with a 500ms disterbance period

2
@ =0,0906t - 0,0769

1
T 0 —mm—mn "
) N
2 191-1,131
ol = R
a 5 ©=-0,1477-0,0142 ®=017191-1.1318
Q@
53 ke e
C
< 4

5 @ =0,0348t - 3,2659

0 1 2 3 4 5 6 7
Time(s)
- Mitigated disterbance Unmitigated disterbance
Disterbance introduced at 3.69s = System settled at 5.16s

FIGURE 9.10 Graph of angle vs time with a disturbance of 500 milliseconds.

Ys-axis vs time with a 500ms disterbance period
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FIGURE 9.11 Graph of y-axis vs time with a disturbance of 500 milliseconds.

The final test was conducted using a disturbance period of 100 ms injected
at 2.78's, and as seen in Figs. 9.12 and 9.13, the AGV settled at 3.23 s. The un-
mitigated AGV has an angle change of 1.18 degrees, whereas the slip-mitigated
AGYV experienced a change of 0.12 degrees. Fig. 9.13 indicated that the unmit-
igated AGV experienced a deviation from its original Yg position by 79.4 mm,
whereas the mitigated AGV experienced a change of only 0.52 mm. Accord-
ing to Table 9.3, the angle disturbance rejection improved by 98.25%, and Y
position disturbance rejection improved by 106.24%.

9.6 Conclusions

A slip mitigation controller was developed to mitigate the effects that the
loss of traction experienced by a single mecanum wheel used on a mecanum



TABLE 9.2 Results of unmitigated and mitigated tests with a disturbance period of 500 milliseconds.

Degree vs time with a 500 ms disturbance period
Before disturbance After disturbance  Slope difference Change % Offset difference

Unmitigated results »=0,0906r —0,0769 ¢ =0,03487 — 3, 2659 —0, 0558 61,59 -3,19
Mitigated results ¢=-—0,1477t — 0,0142 ¢ =0,1719¢ — 1, 1318 0,3196 216, 38 —1,12
Result comparison
Slope difference Offset difference  Slope change % Offset change %
Unmitigated VS 0,1371 —2,1341 79,76 65,34

mitigated results
Y-axis vs time with a 500 ms disturbance period
Before disturbance  After Disturbance  Slope difference Change % Offset difference

Unmitigated results ¥ =—12,93¢ + 12,907 Y = 13,5587 — 70, 521 26,49 204, 86 —83,43
Mitigated results Y =—1,1433t +4,3773 Y = —3,8425t — 1,69 —2,7 —236,09 —6,07
Result comparison
Slope difference Offset difference  Slope change % Offset change %
Unmitigated vs —17, 4005 68, 831 452,84 97,6

mitigated results

Change %
—4146, 94
—7870, 42

Change %
646, 38
138, 61
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TABLE 9.3 Results of unmitigated and mitigated tests with a disturbance period of 100 milliseconds.

Degree vs time with a 100 ms disturbance period

Before disturbance After disturbance Slope difference Change %
Unmitigated results ¢ =—0,017¢ + 0,034 ¢ =—0,3064 — 1, 1477 —0, 2894 —1702, 35
Mitigated results ¢=0,1333t -0, 1393 ¢ =0,0175¢ — 0, 0201 —0, 1155 86, 84
Result comparison
Slope difference Offset difference Slope change %  Offset change %
Unmitigated vs 0,3239 —1,1276 1850, 86 98, 25

mitigated results
X-axis vs time with a 100 ms disturbance period

Before disturbance After disturbance  Rate of change delta Change %
Unmitigated results ¥ =0,4364r — 2, 6884 Y =31, 525t — 82,102 —31,0886 —7123,88
Mitigated results Y =—-9,8123t+5,6492 Y =—-9,5974t +5, 1262 —0,2149 2,19
Result comparison
Slope difference Offset difference Slope change %  Offset change %
Unmitigated vs —41,12 87,23 428,47 106,24

mitigated results

Offset difference Change %

—1,1817
0,1192

Offset difference Change %

—79,4116
—0,523

3475, 59
85,57

—2953, 86
9,26
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Degree vs time with a 100ms disterbance period
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FIGURE 9.12  Graph of angle vs time with a disturbance of 100 milliseconds.
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FIGURE 9.13  Graph of y-axis vs time with a disturbance of 100 milliseconds.

wheel-based AGV. The controller was designed to work with the existing AGV
hardware, Siemens s7-1516f PLC, coupled to four Festo CMMS-ST-C8-7-G2
drives.

The controller used a combination of current and velocity feedback from
the drives to detect when a mecanum wheel has slipped. Upon slip detection,
the slip mitigator reduced the negative impact the slipping wheel had on the
AGV trajectory. The slip mitigation controller achieved this by cross coupling
the torque between two wheels in a wheel pair. The cross coupling in the event
of wheel slippage ensured that the net force produced on the AGV remained in
the intended trajectory, thereby reducing the negative effects of wheel slippage.

The slip detection and compensation techniques effectively reduced the im-
pact that a slipping wheel had on the trajectory of the MWDT AGYV. It improved
the ability of the AGV to reject angle changing disturbance by an average of
88.9% and trajectory changing disturbance by an average of 97.1% considering
1 second, 500 millisecond, and 100 millisecond disturbance durations.
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10.1 Introduction

The automotive industry represents the totality of the design, development, pro-
duction, market, and sales processes of current vehicles. Currently, the design
and production processes are more complex than before. These processes are
based on the newest technologies from design tools, mechanics, hardware, or
software perspectives. Controlling the functionality of a car demands more and
more hardware resources and the corresponding software able to use them in an
effective manner.

An automotive hardware/software assembly is called an electronic control
unit (ECU). The architecture of a current car specifies dozens to hundreds of
ECUs, each of them having the role of controlling a certain functionality of the
car. All these ECUs form the car control system; the interaction between ECUs
is done through communication networks (LIN, CAN, FlexRay, Ethernet, etc.).
These networks are used by ECUs to transmit information received from the sen-
sors they interact with, to send status or control commands, and respectively to
receive such information from other ECUs [1]. In this way the effective control
of various functionalities in the car is achieved, such as vehicle dynamics, en-
vironment interpretation (including pedestrian or traffic signs detection), intra-
and inter-car communication (which requires strong cyber security algorithms),
power control, stability, and so on.

The control logic of the functions in the vehicle is mostly implemented in
software. Software applications are increasingly complex, and that is why a stan-
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dard architecture has been defined for automobiles, Automotive Open System
Architecture (AUTOSAR). By using AUTOSAR the aim is to increase produc-
tivity in the development of applications, to standardize the structure of software
applications, and to ensure the level of functional safety required for machine
control. The functional safety of the road vehicles is defined and standardized
in ISO 26262, an international standard for functional safety of electrical and/or
electronic systems installed in road vehicles [2].

To ensure the safety of the passengers, it is necessary that both hardware and
software components comply with the ISO 26262 standard. Also, the commu-
nication mechanism between the ECUs must ensure the level of safety claimed
by the controlled functionality.

This chapter extends paper [3], which presents a method of hardware mi-
gration of some software mechanisms to protect communication in the car. The
proposed hardware model must ensure the same robustness of functionality as
in the case of the software variant, with an optimization of the use of available
resources. To do this, it is proposed to migrate the end-to-end (E2E) software
library from the AUTOSAR architecture in the sensors and actuators used in
automotive [4]. This method allows us to connect the basic sensors/actuators
directly to the communication busses in the car, which will make the data pro-
vided/consumed by them directly available to all ECUs. The validation of the
proposed model was made by using a Xilinx Spartan 7 FPGA electronic de-
vice [5].

10.2 Architecture of a car
10.2.1 Hardware overview

Currently, each functionality within a car is controlled by means of one or more
electronic control units that are based on a microcontroller-type processing unit.
These ECUs perform basic functions such as braking, steering, or engine power
control systems. In addition to these basic systems, indispensable for the op-
eration of a vehicle, more and more is being invested in the direction of the
realization of self-driving vehicles and electric vehicles. This leads to more com-
plex software applications and to an increase in the number of ECUs that interact
in the car (Fig. 10.1).

The current distributed architecture of cars lays into the model presented in
Fig. 10.2 [6]. This architecture evolved from the first generation of electronically
controlled vehicles with independent ECUs control isolated functions inside the
car. The second generation exposes an architecture in which several ECUs were
organized in a cluster to control a specific functionality. Only one ECU in a
cluster was responsible for data communication with another ECU placed in
a different cluster (one-to-one communication). In the third generation the com-
munication between clusters of ECUs is coordinated either by an ECU or by a
central gateway.
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FIGURE 10.1 Functionalities inside a car.
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FIGURE 10.2 Evolution of the car architecture in automotive [6]. Exhibited from “Automotive
software and electronics 2030 Mapping the sector’s future landscape”, July 2019, McKinsey &
Company, www.mckinsey.com. Copyright (c) 2022 McKinsey & Company. All rights reserved.
Reprinted by permission.

There is a trend in that, until 2030, the car architecture will evolve from a
decentralized architecture towards more centralized systems. The fourth gener-
ation (Fig. 10.3), on which automotive companies are working already, will
be domain centralized. In this architecture a domain controller (DCU) will
communicate with specialized ECUs and will be able to handle more complex
functions.

The aim of the fourth generation is to prepare the transition to the fifth gener-
ation (Fig. 10.4), in which the control unit runs functions or services of different
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Domain
centralized Central gatoway

Domain
controller

— Central domain controller
— Ability to handle more complex functions

— Consolidation of functions (cost
optimization)

FIGURE 10.3 The fourth generation of the car architecture based on domain controllers [6]. Ex-
hibited from “Automotive software and electronics 2030 Mapping the sector’s future landscape”,
July 2019, McKinsey & Company, www.mckinsey.com. Copyright (c) 2022 McKinsey & Com-
pany. All rights reserved. Reprinted by permission.

functionalities. Such a control unit will have an advanced operating system (like
Linux) able to manage a more complex hardware like HPC (High Performance
Computer). We are in the digital age where mobile phones and mobile appli-
cations have become irreplaceable for the current generations. This has also
influenced the functionalities in current cars, and we expect that in the future,
most of these applications will be found directly in the car. This will increas-
ingly influence the hardware and software structure of the control subsystems in
the car.

Vehicle
centralized

Infotainment

— Virtual domain
— Limited dedicated HW
— Ethernet backbone

— Complex functions, high
performance computing

Actuator

FIGURE 10.4 The fifth generation of the car architecture based on virtual domains [6]. Exhibited
from “Automotive software and electronics 2030 Mapping the sector’s future landscape”, July 2019,
McKinsey & Company, www.mckinsey.com. Copyright (c) 2022 McKinsey & Company. All rights
reserved. Reprinted by permission.

Despite of the car architecture, the electronic or domain control units are
connected to each other directly or through gateway type units. Gateway units
have the role of allowing the transfer of information from one communication
network to another communication network regardless of the communication
protocol used by these networks. Currently, the communication protocols most
often used in automotive are LIN (Local interconnection network), CAN (Con-
troller Area Network), and/or CAN-FD (CAN with flexible data rate), FlexRay
and Ethernet.

LIN is a serial communication protocol (ISO/AWI 17987-8) between car
components. It is based on a single electric wire through which data can be trans-
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mitted at a maximum speed of 19.2 kbps on a bus with a maximum length of 40
meters. The protocol works on the master—slave principle. Only the master node
can initiate communication at a given time, the slave component responding to
its request. Using the LIN protocol, an ECU (master) can be interconnected with
a maximum of 15 slave nodes (for example, sensors that have a LIN interface).
The detailed structure of the LIN frame is shown in Figs. 10.5 and 10.6. The
frame header contains 4 fields (Fig. 10.5): synchronization break field (at least
13 bits), a delimiter (1 bit), synchronization field (value 0x55), and protected
identifier field (PID) having 10 bits, one start bit, eight ID bits, and one stop
bit. This frame header is sent on the LIN bus by the master node to initiate the
communication. All the slaves receive the frame and based on the PID field, will
decide if they must answer or not. The frame response is filled by one slave only,
with maximum 8 bytes of data (Fig. 10.6).

The CAN/CAN-FD protocols (ISO 11898/ISO 11898-1) allow the intercon-
nection of several master ECUs that can initiate communication on the bus
(message-driven multi-master protocol). The messages transmitted on the bus
are characterized by a maximum length of 8 bytes (CAN), respectively 64 bytes
(CAN-FD). Within the message, an identifier is defined that allows prioritizing
access to the bus.

Frame Header Frame Response

/

Synchronization DEL Synchronization

Break Field Field (0x55) PID Field

FIGURE 10.5 Structure of a LIN frame: header details.

Frame Header Frame Response

Data Field

R
(max. 8 Bytes) CRC

FIGURE 10.6 Structure of a LIN frame: response details.

In the case of concurrent transmissions, the bus will be won by the ECU that
will transmit the message with the lowest identifier (as value). The CAN proto-
col allows data transfer rates of maximum 1 Mbps, whereas CAN-FD supports,
in the data rate phase, a data transfer rate of up to 5 Mbps. The CAN/CAN-FD
frame is presented in Fig. 10.7. The fields inside the frame have the following
meaning:
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Data Field CRC

SOF | Arbitration Field | Control Field (max. 8/64 Bytes)| sequence

DEL| ACK | DEL | EOF | ITM

FIGURE 10.7 Structure of a CAN/CAN-FD frame.

e Start of Frame bit (SOF)

e Arbitration field contains an identifier (11 bits) or an extended identifier (29
bits) of the message

e Control field basically contains the data length code (DLC), which specifies
the length of the data (in bytes). This value is coded in case of a CAN-FD
frame for data lengths greater than 8 bytes

e Data field represents the data to be sent on the bus. CAN frames can transport
up to 8 bytes of data, whereas CAN-FD frames up to 64 bytes of data

e CRC field is computed by the hardware driver itself over the previous fields
in the frame (excepting SOF)

e Acknowledge bit (ACK) is used by all receiving nodes on the network to
signalize that the frame on the bus can be received with no errors

e End of frame bit (EOF)

e DEL bits represent delimiters between ACK and EOF bits

e Intermission (three bits) represent the delimiter between two consecutives
frames on the bus. This is the minimum time needed between current frame
and SOF bit of the next frame (usually, the communication bus will go idle
between two consecutive frames)

The FlexRay protocol (ISO 17458-1 to ISO 17458-5) is a high-speed (up to
10 Mbps) fault-tolerant protocol. FlexRay is a time-driven protocol organized in
repetitive cycles of five milliseconds each. The FlexRay communication cycle
consists in 64 cycles (Fig. 10.8). From timing perspective a cycle is split into
four parts: static segment, dynamic segment, symbol window, and network idle
time (NIT). Periodic messages are transmitted in the static segment, whereas
those generated by events are transmitted in the dynamic segment. The symbol
window is used to transmit collision avoidance symbol to indicate the start of the
first communication cycle initiated by a node. The NIT part is used to separate
two 5-ms consecutive cycles.

Communication Cycle (repetitive)

Cycle0 Cycle 1 Cycle 63
elo =|_ elo == wlo ==
3 e N R . o E|E [z 3|
s Ele e Bl S |z g€ € TVl &S| = — e e - ®m E|l® £ Tl =
s c Ec| =z |8 c Ec| = = c Ec| =2
“3ledlas| T P 2laslas {1 =
wv wv wv wv wv wv

FIGURE 10.8 Communication cycle on FlexRay protocol.
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The FlexRay frame (Fig. 10.9) consists of a header, a payload, a trailer, and
a channel idle delimiter (CID). The header field is used in identifying the type
of the frame, the slot of time allocated inside of a 5-ms cycle, or the transported
data length.

Payload

Trail cp
(max. 254 Bytes) raver

Header

FIGURE 10.9 Structure of a FlexRay frame.

The payload field contains the data to be transported (up to 254 bytes). The
trailer contains a CRC calculated by the hardware driver over the entire frame.
An ECU connected to the FlexRay bus has an internal clock that is permanently
resynchronized with the other ECUs. In this way, all ECUs on the FlexRay bus
are synchronized with each other, and the operating system can use this tim-
ing to activate its own software tasks. For this reason, the FlexRay protocol is
used in applications that claim a high degree of safety in the automotive indus-
try.

The Ethernet protocol was introduced in automotive because of the need to
allow higher transfer rates and large amounts of data, especially in situations
where video cameras are integrated into the system. In the future, this protocol
will be used, for example, to support wireless communication between intercon-
nected cars in traffic in the case of autonomous driving.

The communication in Ethernet networks is based on packets. A packet con-
sists of 7 bytes of preamble (filled with 0x55 values), a start frame delimiter
(SFD) on 1 byte (0xD5), and an Ethernet basic or tagged frame (Figs. 10.10
and 10.11). The Ethernet basic frame (Fig. 10.10) contains MAC addresses for
sender and receiver, the type of the frame (basic or tagged), the data to be trans-
ported (46—1500 bytes), a padding field (PAD) to ensure the minimum length of
the data (or the frame), and the CRC field calculated by the hardware driver over
the entire frame. In addition, the Ethernet tagged frame (Fig. 10.11) contains the
VLAN tag field to specify a virtual network. Although it was adopted in auto-
motive to replace the FlexRay protocol, Ethernet is used in non-safety critical
applications.

Ethernet Packet

Ethernet Basic Frame

Receiver Sender MAC Type Data

Preamble | SFD MAC address address Field (46-1500 Bytes)

PAD CRC

FIGURE 10.10 Structure of an Ethernet basic frame.
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Ethernet Packet

Ethernet Tagged Frame

Sender MAC
address

Receiver

Preamble | SFD MAC address

PAD I CRC

VLAN Type Data
Tag Field (46-1500 Bytes)

FIGURE 10.11  Structure of an Ethernet tagged frame.

10.2.2 Safety overview

Automotive applications inside of a car are designed to handle non-safety- or
safety-related functionalities. Safety in automotive is related to the injuries that
can occur in case of a malfunctioning of a system inside of the car [2]. ISO
26262 specifies several safety levels (ASIL, Automotive Safety Integrity Level)
to be fulfilled by a hardware/software/system defined for every controller in
automotive. Each controller is ranked according to the determined ASIL level
on the analysis phase; this level is strictly related to the following factors (Ta-
ble 10.1): severity (damages in case of system failure), exposure (probability of
failure occurrence), and controllability (the control degree of the system made
by the driver or external actions).

TABLE 10.1 Levels of safety factors used to determine the ASIL level in auto-
motive applications.

Severity Exposure Controllability
SO No injuries EO Incredibly unlikely CO Controllable in general
S1 Light to moderate E1  Very low probability  C1 Simply controllable
injuries (injury could happen
only in rare operating
conditions)
S2 Severe to E2 Low probability C2  Normally controllable
life-threatening (most drivers could act
(survival probable) to prevent injury)
injuries
S3 Life-threatening E3  Medium probability = C3  Difficult to control or
(survival uncertain) to uncontrollable

fatal injuries
- = E4 High probability - =
(injury could happen
under most operating
conditions)

Four ASIL levels denoted from A to D are defined in ISO 26262. ASIL A
is the minimum level of risk, and ASIL D is the maximum. The standard also
defines an additional level for not safety relevant applications, QM (Quality
management). The ASIL level of an automotive application (ECU) is deter-
mined by correlating all the factors defined in Table 10.1 and using the matrix
depicted in Fig. 10.12.
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FIGURE 10.12 Determining the ASIL level based on severity, exposure, and controllability [2].

Another cause that can affect the integrity of automotive safety is given by
external cyber-attacks, which are becoming more frequent since cars will be in-
creasingly connected externally via the Internet. These tendencies to penetrate
the safety mechanisms in the car must be prevented and stopped by specific cy-
bersecurity mechanisms. The AUTOSAR standard already provides prevention
and protection mechanisms against external attacks. The hardware also comes
with support for the implementation of these cyber-security mechanisms. Soon
all cars will have these protection mechanisms implemented as a standard.

10.2.3 Software overview

The complexity of the automotive software requires hardware resources able to
perform many tasks in parallel having limited resources of computing power
and memory. The current ECUs are based on multicore processors integrated
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inside microcontrollers. The management of an ECU is performed by a mul-
ticore real-time operating system (RTOS). The software that controls an ECU
must be robust to fulfill the ASIL level required by its functionality. The robust-
ness can be achieved if the software is standardized, which in turn will improve
the performance and ensure the required level of safety. This is the reason why
the automotive manufacturers defined a standardized software architecture AU-
TOSAR to be used in automotive applications [7].

AUTOSAR is a layered software architecture with benefits in decreasing the
dependence between hardware and software, decoupled software development,
and software reusability. Currently, two platforms of AUTOSAR are defined,
Classic Platform (CP) and Adaptive Platform (AP).

The AUTOSAR Classic Platform (CP) is used for embedded systems with
hard real-time and safety constraints, whereas AUTOSAR Adaptive Platform
(AP) is used for high-performance computing (HPC) to build fail-operational
systems (e.g., autonomous driving) [4].

The layered software architecture defined in AUTOSAR Classic Platform is
depicted in Fig. 10.13 [8]. There are three main software layers: Basic Software
layer (BSW), Runtime Environment (RTE), and Application Software layer
(ASW). BSW layer is used for controlling the hardware of the ECU and to
provide services for: communication, diagnostics, safety assurance, or access to
different types of memories (Fig. 10.14). Microcontroller abstraction layer con-
tains software drivers with direct access to the microcontroller (MCU) and its
peripherals. By using this layer the higher software layers will be independent
of MCU. ECU abstraction layer provides a set of APIs for access the periph-
erals/devices regardless of their location (MCU internal/external) and may con-
tain drivers for external devices. The service layer provides basic services for
BSW and ASW like OS functionality, network management and communica-
tion, memory management, diagnostics, state management, etc.

Application Layer

Basic Software (BSW)

Microcontroller

FIGURE 10.13 AUTOSAR classic layered software architecture [8].
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Application Layer

Runtime Environment

Services Layer

. Complex
ECU Abstraction Layer Drivers

Microcontroller Abstraction Layer

Microcontroller

FIGURE 10.14 A view inside BSW layer in AUTOSAR classic [8].

AUTOSAR runtime environment (RTE) is a “glue” layer that allows commu-
nication between BSW and ASW modules called software components (SWCs),
states transitions, tasks mapping, and more. Using this layer creates indepen-
dence between basic and application software development. The AUTOSAR
metamodel is a necessary input for both parties involved in development of the
mentioned software layers (BSW and ASW). This metamodel contains the inter-
faces, ports, runnable, and other structures used in BSW/ASW communication
and is also used as input for RTE software generation process. For this genera-
tion, there are several applications on the market [9] developed by automotive
stakeholders like Vector, Elektrobit, Continental, etc.

The AUTOSAR Adaptive Platform (AP) provides mechanisms for high-
performance computing [10]. The need to define a new automotive architecture
arose due to the significant increase in computing power required to imple-
ment complex functionalities (including algorithms for artificial intelligence
or software update using over-the-air protocols). In the current ECUs the in-
crease in computing power was made by increasing the number of cores, re-
sulting in a homogeneous processing of applications. The AUTOSAR Classic
Platform already offers multicore synchronization mechanisms, but the future
generations of machines will use heterogeneous multicore systems composed
of co-processors, GPUs, FPGAs, and accelerators to process applications. Het-
erogeneous processing is exploited by current HPC systems to increase the
processing performance; the automotive industry must turn to these modern sys-
tems to achieve the proposed goal of creating intelligent cars.

The AP consists of two main parts (Fig. 10.15): AUTOSAR Runtime for
Adaptive Applications (ARA) and Adaptive Applications (AA), which consist
of user applications and customized services. ARA consists of functional clus-
ters like operating system, communication management, cryptography, etc. and
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provide C++ interfaces so far. The operating system in this case is required to
provide multi-process POSIX OS capability (e.g., Linux).

Service Service

Non-platform Non-platform
service service

Application ’ Application ‘ Application

User Applications

AUTOSAR Runtime for Adaptive Applications (ARA)

Adaptive Platform Foundation Adaptive Platform Services
= > g Update &
REST Configuration Diagnostics
Management
— BT T
Identity Access c Signal-2-Service
Mapping Mmmemsm
Platform Health Logging and
Management Tracing
Operating
System API
Time
Synchronization

FIGURE 10.15 AUTOSAR adaptive software architecture [10].

10.3 Communication stack in AUTOSAR

Regardless of the integrated control units (ECUs or DCUs) and the AUTOSAR
platform used in development, there is a need to ensure communication with
the other hardware entities in cars. AUTOSAR platforms specify standards of
communication modules that must meet the ASIL safety level demanded by the
controlled functionality.

Communication stack (COM) is used to implement the logical communica-
tion between control units in a car. It consists of three different modules placed
in BSW layers: communication drivers, communication hardware abstraction
(interfaces), and communication services (Fig. 10.16). Communication drivers
represent software modules that have protocol-specific implementations and
that control the protocol-specific hardware (e.g., LIN, CAN, FlexRay). Com-
munication hardware abstraction is a group of modules (protocol-specific) that
provide an equal mechanism to access a bus channel regardless of its location
(on-chip / on-board) [8]. Communication services consist of a set of software
functions used to send/receive data, pack/unpack signals in/from a message,
etc. These services are independent on the bus channel or the used protocol in
communication.
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FIGURE 10.16 BSW COM stack in AUTOSAR classic [8].

From the safety point of view the communication between ECUs must be
protected on the two levels, hardware and software. Communication is protected
on the hardware level by using a specific bus driver (ASIC). As an example,
in case of a transmission ordered by the communication layer, this integrated
circuit will pack the message (Data Field) into a frame to be sent on the bus
as defined by the standard protocol. On the receiving side the error detection
is made in hardware, based on the CRC (Cyclic Redundancy Code) Sequence
field.

The hardware verification mechanism is not enough from the safety perspec-
tive. As an example, a received message (Data Field in frame) can be validated
on the destination. As a result, it will be provided to the software modules
in the communication stack, which in turn will provide the received data to
ASW. In such case the data received and validated by the hardware can be al-
tered along the transfer between software modules due to several factors: wrong
configured identifiers, wrong configuration of the message inside AUTOSAR
modules, wrong configured data paths, etc. To prevent such faults and to en-
sure the required safety level, AUTOSAR introduced a mechanism responsible
with communication protection on the software level, end-to-end communica-
tion protection (E2E).

10.4 End-to-end protection (E2E) in AUTOSAR embedded
applications

10.4.1 End-to-end (E2E) communication protection in AUTOSAR

End-to-end communication concept was first presented in 1973 by Branstadt
[11]. The concept has been implemented on the large scale into banking appli-
cation systems for high-level auditing procedures as a matter of policy and legal
requirement [12]. The E2E concept evolved over the years, and the number of
areas of applications has been increased. Therefore E2E has been adopted by
the industry as a standardized functions library. This library contains algorithms
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for data protection; the responsibility for the correct use of the library lies with
the calling software module.

Using AUTOSAR E2E library in software development guarantees a higher
level of safety communication and allows the runtime detection of either hard-
ware or software-related errors (Fig. 10.17).

Typical sources of interferences,
causing errors detected by E2E
protection:

SW-related sources:

S1. Emor in mostly generated RTE,
S2. Emor in partially generated and
partially hand-coded COM

$3. Enror in network stack

S4. Enor in generated 10C or OS

HW-related sources:

H1. Fallure of HW network

H2. Network electromagnetic
interference

H3. Microcontroller failure during
context switch or on the
communication between cores

Microcontroller 2
Microcontroller 1/ECU 1 1ECU2

FIGURE 10.17 Examples of faults mitigated by E2E protection in AUTOSAR applications [14].

The protection realized by E2E library consists of computing the CRC over
the data to be sent/received in BSW [13,14]. E2E data protection is based on the
CRC calculation method defined in CRC-8-SAE J1850 standard [15,16], which
specifies computing procedures for different lengths of the CRC (8-bit, 16-bits,
24-bits, etc.). According to the E2E standard, the data must contain a counter
incremented on each transmission. This counter will be used on the destination
for timeout detection (incomplete received sequence of data) [17,18]. Moreover,
to calculate the CRC, a data identifier is needed (fixed value defined for the
application). This data ID can be implicitly or explicitly transmitted on the bus.

E2E defines several profiles to be used in AUTOSAR applications:

e E2E Profile 1 (1A, 1B, and 1C variants) with 8-bits CRC, 16 bits of data
ID used for CRC computation (implicit or explicit transmitted on the bus),
a 4-bits Counter (for timeout detection), using the polynomial value Ox1D
(Figs. 10.18 and 10.19).

e E2E Profile 2—-8-bits CRC, a list of 8-bits data ID addressed by the Counter,
4-bits Counter, the polynomial value Ox2F.

e E2E Profile 4-32-bits CRC, 32-bits data ID explicitly transmitted on the bus,
16-bits Counter, the polynomial value Ox1F4ACFB13.

e E2E Profile 5-16-bits CRC, 16-bits data ID implicitly transmitted on the bus,
8-bits Counter, the polynomial value 0x1021.
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areas OxF, excluding CRC byte itself)

FIGURE 10.18 Message content according to E2E Profile 1A (implicit transmission of Data ID)
[13].
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areas OxF, excluding CRC byte itself)
*) Low nibble of High byte of Data ID

FIGURE 10.19 Message content according to E2E Profile 1C (explicit transmission of Data ID)
[13].

e E2E Profile 6-16-bits CRC, 16-bits data ID implicitly transmitted on the bus,
8-bits Counter, the polynomial value 0x1021, 16-bits-length field for variable
length data.

The principle of using E2E mechanism in AUTOSAR is depicted in Fig. 10.20.

On the sender side the data to be transmitted is protected by calling E2E_Pro-
tect function that will increment the counter signal (Counter) and will calculate
the CRC over the entire data, including Counter.

The message sent on the bus will contain, along the data produced by the ap-
plication (BSW or ASW), also the calculated CRC and Counter. On the receiver
side a similar E2E mechanism is applied. The consumer will call E2E_Check
function that will check the Counter to be in the right sequence (for timeout de-
tection) and will calculate the CRC over the received data (excluding received
CRO).

Finally, it compares the calculated CRC against received CRC; if these val-
ues are equal, then the data is safe to be used, and otherwise it is not. The result
is communicated to the consumer application that will use the data or not ac-
cording to the safety requirements.

10.4.2 Migrating E2E communication protection library in hardware

10.4.2.1 Hardware E2E module for basic sensors

At this time the basic sensors in automotive are connected directly on an ECU
through a standard interface like SPI, 12C, PSI5, ADC, etc. (Fig. 10.21) [19]. In
this case the physical data is read by the ECU1, which transforms and protects
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FIGURE 10.20 E2E communication protection principle in AUTOSAR [13].

the data (using E2E mechanism) to use it and to be sent on the configured bus
channel. The other ECUs will read the data from the bus, will check the E2E sta-
tus, and if the latter is valid, then will use it inside the BSW or ASW according
to the specification.

Sensor

Standard
—interface ] ECU 1 ECU 2 ECUn

LIN, CAN or Flexray

FIGURE 10.21 Connection of a basic sensor inside the car.

The aim of this chapter is to design and evaluate an E2E hardware module
for basic sensors [20,21] able to send E2E protected data on an automotive com-
munication bus. Fig. 10.22 depicts the integration of the proposed sensor in an
automotive communication network.

A customized message provided by the sensor has been defined. It includes
CRC, Counter fields (according to the E2E Profile 1A), and Signal A, which rep-
resents the raw value of the physical value measured by the sensor. The format
of the message on the bus is depicted in Fig. 10.23. For example, a mapping of
this customized message on a CAN/CAN-FD frame is presented in Fig. 10.24.
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ECU 1 ECU 2 ECUn
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FIGURE 10.22 Basic sensor with E2E protection communicating on an automotive network.

Byte 0 1 2
7 017 017 0
Bit|7 0|15 8123 16
CRC - 8 bits Counter - 4 bits Signal A - 8 bits
FIGURE 10.23 Sensor message format according E2E Profile 1A.
Arbitration | Control Data Field CRC
SOF Field Field (3 Bytes) Sequence DEL | .ACK | DEL. ] EOF] TV
/ \
v \
I/ \\
Byte[ 0 | 1 [ 2 |
7 0|7 0|7
Bit|7 0|15 8j23 1

| CRC-8bits | Counter-4bits | SignalA-8bits |

FIGURE 10.24 Example of a CAN/CAN-FD frame containing the sensor message (E2E Profile
1A).

To realize the integration of the new sensor into an automotive network,
several changes are required:

e The sensor must have a converter able to transform physical value into raw
value (logic value) for generating Signal A.

e Add logic able to handle the Counter value (rolling value).

e Add logic able to provide the Data ID (fixed value).

e To implement a fast CRC calculation algorithm, the sensor must have an
internal ROM memory to store a look-up table with 256 elements [22]. The
look-up table values will be used in XOR operations for generating the CRC.

e Adding a hardware bus driver/transceiver (LIN, CAN or FlexRay) used in
communication on the bus (this is not in the scope of this chapter).

The CRC computing algorithm is performed by the sensor according to the E2E
Profile 1A specifications. The logic diagram of the algorithm is presented in
Fig. 10.25.
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FIGURE 10.25 Logic diagram of CRC computing algorithm (E2E Profile 1A).

10.4.2.2 Detailed design of hardware E2E module

A field programmable gate array (FPGA) is an integrated circuit able to be pro-
grammed using a hardware description language (HDL) to be used for custom-
specific applications. An FPGA contains an array of hierarchical configurable
logic blocks (CLBs) and reconfigurable interconnects, which can be configured
according to the desired application [23].

The Xilinx Vivado 2021.2 tool [24] has been used to design, synthesize, val-
idate, and integrate the E2E module in an FPGA device. Vivado allows the user
to design the hardware using basic block elements like basic registers, logic
gates, ALU units, etc. Moreover, Vivado allows the user to develop new logical
blocks (user customized) by supporting VHDL and Verilog hardware descrip-
tion languages. After the design phase, the user have the possibility to simulate
the design, to analyze the results, to synthesize it onto FPGA, and finally to run it
directly on an FPGA device [25,26]. The results presented in this chapter were
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obtained using a Xilinx Spartan 7 FPGA device, which is the highest density
device of the Spartan-7 family [27].

The block diagram of the E2E module for basic sensors is presented in

Fig. 10.26 and consists in input buffers (Data ID and Signal A), clock generator,
a 4-state machine, a CRC computing logic (including look-up table), and output
buffers for generated signals (CRC, Counter, and Signal A).

Sys Clk

Clock generator

Clk

Data ID input ' "
buffer H '
' 1
A 2 H '
J ! H Bus
Counter signal i ' H Channel
State machine| CRC 8 ' Counter ' Bus
(4 states) computing logic [ ’ output buffer | [ ”| driver LIN i
Signal A input : g/:!:lr'a
buffer CRC Look-up || ! Signal A H y
table ——> \gna T
! output buffer | }
T T W /

FIGURE 10.26 Block diagram of the E2E module for basic sensors (Profile 1A).

The 4-state machine controls the CRC computing logic. The meanings of the

states mentioned in Fig. 10.25 are as follows:

State O: the initialization value is read from the LUT based on the Data ID
and start value OxFF.

e State 1: the first intermediary CRC is calculated.
e State 2: the second intermediary CRC is calculated using Counter value.
e State 3: the final CRC value is calculated using Signal A and stored onto the

output buffer.

Each state contains four-clock cycles along the value of the CRC is calculated
(Fig. 10.27):

Clock 0: the address of a location in look-up table (LUT) is calculated (XOR
operation)

Clock 2: the data addressed in the LUT is read and provided in an internal
buffer for the next step (state)

Clock 3 on state 3: the final values of the CRC, Counter, and Signal A are
stored into output buffers. In this step the values of the signals are ready to be
processed by the bus driver to be sent on the communication bus.

There are five steps necessary to be performed in Vivado tool to implement the
E2E hardware module in FPGA (Figs. 10.28, 10.29, 10.30):
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FIGURE 10.27 Waveforms of the cycles of states and CRC values (E2E Profile 1A).

1. Create block design based on the block diagram (Fig. 10.26). The design
contains predefined or customized logical blocks. Verilog hardware descrip-
tion language has been used in designing the E2E module to describe the
run-time libraries (RTL) of inner customized blocks. The detailed design of
the CRC 8 computing logic block (Fig. 10.26) is shown in Fig. 10.28.
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FIGURE 10.28 Block design of the E2E module for basic sensor. A view inside CRC8 computing

logic block.

2. Create elaborated design. In this phase the block design is mapped on stan-
dard logical basic blocks (Fig. 10.29).
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FIGURE 10.29 Elaborated design of the E2E module for basic sensor. A view inside Data_selec-
tor_1 block.

3. Synthesize the design. The next step consists in mapping the synthesized
design onto the FPGA structure. Logical basic blocks are mapped onto the
configurable logic blocks (CLBs) inside the configured FPGA in the project.
The schematic is complex and hard to depict in one figure.

4. Implement the design. The synthesized design is placed into FPGA onto spe-
cific CLBs. In this phase, it is possible to make changes related to placement
of the modules inside FPGA area. Fig. 10.30 depicts the implemented de-
sign inside Xilinx Spartan 7 FPGA, where the CLBs are marked with black
rectangles.

5. Generate the bitstream and program the FPGA. It is necessary to have the
development kit connected to the computer and to “write” the generated
bitstream inside the FPGA device.

E2E block design is based on profile 1A, in which Datald is contained by the
CRC. Other E2E profiles require Datald to be explicitly sent to the bus, which
leads to change of the design (due to the change of the sensor message).

10.4.3 Experimental results and discussions

The simulation of the E2E module (Vivado tool) is based on a clock signal with
a period of 62.5 microseconds. Using this timing, the sensor will send a message
on the bus on every millisecond, which is a reasonable data rate for a CAN bus
for example. The results reflect the functionality of the E2E module. Generation
of Signal A and the implementation of the bus driver are outside the scope of
this chapter. The range of the Counter signal is 0x00. . . 0xOE (0xOF represents an
invalid value). Signal A had a constant value OxAS5 during the experiments and
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FIGURE 10.30 Implemented design of the E2E module in Xilinx Spartan 7 FPGA.

is represented on 8 bits (see Fig. 10.23), whereas Data ID was set to value 1. The
output of the hardware module E2E are presented in Table 10.2 and Fig. 10.31.

These results were validated also using a different environment based on
Vector CANalyzer tool [28]. In this environment the computer is the sender (via
a Vector VN 7610 hardware), whereas the receiver (and checker) is a real ECU.
The communication is made using a real CAN network. The values provided by
the software E2E library, implemented on computer using the CAPL scripting
language [29], were captured from the real CAN bus. Fig. 10.32 represents the
waveforms of the signals captured on the CAN bus (the values of the signals are
displayed in decimal), whereas Fig. 10.33 shows the data values of the signals
(hexadecimal representation).

A comparison of the data shown in Table 10.2 and Fig. 10.33 shows that the
values are similar, which validates the proposed hardware model designed in
Vivado tool. Also, on the receiver side the ECU reported no errors on checking
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FIGURE 10.31 Waveforms of output signals CRC, Counter, and Signal A obtained by simulating
the E2E hardware model.
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FIGURE 10.32 Waveforms of the signals CRC, Counter, and Signal A captured on a real CAN
bus.

the E2E status of each received message, which means that the values generated
by the E2E module are correct.

The utilization rate of the CLBs of FPGA is presented in Fig. 10.34. It is
observed that for E2E hardware module, there is a need of 46 look-up-table
(LUT) elements for logic blocks, 30 Flip-Flop registers, 1 block RAM, and 54
IO pins.

Having in view that one CLB inside Xilinx Spartan 7 FPGA contains 8
LUTs, 16 Flip-Flop registers, and 256 bits of RAM [27], it results in that there
is a need of 13 CLBs (Fig. 10.30) to integrate E2E module in FPGA. It is worth
mentioning that the implementation of an E2E module able to handle more than
2 bytes of data will require supplementary hardware resources.

The results presented in this chapter were obtained using a Xilinx Spartan
7 FPGA device placed on Spartan-7 SP701 Evaluation Board (Fig. 10.35). The
SP701 evaluation board is based on the XC7S100FGGA676 device, a member



238 PART | Il Motion control and autonomous robots as a challenge

TABLE 10.2 Output values of CRC,
Counter, and Signal A.

Cycle CRC Counter  Signal A

0 0x55 0x00 OxA5

1 0x19 0x01

2 0xCD 0x02

3 0x81 0x03

4 0x78 0x04

5 0x34 0x05

6 OxEO 0x06

7 0xAC 0x07

8 OxOF 0x08

9 0x43 0x09

10 0x97 0x0A

11 0xDB 0x0B

12 0x22 0x0C

13 Ox6E 0x0D

14 0xBA OxOE
=} 2,110747 CAN 1 100 Sensor CAN Frame Tx 3 55 00 AS
(34 2.120613 CAN 1 100 Sensor CAN Frame Tx 3 19 01 AS
(34 2.130517 CAN 1 100 Sensor CAN Frame Tx 3 CD 02 AS
[=4 2.140601 CAN 1 100 Sensor CAN Frame Tx 3 81 03 AS
[=4 2.150555 CAN 1 100 Sensor CAN Frame Tx 3 78 04 AS
[=4 2.160705 CAN 1 100 Sensor CAN Frame Tx 3 34 05 AS
[=4 2,170589 CAN 1 100 Sensor CAN Frame Tx 3 EO 06 AS
[=4 2.180543 CAN 1 100 Sensor CAN Frame Tx 3 AC 07 AS
(=4 2.190541 CAN 1 100 Sensor CAN Frame Tx 3 OF 08 A5
[=4 2.200537 CAN 1 100 Sensor CAN Frame Tx 3 43 09 AS
(=4 2.210487 CAN 1 100 Sensor CAN Frame Tx 3 97 DA AS
(=4 2.220509 CAN 1 100 Sensor CAN Frame Tx 3 DB 0B AS
[=4 2,230497 CAN 1 100 Sensor CAN Frame Tx 3 22 0C A5
(=4 2.240573 CAN 1 100 Sensor CAN Frame Tx 3 6E 0D AS
[=4 2.250649 CAN 1 100 Sensor CAN Frame Tx 3 BA OE AS

=

FIGURE 10.33 Data values generated by the software E2E library on the real CAN bus.

of the Xilinx 7 series FPGA family. It is optimized for low cost, low power, and
high I/O performance.

The board comes with advanced high-performance FPGA logic based on real
6-input look-up table (LUT), 36-Kb dual-port block RAM, support for DDR3L
interface up to 1866 Mb/s, XADC with 12-bit 1 MSPA ADC with on-chip ther-
mal and supply sensors, and powerful clock management tiles (CMTs). The
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FIGURE 10.34 Utilization rate of the Xilinx Spartan 7 FPGA resources.

board is designed for high performance and lower power with a 28 nm, 1 V core
voltage process [30].

The standard AUTOSAR E2E library is used in automotive applications to
guarantee the safety of the communication in automotive networks. Right now,
this mechanism is implemented in software on sender and receiver sides. This
chapter presents a hardware model of the software AUTOSAR EZ2E library for
using it inside of the basic sensors in automotive. The new hardware module will
allow the sensor to send the protected data according to the safety requirements
in communication with the ECUs via the automotive network (Fig. 10.22). This
new approach has the advantage that all the ECUs will have direct access to the
protected data provided by the sensor. In this case, there is no need for a specific
ECU to compute the values of the protection signals (CRC and Counter) in
software and to forward it towards other ECUs (nodes) into the network. This
mitigates the risk of error occurrence in software or incorrect message sending
on the bus.

Regarding the timing, the output data rate of the model depends on the data
rate on the communication bus (LIN, CAN, or FlexRay), which is few millisec-
onds or tens of milliseconds. Either SW or HW implementation must fulfill these
timings; in both cases the internal timing of producing data is not relevant for
the performance itself as long as this timing is not greater than the data commu-
nication rate. Another advantage is that the new sensors can be placed anywhere
inside the car because they can provide data straightforward onto the communi-
cation bus. In case of accelerations sensors for example, they are placed in some
cases directly on the ECU, and this ECU should be placed in the car on a certain
position to be sure that they make the right measurements. By using the new
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FIGURE 10.35 Spartan-7 SP701 Evaluation Board [30].

sensor the placement of the ECU is not a constraint. It is important in this case
that only the sensor (small size) is placed on the right position.

10.5 Conclusions

After all of work, the conclusion is that the AUTOSAR E2E protection commu-
nication mechanism is feasible to be implemented in hardware since, in case of
a message of 3-bytes length (3 signals) in FPGA, it requires 46 look-up-table
(LUT) elements for logic blocks, 30 Flip-Flop registers, 1 block RAM, and 54
10 pins. The utilization rate of the internal modules of FPGA is 0.1%, whereas
for CRC look-up table, it is 0.83%, and for I/O pins, it is 13.5%. By increas-
ing the number of bytes/message only the utilization rate of internal modules
will be affected (increased number for Flip-Flop registers) since the CRC look-
up table and I/O pins will remain the same. The proposed hardware is able to



Safety automotive sensors and actuators with E2E Chapter | 10 241

provide data on each millisecond (using a clock of 62.5 microseconds), which
is an acceptable data rate for CAN communication. This data rate can be ad-
justed (according to the requirements) by increasing the clock timing inside of
the FPGA.

Future work will consist in designing an E2E module able to process many
signals of a message for calculating the CRC, which will have impact on the
hardware complexity (e.g., a memory module to store the signals is needed).
Computing the final CRC value will require many clocks per state in the 4-state
machine (1 clock/byte). Another direction in this research to improve the pre-
sented concept is to migrate all the E2E defined profiles into the hardware on
the sending site [31]. Moreover, there is room to exploit this experience to also
integrate the checking part on the receiver side, e.g., by the integration of an
E2E checking module into actuators. The new models of actuators can benefit
by such a hardware module to check the safety data received from the commu-
nication bus.

Another direction in future research is investigation of the possibility to inte-
grate the E2E protection mechanism along with the communication driver inside
an FPGA [32] and make qualitative and quantitative evaluations of the new hard-
ware. If the results will fulfill the expectations, then the proposed model could
be directly used as a baseline of future sensors/actuators in automotive industry.
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Drones overall will be more impactful than I think people recognize, in posi-
tive ways to help society.

—Bill Gates

Autonomous unmanned aerial systems are technologically advanced
aircrafts that operate without a pilot aboard. They can be used by the mil-
itary and law enforcement to monitor vantage points, transmit real-time
video surveillance, and even conduct reconnaissance missions at a frac-
tion of the cost of manned aircraft. Many people associate drones with
unmanned aerial vehicles used by the U.S. military. These aircraft are of-
ten called drones because of the drone aircraft that make up their bases
[1]. However, there are other types of drones as well. For example, sen-
sor platforms are also often called drones since they are unmanned aerial
systems that carry sensors for collecting data. There is also a distinction
between unmanned aerial systems (UAS) and unmanned ground systems
(UGS). These terms refer to how many vehicles you are talking about when
discussing drones.
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The fourth industrial revolution refers to a period of rapid technologi-
cal advancement and social change that we are entering. This revolution
is driven by new technologies and changes in the manufacturing sector. It
will also bring new job opportunities, improved manufacturing processes,
and heightened military capabilities. This 4.0 is the name given to the cur-
rent phase of the industrial revolution [2]. This phase brings about mass
digitization and connectivity in manufacturing, transportation, informa-
tion, and communication industries. It is characterized by autonomous
mobility, machine learning, cyber-based, and Il generative systems. By
creating a better world, technology will lead us to a cleaner environment
and improved living standards. The fourth industrial revolution focuses on
intelligent, digital, and connected industries. It emphasizes rapidly creat-
ing high-quality products using advanced technologies such as artificial
intelligence and machine learning. Furthermore, these systems can be in-
terconnected to create smart factories that are also digitally controlled.
This allows manufacturers to produce goods more efficiently while reduc-
ing costs through advanced technology.

Motion and control planning of autonomous unmanned aerial systems
is the process of designing and executing a plan that will enable an un-
manned aerial system to move from one location to another while avoiding
obstacles and maximizing efficiency. This process can be broken down
into several steps, including path planning, path execution, and obstacle
avoidance. Path planning involves determining the best route from the cur-
rent location to the desired destination, taking into account factors such
as the terrain, weather, and availability of resources [1]. Path execution
involves following the plan and making necessary adjustments along the
way. Finally, obstacle avoidance is a critical part of this process, as it en-
sures that the unmanned aerial system does not collide with any obstacles
along the way.

There are various challenges that are faced while trying to motion and
control autonomous unmanned aerial systems in an Industry 4.0 process.
One such challenge is the management and handling of big data. The data
sets generated by autonomous systems are often large and complex, mak-
ing it difficult to manage and control them effectively. Another challenge
is the need for real-time decision making. In 4.0 processes, decisions need
to be made quickly and accurately to keep up with the fast-paced nature
of the process. Autonomous systems can be challenging, as they often take
longer to make decisions than humans. Finally, another challenge is the co-
ordination of different autonomous systems. There are often many different
autonomous systems working together. This cannot be easy to coordinate,
as each system may have different objectives and goals.
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11.1 Introduction

Distributed Flight Arrays (DFAs) are a development upon modern micro-air ve-
hicle developments and trends in drone swarm technology, which utilize the
cooperative capabilities of drones to achieve a variety of tasks efficiently. DFAs
have the unique ability to autonomously, and rigidly, connect to “n” number of
other modules, creating drone formations of different proportions as required
for a specific task. Previous DFA designs share many characteristics such as the
hexagonally shaped chassis, which due to its symmetry, allows for tessellation
while maximizing the number of possible neighboring connections. A previ-
ously proposed design also included co-axial propellers rotating in opposite
directions to counteract the torque generated by a single drone module with-
out increasing the footprint and a swashplate-less rotor design [1] to improve
responsiveness and allow for solo flight, without greatly increasing the mechan-
ical complexity, as found in traditional swashplates.

One of the many applications of DFAs is in logistics, specifically material
handling, due to their potential as lifting platforms. While DFAs are not suited
to long-distance flight, their modularity and flexible arrangements would allow
them to perform specialized material handling tasks within a warehouse setting.
Often in warehouses the task of material handling/order picking is carried out
manually or with the assistance of vehicles, such as forklifts, and more tech-
nologically advanced warehouses implement automated storage and retrieval
systems. Recent years have seen automated vehicles becoming more common
in warehouse operations as a way to improve the efficiency and flexibility of
order picking operations, which are considered the most important task within
warehouse logistics. Material handling by aerial vehicles has previously taken
two main forms in regard to the payload attachment system, fixed payload, and
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slung payload. Both options have their advantages and disadvantages such as
footprint, control, and flexibility.

The modularity of DFAs allows them to be easily adapted to either payload
system; however, the mechanisms that allow the modules to form multibody
structures must be considered as the payload system and its state can cause
great variation in the distribution of forces across the DFA platform, which if not
accounted for could cause catastrophic structural failure. Previous DFA designs
have largely relied on a magnet-based docking system to bond the DFA structure
together; however, the strength and structural capabilities of such mechanisms
have not been tested while under the increased weight of a payload, in static or
dynamic conditions.

Physical experimentation with drone prototypes in a controlled environment
is a very time-consuming and resource-heavy method of testing, especially when
considering the numerous ways that the DFA can be arranged. Alternatively,
physics simulations can be used to complete more test iterations while sacrific-
ing some accuracy. A physics simulation can be used to prototype and test the ef-
fectiveness of different payload systems and the effects of external excitations of
the system such as wind or collisions much faster than real-world experiments.

Multibody physics simulations may also allow for a model-based approach
for the research and design of complex control systems that would be found
within a DFA platform, allowing further extensive simulations investigating the
functionality and viability of various drone tasks, such as obstacle avoidance,
docking, perching strategies, and similar energy conserving manoeuvres, and
payload transportation throughout different array configurations.

11.2 Aims, objectives, and scopes

This research focuses on two main objectives, the first being identifying the ef-
fects of various slung payload systems on the structure of different array setups
under static and dynamic load cases using computer-based physics simulations.
By using sensors to measure the shear forces between module chassis it is pos-
sible to assess the overall viability of different array structures for material
handling in a warehouse setting and to identify any unforeseen behavior caused
by the payload system.

This would be achieved by simulating various DFA setups using identical
hexagonal bodies with properties approximating their real-world counterparts
(dimensions, mass, inertia, thrust force) and attaching a standardized mass via
a rope/tether simulating the slung payload. This simulation could then undergo
external excitation in the form of force vectors acting on the payload. The re-
search findings can then be used to supplement further design and research into
the specifics of DFA docking mechanisms and payload systems by highlighting
the systems behavior and the magnitude of forces they will potentially experi-
ence during operation.

The second objective of this research is to investigate the multibody simu-
lation software’s flight and control system capabilities to assess the suitability
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for further simulation of DFA tasks. By constructing simple control systems
and simulating controlled flight tasks it is possible to evaluate the software’s
viability and potential for larger complex simulations. This would be achieved
by simulating a DFA control system using traditional linear control methods
(such as PID) to direct a single drone module to complete simple tasks such as
a controlled hover, executing a defined flight path, and docking. This research
and documentation of the process would then serve to supplement further design
and simulation research of DFAs using similar software techniques.

11.3 Background research

Distributed flight arrays are described as modular vertical take-off and landing
vehicles, capable of self-assembling into an unlimited number of arbitrary con-
figurations [2]. This level of functionality is achieved through the integration
of several key subsystems, which appear throughout many previously proposed
designs [2-5].

11.3.1 Chassis

The purpose of the module chassis is twofold: firstly, it is to act as a container
that can securely house all the other subsystems of the module protecting them
from impacts, and secondly, to provide rigidity and structure to the module array.
These design criteria encourage the use of durable, lightweight materials, with
previous designs featuring low-density expanded polypropylene (EPP) foam and
Polyamide-12 engineering plastic. Some of these materials also have the ability
to be 3D printed, which has many benefits such as rapid prototyping, faster
production and repairs, and a higher level of accessibility. Similar drones of this
caliber, such as modern quadcopters, have their form factor dictated mainly by
minimizing their size and material usage to effectively house their components
without any unnecessary weight; however, the design of a DFA must also satisfy
the structural requirements to support docking with adjacent modules.

This factor has led the majority of designs to take the form of hexagonal
prisms. This particular shape has numerous benefits; hexagons are very space
efficient and can form a perfect tessellation pattern with itself — this allows
the module array to have no gaps and require no alternate chassis shapes to
tessellate, which maximizes the area of the docking surfaces, improving their
potential adhesion to one another. The hexagon also has the highest number of
faces out of all polygons that can form regular tessellations (triangles, squares,
hexagons). This means that each module is able to dock with up to six adjacent
modules. While the bulk of the module chassis is usually designed to be made
from plastics, some designs feature a carbon fiber tube spanning the width of
the module as both a mounting point for the motor/propeller assembly, but also
for added rigidity. However, this use of composites has not yet been applied to
the whole module chassis.
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11.3.2 Thrust mechanism

The thrust mechanism is one of the most important systems of the DFA function-
ality as it is the primary mode of transport, and its performance will determine a
large amount of the overall effectiveness of a module. All previous designs have
featured propeller powered flight as it is the most appropriate form of flight for
this application offering precision, control, and vertical take-off and landing ca-
pability, all without compromising the hexagonal prism profile of the chassis,
unlike a fixed wing or other, more exotic, methods.

DFAs have previously featured propeller thrust as a single fixed-pitch pro-
peller at the center of each module. This method is lightweight and both me-
chanically and computationally simple; however, the use of a single propeller
causes the modules to generate a torque. This problem as if not addressed can
cause uncontrollable rotation of the DFA structure. Previously, this has been
handled by having half of the array’s rotors traveling in opposing directions to
counter this effect. While this solution is quite simple, it has the potential to
cause issues with structures using an odd number of modules; however, previ-
ous personal research of the DFA design involved the proposed use of coaxial
propellers, two rotors stacked one on top of the other, rotating in opposite di-
rections. This change nullifies the need to have modules with opposing rotors;
as the torque generated is neutralized individually increasing the flexibility of
configurations, the extra propeller also increases the maximum thrust output of
the modules.

An additional change was proposed alongside the coaxial design to utilize a
“swashplateless” rotor. In a swashplateless rotor, each of the propeller blades are
connected to a hinged rotor hub via an asymmetrically oriented angled linkage
to create a lag pitch coupling. This allows the pitch of the blades to be controlled
by modulating the speed of the rotor. The change in speed causes the propellers
to lag behind or over rotate, which causes the pitch to change. This mechanism
combined with co-axial rotors has been shown to be capable of emulating “fully
actuated” flight with only two actuators [1]. This greatly improves the solo-
flight capabilities of the modules, as single-propeller modules (one actuator) are
severely underactuated for flight without being docked in an array with multiple
other modules.

11.3.3 Driving mechanism

The DFA design is intended to be capable of fully automated operation; this in-
cludes the processing of docking with one another, which requires the modules
to accurately position and orient themselves. Since individual DFA modules are
traditionally incapable of controlled solo-flight, they require the use of some
other form of movement to allow them to carry out the docking process. Previ-
ous DFA designs utilize wheels to allow the modules to move while grounded,
specifically omni wheels and kiwi drive in particular, kiwi drive being a three-
wheel system, with each wheel equally spaced radially around a point, the center
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in the case of DFA modules, oriented tangentially. Omni wheels have perpen-
dicularly oriented rollers instead of traditional treads, allowing the wheel to be
driven regularly but also to slide laterally. This setup requires less wheels than a
traditional four-wheel system, reducing complexity and the amount of actuation
required, while also allowing the modules to have zero turning radius, which
improves the manoeuvrability, simplifying the docking process physically and
computationally.

11.3.4 Docking mechanism

The core mechanism of the DFA is its ability to physically connect with other
agents to form structures of arbitrary formation and size. This physical interface
can also be used to act as a connection to transfer data through, allowing the
connected modules to communicate and share sensor data, which is superior
to alternatives such as wireless/optical systems, which can be more unreliable.
Whereas there is a large variety of ways to mechanically join two objects, DFAs
have a few specific requirements: The modules must form a rigid connection
ideally with a low tolerance, must be able to be engaged and disengaged on
command, and must fit within the chassis (six times in the case of the hexagon
chassis). Additionally, the design must also consider the weight of the mecha-
nism, its complexity, and any extra requirements it may have such as power for
actuation. These requirements have previously led towards a common solution
of using pairs of oppositely aligned permanent magnets on the docking faces,
and additionally, in some cases, the docking faces have had interlocking pro-
trusions and grooves [2]. This solution is extremely simple, lightweight, and is
a passive system requiring no additional power/control to function. The system
is activated by the proximity of two docking modules and is disengaged by the
opposing force generated by the module drive system. While the tolerance is
not very precise, the magnets assist with self-alignment along with the addi-
tion of grooves. The docking faces can also be made effectively genderless by
containing both north and south poles across the face and maintaining chirality.

However, for the modules to be capable of lifting payloads several times, the
weight of the array and the strength, bending, and shear stiffness of the joint
needs to be considered. While permanent magnets are a very practical docking
solution, as mentioned above, the force required to separate them in the shear
direction is largely dependent on the frictional force between the two faces, and
in certain cases estimated by some to be only 15-20% of the magnet’s theoret-
ical adhesion force (in the normal direction) [6]. Alternatively, the usage of an
actuated, physically interference-based, docking mechanisms could drastically
increase the structural strength of the array, improving the stability and load
bearing capabilities. These present two major design challenges: the physical
form of the locking mechanism and the method of actuation.

When designing a locking mechanism for the distributed flight array, there
are several constraints that must obeyed such as having a small mechanism pro-
file that does not extend far outside of the chassis while disengaged and able
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to be contained within the limited space of the module chassis. The mechanism
would also ideally be “genderless” to allow for the docking to function with any
combination of the six docking faces. Operating all six docking mechanisms
individually is equally as challenging, as the weight and cost of the Distributed
flight array are important factors, which disincentivize the usage of additional
actuators, and therefore reducing the number of required actuators below six
would be ideal. This can be achieved a number of ways such as reducing the
input required to operate the mechanisms by designing them to be self-locking,
or monostable, or through the usage of a passive restoring forces such as spring-
loading, which enables single actuators to operate multiple discrete docking
mechanisms. This concept is fundamentally similar to that of multiplexing, a
method used in telecommunications to transmit multiple signals over a single
shared communication channel.

11.3.5 Sensors

The intention of the Distributed flight array is for it to be capable of operating au-
tonomously. Therefore it requires ways to gather information about its position
and surroundings. Drones typically do this through the use of on-board sensors.
Previous Distributed flight array designs found success using a combination of
three-axis rate gyro sensors to measure angular rates and either pressure sen-
sors or downward facing infrared sensors to detect altitude [2,5]. The infrared
transverse mounted on the sides of the modules have also been used to establish
communication between one another.

Alternatively, such information can also be collected through external means
and the data provided through a wireless connection. This can be achieved
through external sensors such as indoor real-time locating systems (RTLS) and
image tracking, which are able to calculate the position and orientation of the
modules. The advantages of a system like this is that the positional calculations
can be extremely accurate, with some ultra-wideband-based RTLS achieving
accuracy within 10 cm, and others under certain conditions can get as accurate
as sub-millimeter [7], allowing for better and more consistent path planning
and obstacle detection, and the data for these calculations can be more eas-
ily accessed by a dedicated external processing unit, rather than being handled
onboard or transmitted back and forth to be processed. This also relieves the
module system from the weight of the sensor components.

11.3.6 Previous usages of DFAs

The initial motivation that inspired the Distributed flight array design was to cre-
ate a drone research platform able to explore distributed estimation problems,
which involve the logistical issues that occur within sensor networks due to
network architecture, communications, and data fusion algorithms and in “Dis-
tributed Control Systems”, which are computerized control systems made up of
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multiple control system processors, over which the computational load is dis-
tributed, rather than being centralized [8].

The Distributed flight array’s design achieves this by allowing them to be
tasked with a number of different scenarios, such as assembly, flight and navi-
gation, with each module acting as a potential node in the network for data and
communication. Manoeuvring and interacting with the modules effectively by
utilizing each of their sensory and positional data outputs is a problem of scal-
able complexity. Subsequent research projects involving the distributed flight
array have produced their own sets of module design iterations as research plat-
forms either to study the design process or for the purpose of testing different
distributed control algorithms and control strategies [5]. This project research
into the payload carrying capabilities of DFAs is relevant in the context of pre-
vious research as it aims to explore the potential logistical uses, which will
naturally expand upon the capabilities of the platform and broaden the types
of distributed estimation problems for research and development purposes.

11.3.7 Warehouse applications and material handling

In the industry of warehouse logistics, there is an ongoing shift towards automa-
tion. A warehouse’s throughput can affect the efficiency of the entire supply
chain, and their improvements and optimizations are driven by the growing de-
mand for faster and more efficient management of products. This has caused
great amounts of time, money, and research to be invested into streamlining all
aspects of the warehouse system, such as management techniques, the buildings
architecture, layout of facilities, storage systems, and order processing opera-
tions, which is often regarded as being the most important.

Order picking refers to the order processing operation of identifying and re-
trieving products as requested by an order before shipment and is one of the
most fundamental and sometimes referred to as the most critical warehouse op-
eration [9] as it tends to be the most expensive and labor-intensive activity that
has wide-reaching consequences if underperformed. Many modern-day ware-
houses still employ human workers as their main order picking operators [9],
who are tasked with manoeuvring in the most effective paths, either on foot or
by vehicles such as forklifts, around the warehouse facility either to store or
collect product according to a pick-order and deliver to a set location; however,
this is an extremely complex mathematical problem, which falls under the field
of combinatorial optimization. The issue of routing efficiency in warehouses is
comparable to the “Traveling salesman problem”, which involves determining
the shortest route between a set of nodes while visiting each node only once,
considered an “NP-complete” problem under computational complexity theory
[10]. This implies that perfect solutions to the routing problem are difficult to
compute and exact solutions require brute force algorithms, which are computa-
tionally slow and inefficient as they check all permutations, which leads to many
practices being subject to heuristic algorithms and techniques to simplify the so-
lutions and the computation required, but losing out on potential efficiency [9].
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As research explores more optimal solutions to the routing efficiency issue,
and technology improves, the usage of more complex warehouse management
systems and computer-controlled order picking operators, such as automated
storage and retrieval systems (AS/RS) and automated vehicles (AV), become
more appealing. Although computer algorithms are still subject to restrictions
such as computational load and processing time, they are able to achieve much
more optimal solutions and utilize and develop more complex order-picking
strategies, [9] such as complex storage, batching, zoning, wave picking, and
routing practices, than what can be accomplished with a purely human work-
force. The most common examples of modern Automated Storage and Retrieval
Systems (AS/RS) come in the form of rows of large palette storage racks, of-
ten extending up to the height of the warehouse, being managed by automated
aisle bound lift modules able to travel the length and height of the storage racks,
retrieving and delivering products as requested. These systems, although being
very expensive to install and maintain, are very time and space efficient. How-
ever, systems like the one described have hard limitations, such as being aisle
bound, which restricts the variety of tasks they can be used for. This lack of flex-
ibility must be handled by other operators, such as human workers, or in some
cases a fleet of autonomous vehicles. Autonomous vehicles combine the high ac-
curacy, speed, and precision found in computer-driven systems like AS/RS, with
the unbound flexibility of human operators. This makes them uniquely equipped
to carry out a variety of non-standard tasks such as working around developing
areas, and dynamically responding to the changes in operations while still being
able to contribute towards regular order-picking operations at a high level, and
their innate flexibility allows them to be more easily integrated into existing
warehouse systems than AS/RS. A combination of traditional AS/RS and AV
systems theoretically allows warehouses to handle a high variety of situations
while maintaining high levels of efficiency.

Appropriately designed DFAs could be used as a special class of AV sys-
tems that offer a unique dimension to travel through their flight capabilities. The
modularity of DFAs is also suited towards warehouse logistics as it allows the
fleet to be divisible into smaller or larger work groups as required, allowing
better multitasking with the system. Individual modules also make up a much
smaller percentage of the overall fleet, meaning that repairs and maintenance of
modules have a smaller impact on the overall performance.

11.3.8 Payload systems

There are two main payload attachment systems to consider for the design of
a Distributed flight array, a fixed payload system, or slung payload system. A
fixed payload system involves rigidly attaching the payload to the module ar-
ray, which can be achieved by either using an on-board storage compartment
or some kind of interfacing mechanism between the module exteriors and pay-
load. This type of system has much more predictable flight physics than a slung
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payload; however, the exact method and location the payload is attached to the
array can negatively affect the efficiency of the array. Assuming that the payload
cannot be divisible into parts of equal mass, the sole attachment point must be
approximately aligned with the center of lift. In the case of DFAs, attaching to
the location of the center of lift, either directly above or below, will partially
block the array propellers. Solving this issue requires the module array to form
around the attachment point/payload compartment, increasing the array foot-
print. This complicates the process of computing the optimal array structure,
navigation of the environment, and the loading/unloading process due to clear-
ance with obstacles such as warehouse equipment/structures, and potentially
requiring specialized compartments to handle different sized payloads, limiting
the DFAs flexibility.

A slung payload system would consist of “N” number of tethers (ca-
bles/ropes) attached to the array converging to designated attachment points
on the payload exterior/pallet system. This type of system has much more com-
plex flight physics as the payload is subjected to excitations from the flight
manoeuvres that must be considered and controlled. The tethers suspending
the payload below the array allow for much better clearance for the propellers,
allowing for smaller footprints than a fixed attachment system. This also al-
lows this system to be more flexible than a fixed system as it does not require
bulky equipment like storage compartments, and the reduced footprint creates
better clearance for the loading and unloading process. Using multiple tethers
simultaneously across different attachment points on the array could potentially
better distribute the load, reducing the stress on the module joints; however, this
causes more complex oscillation behavior, which must be understood. Similar
to the fixed payload system requiring select storage compartments for different
payload sizes and weights, the harmonic mechanics of the slung system mean
the properties of the cables, such as elasticity, dampening, and length, must be
considered for each payload to avoid resonance.

11.3.9 Navigation

Airborne navigation of the drone modules is a foundational element of a Dis-
tributed flight array functionality. While existing literature thoroughly covers the
control and flight dynamics of more traditional drone platforms, such as quadro-
tors, the modularity and variability of the Distributed flight array create unique
challenges for many aspects of controlled flight that are highly niche, such as
unique array sizes, imbalanced thrust distribution. However, this concept has
previously been explored [11] and details a proposed “Parameterized Control
Methodology” targeted at controlling distributed flight arrays. Topics such as
the flight dynamics, expected disturbances, and implementation are discussed
at length with the developed control strategy aimed at achieving a controlled
hover with any flight feasible Distributed flight array configuration. A robust
flight controller will allow the manoeuvrability of the drone array to be maxi-
mized, increasing the flexibility of flightpaths and other manoeuvres. Accuracy
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and flexibility of flight paths are important factors when efficiency is a priority,
such as in a warehouse environment. Responsive flight planning, for on-the-fly
path alterations and adjustments for obstacle avoidance, and minimized flight
times for energy conservation are both highly desirable.

11.3.10 Perching

The length of flight times is an important metric to control for maximizing
operation up-time by conserving energy, which is primarily achieved through
streamlining flight paths to reducing unnecessary time spent in the air. How-
ever, there may occur situations in a given flight operation where it is necessary
for the drone to stay in a location of temporary stand-by. In such scenarios, the
ideal action would be to allow the drone array to land to maximize energy con-
servation, but when this is not possible due to space restrictions, the drone must
remain airborne. If the drone enters an assisted hover, by contacting environ-
mental features such as walls or ledges to partially support the weight of the
drone array, otherwise known as “Perching”, then it may act as a middle ground
between maintaining a hover and fully landing, allowing the drone to conserve
energy.

Previous research on the energy efficiency of perching tested quadrotors
featuring a variety of specialized landing gear to improve contact with, or grip,
environmental features such as ledges or branches. The study by Hang et al. [12]
covered the design and testing of an actuated landing gear consisting of metal
legs with some additional contact modules attached to allow the drone to perch
in various ways. Some methods allowed the landing gear to be hooked around
the (parch/environment) fully supporting the weight of the drone, allowing the
propellers to be fully switched off, and other methods relied on balancing and
would allow for a great decrease in power consumption. These previous ex-
periments with quadrotors featured the addition of landing gear increasing the
weight and complexity of the drones. The design of the DFA features an inte-
grated docking system, which when combined with specialized docking ports
situated about the environment could allow for the DFA platform to utilize
perching without additional on-board equipment.

11.3.11 Conclusions of the literature review

The Distributed Flight Array (DFA) is a very capable research platform well
equipped to handle and adapt to a multitude of situations and uses. Applications
of DFAs in warehouses do seem feasible as they have many theoretical benefits
such as lower costs for expansions and reparability. However in practice, for
successful usage in a warehouse, the modules would require many refinements
and new features to be suitable for material handling such as improved struc-
tural properties to support the mass of a payload, the compatibility with and
installation of an on-site, highly accurate, real-time, position tracking system
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for array navigation, such as a ultra-wideband RTLS, implementation of an au-
tomated charging system for the modules to efficiently manage down-time and
maintenance, and algorithms and processing to calculate optimal path planning
and order picking, along with the assignment of tasks to the distributed flight ar-
rays and choice of appropriate array structure. Much of this technology has been
implemented in other similar systems and can be seen in use in many different
areas and industries such as charging stations for AVs in warehouses and RTLS
for tracking assets and equipment in facilities, but this gap in the development of
DFAs leaves much speculation about their true efficiency and usefulness in ma-
terial handling. However, the DFA still serves as an excellent research platform
for distributed estimation and control and would greatly benefit from develop-
ments in these areas, such as gaining the ability to carry a payload.

From this background research the most impactful area to develop, and the
first step towards being capable of substantial material handling, was identified
as the Distributed flight arrays existing docking system design and its ability
to support payloads. Permanent magnet-based systems as described in previous
research have very low strength, which is sufficient for the purpose of alignment,
unloaded docking, and the disengagement process of the docking ports. The
strength of the docking mechanism can be improved numerous ways through
the use of added actuation for a more secure latching mechanism and better
surface contact and friction with grooves and other surface geometry. However,
to produce an effective docking solution that adheres to the requirements of the
modules (such as low mechanical complexity, weight, and power requirements),
the expected loads, strength requirements, and behavior of the forces need to be
understood so that a relevant design specification could be established.

11.4 Methodology

To establish the expected force magnitudes and their behavior under different
circumstances, an experiment, or model, of the Distributed flight array is re-
quired. The model must be able to simulate the modules accurately, be subjected
to different forces/support payloads, and to record the forces experienced by the
joints. There are two main methods that fulfill these requirements, physical
experimentation and computer simulation. To conduct the investigation using
physical experimentation would require the construction of a set of DFAs or
some analogous testing setup. Although it has the possibility to be an extremely
accurate method and an insightful process, building an entire set of DFA mod-
ules equipped with the necessary sensors is very resource and time intensive,
due to the number of parts required for the large variety of testing. Modeling
and experimentation is often an iterative process requiring many testing and de-
velopment cycles before being ready; the process is unpredictable and can take
up large amounts of time. The final production is also likely to contain many
imperfections due to the scale of the model and the fabrication/iteration process,
which increases the chance to negatively affect the results.
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Alternatively, computer simulation is much less resource intensive than
physical experimentation, with the only requirements being time and computa-
tion power. Digital recreation of the DFA can be achieved with a relatively high
level of detail and accuracy in the module systems and in the physics. This also
considerably reduces the time invested in the iteration cycles compared to physi-
cal experimentations, modifications can be made much quicker, and the modules
can be simply duplicated as required by the investigation. However, increase in
scale and fidelity is often at the cost of longer computation time. These oppos-
ing factors create an optimal balance of computational time and detail, which
is achieved by only including the necessary features, simplifications where pos-
sible, and reducing the scale of the simulation. Within the method of computer
simulation, there are many different choices of software available each with their
individual strengths, capabilities, and limitations. One particular method of sim-
ulation considered for the project was to be based in MATLAB®, consisting of
custom written code to mathematically calculate the forces distributed across a
given array under a set load. This method would allow the user to input a custom
array setup using a hexagonal coordinate system [13] and display the results as
a graphical render of the module array overlaid with a heatmap of shear force
intensity. However, this method is extremely complicated, requiring deep un-
derstanding of the physics at play, and is unable to simulate the dynamics of the
cables supporting the payload without vastly exceeding the project scope.

Alternatively, choosing to use a simulation software with a physics engine
greatly decreases the work required to create an accurate simulation. One such
program is “Simscape Multibody”, a simulation package within “Simulink®”, a
MATLAB-based graphical programming environment. “Simscape Multibody”
is a specialized program within the broader “Simulink” program, which is capa-
ble of modeling and simulating a variety of multidomain physical systems such
as wireless communications, electric motors, and control systems using block
diagrams [14]. “Simscape Multibody” specializes in modeling and simulating
mechanical systems in a 3D environment, such as autonomous robots, pulley
systems, and vehicle suspension systems. Another popular computer simula-
tion method is Finite Element Analysis (FEA), which uses numerical methods
to simulate the effects of forces on deformable bodies that have been subdi-
vided into “finite elements”. However, FEA is a very specialized simulation
type, which limits its focus to smaller features with high resolution and is not
suitable for the multidomain simulation of an entire DFA. FEA would be much
more suited to analyzing the structure of specific docking mechanism designs to
find weaknesses, failure modes, and their safety factor.

11.5 Methods
11.5.1 Payload simulation

Simulation began by breaking down the DFA design to fit the Simscape format
of frames, bodies, and joints by identifying the required level of detail for the
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simulation. This process involved listing all the DFA characteristics and sub-
systems and filtering them by which are the most impactful and important to
capture within the simulation, then translating those aspects into their Simscape
equivalent. The critical areas identified were the shape of the module chassis, ap-
proximate weight of the materials, the inertia, the upwards thrust produced by
the propellers, and the docking function. The main element of the list was the
chassis, which was represented as an “Extruded Solid” body element. This ele-
ment contained a variety of variables, one of which was the geometry parameter
containing information about the form of the body. Here the number of sides,
radius, and thickness of the extruded regular polygon could be defined, allow-
ing the creation of a hexagon, with an outer radius of 0.155 m and thickness of
0.11 m, along with the mass of the body 0.297 kg (these values were based upon
previous DFA designs). Features such as cut outs were ignored as they would
require a much more complicated multi-body assembly made of numerous bod-
ies in the shape of beams and plates to replicate, and instead were reproduced
by lowering the material density to account for the increase in volume.

The simulation assumes that the chassis is perfectly rigid, which means that
certain effects of the material properties such as bending, plastic deformation,
fracturing, and other modes of failure that could potentially alter the DFA per-
formance and ability to perform tasks are unaccounted for. While this knowingly
introduces inaccuracies, the complexity, time, and computational resources, the
demands of all these factors are all extremely high and due to limitations in
scope and software, were left out. However, this does allow the simulation
results to be purely based upon the forces applied by the payload, without inter-
ference from dampening effects caused by material properties. The final step to
complete the creation of the module chassis was to define the frames. In Sim-
scape Multibody frames, there are points in space bound by the geometry of the
body with a set orientation in the 3D plane (xyz), and these frames act as sockets
allowing other bodies to physically connect to one another, defining their spatial
location and orientation. This meant that the individual DFA modules required
seven extra frames (eight in total, as all bodies have a frame at their origin), six
of which are located at the center of each docking face to allow the modules to
connect to one another, and one located on the bottom of the chassis to define the
attachment point of a payload tether. The orientation of the docking faces had to
be set carefully in an alternating pattern so that an array of connected modules
should face in the same direction (Fig. 11.1), resulting in a set of alternating
oppositely oriented frames. This completed the assembly of the main compo-
nent of the simulation, the individual module, which could then be converted
to its own “subassembly” and duplicated for each simulation as required. These
duplicate modules could then be assembled into any array structure by connect-
ing them together using the docking ports. However, to monitor the force data
through each connection, the “weld joint” was used as an intermediate between
each of the docking ports.
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FIGURE 11.1 A single module with 8 “frames”.

Joints in “Simscape Multibody” are a class of blocks that defines certain
properties about a physical connection and allows for data such as torque and
force to be outputted; in the case of the weld joint, it defined zero degrees
of movement/rotation, creating a perfectly rigid connection, imitating an ideal
docking mechanism. The data collected was in the form of a physical signal,
which was then converted to a “Simulink output signal” and exported to a MAT-
LAB workspace for data processing and plotting. This MATLAB workspace
also holds several variables that are referenced by the simulation in Simscape
multibody, such as calculated thrust values required to maintain a hover, and the
dimensions and mass of the individual modules. This data processing involved
separating the data into two variables as the raw signal was an array with sep-
arate Y and Z data, and then the two parts of the data could be input into the
Pythagorean theorem. The resultant data was of the magnitude of the combined
vector, which allows for much easier interpretation of the results. However, this
simplification of the data means that it does not display the direction of the
shear force, which may be of interest if the strength of the docking joint design
is significantly anisotropic.

The next component of the simulation was to create the payload system. This
involved creating a body to represent the mass of the payload and the cables that
connect it to the module array. Creating the mass is a very simple procedure;
however, the cables are much more complicated. In essence the cables in the
system describe the freedom of movement of the payload, and because “Sim-
scape Multibody” does not contain a “rope/cable/tether” element, it must be
recreated with what is available. Ropes are a complex component to simulate
to a high level of accuracy due to their spring-like properties. Although it is
not often observable by the naked eye, rope, like every material, is subject to a
level of elastic deformation, which plays an important role in their behavior and



Multibody simulations of distributed flight arrays Chapter | 11 261

is therefore able to be modeled as a very stiff damped spring. Because of this,
ropes seen in video games are commonly simulated by a series of segments,
each connected in a chain via small springs, creating the illusion of a rope that
looks visually correct and is able to interact with objects [15]. Recreating this
method of rope simulation in Simscape Multibody requires body elements to
represent each of the segments, spring elements, to connect the segments and to
add the spring properties, and also revolute/ball joint elements to give the joints
flexibility. Due to limitations of the software, joints cannot be connected directly
to one another; the solution to this is to use telescoping joints. These joints are
described as having one prismatic joint and one spherical joint primitive, result-
ing in an element with rotational freedom in the three-axis and one translational
degree of freedom. This combination most closely describes that of a rope out
of the joint elements available. However, this method, when combined with ac-
curate spring stiffness and damping coefficient values, causes severe slowdown
of the simulation software, slowing further as the number of tethers used in-
creases. This method is therefore inadequate for use in Simscape Multibody.
The solution to this is a different method that uses only a single telescoping
joint to represent each tether rather than a series of small repeating joints. The
parameters of the joint allow for the spring effects to only be activated past a
certain extension and so could replicate the constraining effects a tether would
have on a payload, while sacrificing the visual element and finer mechanics of a
full rope simulation.

There are several parameters within the telescoping joint for the rotational
and translational components that describe the internal mechanics, with the pris-
matic primitive “internal mechanics” and “limits” being the most important
to the simulation. The “internal mechanics” allow the equilibrium position of
the “spring” to be defined; this is the length of the spring at which the spring
force equals zero. The Limits’ parameters include the “upper and lower lim-
its” of the joint, which control the range of motion of the prismatic component,
the “value”, which defines a location through which the joint resists travel, the
spring stiffness, which defines the resistance through the joint limit, the damping
coefficient, which defines the resistance of the damper through the joint limit,
and the transitional region, which defines a region of the joint over which the
spring-damper force must be increased to its full value. These parameters were
then set to values based on the application in the simulation and on real-world
material data. The cable length corresponds to the upper and lower limits of the
joint, retraining it to the desired length; this function is also partly shared by
the “value” variable that determines at what length to activate the effects of the
spring properties, also being the max length of the rope.

For the variables “springs stiffness” and “damping coefficient”, research of
the material properties of cables and ropes approved for lifting, and material
handling was conducted to determine realistic values. However, it was found
through further research that due to the nonlinearity and uncertainty, these val-
ues are often found using physical testing and are not available as documented
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material properties. These material properties are instead replaced by metrics
to convey a rope’s material properties such as “static elongation” (AL), which
is used by climbing rope manufacturers to describe the percentage that a given
rope will stretch by under an 80 kg load. By using climbing ropes as a model for
the tethers in the simulation it is possible to estimate realistic spring stiffness K
values for the tethers as follows:

80 x 9.81
K=——"7"6H#¥H—

11.1
I (IL.1)

where € = % is the strain of the rope material, AL is the elongation, and L is
the length of the rope. These values were sourced from the average of several
“static class climbing ropes”, which are designed for hauling loads and res-
cue work as they have a low elongation percentage. For determining a realistic
damping coefficient, the simulation uses a target damping ratio. Damping ratio
is a parameter that describes the level of damping within a system. Damping ra-
tio values are categorized in the following way: systems with a value of 0 have
no damping (undamped), systems between 0 and 1 are considered as under-
damped, systems with a damping ratio of 1 are considered as critically damped,
and systems with values above 1 are considered over-damped. The damping
ratio determines how the system behaves as it returns back to the equilibrium
position and the time it takes.

The decision to use a target damping ratio over a fixed damping coefficient
is that it is more reflective of how a commercial distributed flight array system
would operate as the specification of the material properties of the tethers used
would be based on the desired behavior of the payload system and subsequently
the damping ratio. For these reasons, a target damping ratio value of 0.65 was
selected. An ideal system would be a critically damped system; however, due to
inaccuracies, wear, and environmental factors, the system would become either
over- or underdamped, in which case underdamping is more desirable as the
system will reach the equilibrium position in a much more reasonable amount
of time.

With the aim to create a large number of simulations testing a variety of DFA
formations, it was important to create a naming system that was capable of accu-
rately describing the structure of the array for organizational and identification
purposes. During the development stage of the digital recreation of the DFA,
naming was based on the visual similarity to common shapes, such as “tri-” de-
noting triangular qualities; however, this system is very inadequate as the variety
of formations grows. To solve this, a simple naming convention using the num-
ber of modules and their status regarding being tethered or not was developed.
The convention followed the general form a + bt, where the value of a corre-
sponds to the number of modules in the formation not tethered to the payload,
the value of b corresponds to the number of modules in the formation that are
tethered to the payload, and ¢ is a suffix representing the term “tethered”. This
naming system, while simple, allows information about the array size and shape
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(a) (b)
(c) (d)

FIGURE 11.2 Various modules with a payload including (a) three arrays, (b) four arrays, (c) five
arrays, and (d) seven arrays.

to be presented without visual aid. The system relies on only being applied to
relatively small-sized formations and on the assumption that the formation has
at least second-order radial symmetry. Fig. 11.2 shows the configuration of var-
ious module arrays with a payload. This notation is suitable for the project as
all array formations used in the simulations follow the requirements. With the
individual modules and the tether system completed, the simulation stage could
begin, the first step of which was to determine what formations and variables to
test. Three categories were decided upon: Single tether simulations, “N”* Tether
simulations, and payload configuration simulations. There were several “Sin-
gle tether simulations”, each involving a module array configuration performing
a hover with a single central module tethered to the payload. These simulations
aimed to identify the effect of increasing the number of docked modules had on
joint shear forces at the center of the array. The single tether simulations cate-
gory also included simulations investigating changes to the tether length. These
tests consisted of the same array structure (3 + 1¢) with different tether lengths,
ranging from 0.5 m to 4 m.
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These simulations each had two versions, one conducted with a static load
and one conducted with a dynamic load, which involved applying a sinusoidal
force on the payload in the X and Y directions, causing the payload to move in a
circular motion. This type of testing was done to investigate the pattern of redis-
tributed forces on individual joints that occur when attempting to keep the array
stable and parallel to the ground over a range of conditions. Additionally, some
simulations also used sinusoidal force in a single axis to investigate the effects
of bilateral symmetry of tethers compared to radial symmetry and any biases as
a product of the array formation. “N-Tether simulations” involved testing mul-
tiple different array configurations under both static and dynamic payloads. The
arrays featured different numbers of untethered modules and tethered modules.
This class of simulations were aimed to investigate the force distributing proper-
ties of the tethers across a variety of arrays. The following array configurations
were tested: 142¢, 1 43¢, 1 +4¢, 1 +6¢,4+ 3¢, and 3 +4¢. “Payload configura-
tion tests” featured a variety of simple cable configurations, most of which were
alterations to the tether angle. All simulations so far featuring multiple tethers
had them originate at the array spaced out and then come to a single point on
the payload. Simulations with slight spacing on the payload, parallel tethers, and
overspaced tethers were conducted. An additional simulation where the tethers
combine into a single tether before attacking to the payload was also carried out.
These simulations were all run using dynamic loads. All simulations used the
same software and simulation conditions and produced shear force values taken
from the central set of docking joints over a simulated period of 10 seconds,
producing approximately 370 data points per joint.

11.5.2 Single module flight simulation

Simulation of flight mechanics and control systems began by representing a di-
mensionally accurate single DFA module through the use of an extruded solid
body element with a weight roughly equal to that of a its real work equivalent.
An infinite plane block was used in conjunction with a contact force block to
represent the ground plane intersecting the world origin, and the module body
was connected to the world reference frame via a disconnected weld joint. To
control the flight of the module six PID controllers must be used, one for each
degree of freedom. The PIDs each take a current signal value, such as the current
altitude, and compare it with a desired signal value, such as the desired altitude,
to calculate an error value. Therefore sensors must be used to gather information
on the module’s current location and rotational values with respect to the world
reference frame. These values are in the form of Cartesian (xyz) coordinates for
locational and a quaternion for rotational values. These values are then routed
to their corresponding PID controller, with the rotational value being converted
from a quaternion into Euler’s angles before being routed. Creating a desired
value variable for each PID and connecting them to the corresponding force and
torque blocks completes to form the control system. Each PID controller was
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then isolated and hand tuned to generate an appropriate system response. This
method treats the translation of PID output to propeller motor rpm to force out-
put as a black box to simplify the control system and avoid complications with
propeller force calculations. This simple control system allows for the simula-
tion a number of basic flight manoeuvres. A controlled hover could be achieved
by entering desired values of O for all PIDs except for the z-axis controlling
PID, which could be given a desired altitude at which the module will hover and
maintain. Basic flight paths could be created using multiple signal functions,
each controlling the desired signal values, which would also allow for basic
docking and perching manoeuvres by navigating and orientating a docking face
frame with a togglable weld joint block to a predefined environmental frame
operating from sensor signals or predefined signal functions.

11.6 Data analysis

11.6.1 Single tether simulations

The single tether simulations consisted of 3 + 1¢ and 6 4 17 formations under
a standard 10-kg static load. The aim of the simulation was to investigate the
effect the number of supporting modules around a tethered module has on the
shear forces, with the hypothesis that by increasing the number of neighboring
modules the force is more distributed, reducing the magnitude on anyone joint.
The results (Table 11.1) show a decrease in average shear force experienced
by the joints of 43% as the number of modules surrounding the tethered mod-
ule increases from 3 to 6. This value is supported by theoretical workings that
show that force exerted by a 10-kg mass (10 x 9.81 = 98.1 N) when divided
across both 4 and 7 total supporting bodies should show a 42.86% decrease.
The maximum and minimum force values of the static simulation show neg-
ligible difference as expected, indicating a stable state with minimal system
noise.

These configurations also underwent “Dynamic” loading, where the payload
was subject to an increasing cyclic sinusoidal lateral force. The shear force plots
(Fig. 11.3) illustrate the fluctuations in force on the individual joints that act as

TABLE 11.1 Results table showing force values acting on the joints of the
different single tether arrays from static loading and the % reduction in force
between the two arrays.

3 + 1t static 6 + 1t static Reduction (%)
Maximum force (N) 24.5 14.2 41.91
Minimum force (N) 24.5 13.8 43.91

Average force (N) 24.5 14.0 42.83
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FIGURE 11.3 Graph showing plotted force values from three joints of a 6 + 1¢ array under dy-
namic loading.

TABLE 11.2 Results table showing force values acting on the joints of a 3 + 1¢
array with various lengths of tether under dynamic loading.
Length (m)
0.5 1 1.5 2 2.5 3 3.5 4
Maximum force (N) ~ 25.5 26.6 334 274 253 25.0 24.9 24.7
Minimum force (N) 23.6 23.8 22.6 23.7 24.1 243 24.3 24.3
Average force (N) 24.6 25.0 26.2 252 247 24.6 24.6 245
Variance (N) 0.0526 0.296 4.66 0.66 0.056 0.016 0.0081 0.0062

the “restoring” force to keep the array stable as the payload moves beneath. (All
the simulations experienced abnormal force values within the first few moments
of being run, most likely due to initializing the physics bodies, which has been
disregarded from analysis.)

The “single tether” simulations also included a varying length simulation,
where a 3 4 1t formation was repeatedly subjected to dynamic loading, each
time with the length of tether increasing by 0.5m (from 0.5m to 4 m). The
results (Table 11.2) show the maximum, average, and variance all following the
same trend as the length increases. The shear force rises to a peak of 26.2N
(average) at the 1.5-m length, then falls back down to 24 N (average) as the
length increases (Fig. 11.4). This is likely a resonance response brought on by
the natural frequency approaching the frequency of the dynamic loading as the
length of tether was increase, causing an increase in amplitude.
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FIGURE 11.4 Graph showing plotted force values from the joints of a 3 + 1z array with various
lengths of tether under dynamic loading.

TABLE 11.3 Results table showing force values acting on the joints of differ-
ent N-tether arrays from static loading.

Static
1+2¢ 1+4+3¢ 4+ 3¢ 1+4¢ 3+4¢ 146t
Maximum force (N) 16.9 8.13 5.56 4.97 4.37 2.31
Minimum force (N) 15.8 7.72 5.31 4.50 4.01 1.77
Average force (N) 16.4 8.00 5.48 4.79 4.23 2.12
Variance (N) 0.0258  0.0156  0.0056  0.0202  0.0116 0.0245

11.6.2 N-tether simulations

The “N-Tether” simulations tested a range of simple formations with varying
numbers of modules, and tethers (1+2¢, 1+ 37,4+ 3¢, 1+4¢,3+4¢,and 1+ 6¢).
The static simulations involved using a standard 10-kg payload to measure the
shear forces across the central joints of the formations. The results shown in
Table 11.3 show the recorded maximum, minimum, and average force values,
along with the variance between the minimum and maximum values. When the
averages are primarily ordered by the number of tethers, the graph (Fig. 11.5)
follows a smooth downward curve, with a final dip at the 1 + 6¢ formation.
This dip is most likely caused by a lack of data between 3 + 4¢ and 1 + 6¢.
A simple symmetrical formation of 5 tethers could potentially smooth out this
gap; however, only tether amounts that are a multiple of 2 or 3 could be used
due to symmetry requirements. Additionally, the variance across each of the
simulations is negligible, as expected of a static load, being caused only by a
small amount of noise in the simulation system.
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FIGURE 11.5 Graph showing plotted average force values from the joints of different N-tether
arrays from static loading.

TABLE 11.4 Results table comparing theoretical force based on the number
of modules with simulated force values from the N-Tether simulations.

Static
1+ 2¢ 1+ 3¢ 1+4¢ 443t 344t 1+ 6t
Theoretical force (N) 32.70 24.53 19.62 14.01 14.01 14.01
Simulated force (N) 16.37 8.00 4.79 5.48 4.23 2.12
Reduction (%) 49.94 67.40 75.57 60.90 69.79 84.90

Arrays simulated with multiple tethers outperform the simple theoretical
predictions made using number of modules, as seen from analysis of “Single
Tether” simulations, supporting the theory that multiple tethers are able to im-
prove the distribution of shear forces across the array, reducing the magnitude
of force translated through the docking joints (Table 11.4).

The results of the dynamic testing, ordered primarily by the number of teth-
ers, show a downward trend of the average forces experienced by the joints,
with a sudden dip at 4 4 3¢. If re-ordered primarily by the total number of mod-
ules, then the downwards trend smooths out (Fig. 11.6). This could indicate that
under dynamic loading, the number of modules, and possibly the specific for-
mation of those modules, has a larger effect than simply the number of tethers
or that the effects of the number of tethers and modules are compounding.

Some of the simulations for the “N-Tether” simulations involving dynamic
loads also underwent an alternative type of dynamic load test, where instead of
both x and y forces being applied periodically, the forces were separated over
two tests to investigate any biased responses brought on by the array formations.
The results (Figs. 11.7 and 11.8) show that certain formations have reduced
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FIGURE 11.6  Graph showing plotted maximum force values from the joints of different N-tether
arrays from dynamic loading.
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FIGURE 11.7 Graph showing plotted force values from the joints of a 1 + 4¢ array under single
axis dynamic loading over time — Mode 1, excitation along the Y -axis.

shear forces when force is applied to the payload in a particular direction, which
is observed when the payload is forced to oscillate along the path that follows
the circumference of the 2D shape that forms from intersecting spheres of two
attachment point’s maximum tether length. This path only occurs as a smooth
curve along a flat plane in formations with only two tethers. When these condi-
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FIGURE 11.8 Graph showing plotted force values from the joints of a 1 + 47 array under single
axis dynamic loading over time — Mode 2, excitation along the X-axis.

tions are met, the payload will be allowed to oscillate without causing any of the
tethers to become slack. This could indicate that certain array formations when
executing specific flight manoeuvres with an expected payload response have
favorable orientations that reduce shear forces on the docking joints.

When these particular conditions are only partially met, meaning that there
are only portions of the circumference of the shape formed from the intersection
that are smooth/flat (e.g., cases where there are more than two tethers involved),
the points at which the payloads path intersects with the surface of another teth-
ers sphere will cause one or more of the tethers to transition from being slack
to tensioned and will cause shock-loading of those particular tethers (Figs. 11.9
and 11.10). Shock-loading of the tethers will cause large spikes in shear force,
which can be observed in Fig. 11.10.

Each spike in the graph correlates to a tether transitioning from being slack to
tensioned. This effect is much more pronounced depending on the degree of de-
viation of the payload’s oscillation path caused by reaching a tethers maximum
length, and with more energetic excitation of the payload, as the dampening
effect of the tethers is only able to absorb smaller surges of force.

11.6.3 Payload configuration simulations

The “Payload configuration” simulations tested a number of alternate payload
attachment locations for a 1 + 3¢ array in regard to their position on the payload.
These include Slightly spaced, where the tether lines would converge roughly to
the same point on the payload, “Parallel spacing”, where the tether lines would
remain parallel to each other (going straight down), and “Over spacing”, where
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FIGURE 11.9 Graph showing plotted force values from the joints of a 1 + 2¢ array under single
axis dynamic loading over time — Mode 1, excitation along the X-axis.
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FIGURE 11.10 Graph showing plotted force values from the joints of a 1 4 2¢ array under single
axis dynamic loading over time — Mode 2, excitation along the Y -axis.

the lines would diverge outwards (from the center axis of the array and payload)
to the attachment points on the payload. Also included was a “3-to-1” tether
configuration involving the three tethers combined into a single tether before at-
taching to the payload. The results of the static loading simulations in Table 11.5
show little change in all metrics across the spacing configurations; however, al-
though the average stayed similar, the 3-to-1 configuration showed significant
change to maximum, minimum, and variance. Although it does seem that the
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TABLE 11.5 Force values acting on the joints of 1+ 3¢ arrays with
different payload attachment configurations under static load-

ing.
Static configuration
Slight Parallel Over 3-to-1
Maximum force (N) 8.59 8.29 8.86 52.60
Minimum force (N) 7.63 7.95 7.30 0.006
Average force (N) 8.18 8.18 8.18 12.6

TABLE 11.6 Results table showing force values acting on the
joints of 1 + 3¢ arrays with different payload attachment con-
figurations under dynamic loading.

Static configuration

Slight Parallel Over 3-to-1
Maximum force (N) 24.0 16.5 15.0 95.5
Minimum force (N) 0.015 1.00 4.56 0.143
Average force (N) 11.2 10.2 10.6 37.1
Variance (N) 32.9 12.1 6.30 508

3-to-1 configuration holds no advantages over the other configurations tested,
it is possible that these results could be a product of simulation inconsistency
brought on by the tether-combining segments. The dynamic testing (Table 11.6)
displays a slight decrease of a few Newtons in the maximum and variance as
the spacing increased, whereas the average stayed fairly consistent. The 3-to-1
configuration had increased the maximum and average values, and the variance
increased significantly.

11.6.4 Single module flight simulation

The flight simulations successfully demonstrated the usage of PIDs within Sim-
scape Multibody to control the flight of a single drone module. The module, even
with a simple control system, was capable of carrying out a series of precise
tasks such as accurately following a pre-determined flight trajectory, accurate
rotational orienting, and docking with environmental elements in a perching ma-
noeuvre. This was demonstrated by a simulation carried out in which a single
co-axial propeller distributed flight array module navigated a small environ-
ment by first achieving a controlled hover, then traveling along a pre-defined
flight path towards a rendezvous point, at which it then executed a perching ma-
noeuvre by correctly re-orienting and docking with a secondary solid body via
enabling a weld joint. Figs. 11.11 and 11.12 demonstrate the time history of
pose channels and the flight trajectory, respectively.
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11.7 Discussions, critical thinking, and reflections

The payload simulations and their results help demonstrate some of the princi-
ples that must be followed to effectively operate a DFA payload system such
as optimizing the array formation parameters, such as size, shape, and tether
distribution, around the type and size of payload. The results also illustrate how
using single tether theoretical estimations to calculate shear force of the joints
will cause over-estimations in their required strength as multiple tethers when
used correctly can effectively distribute force throughout the array formation as
seen in the 85% decrease in joint shear force between 6 + 1t and 1 4 6¢ (under
static loading), as it is illustrated in Tables 11.1 and 11.3. This serves to reinforce
the strengths of simulation, which allow for more accurate estimations without
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requiring more advanced theoretical calculations, as a tool for both the design
and operation of a DFA.

The simulations and results help to highlight that the “effectiveness” of a
DFA carrying capacity is multivariable problem, and while dominantly depen-
dent on the shear strength of the joints, it is also affected by the nature of the
range of intended payloads, the types of flight manoeuvres used, and the tether
configuration and its materials. Although this does mean that calculating the ex-
act carrying capacity of any given DFA system based upon its joint strength is
not feasible, it does present the possibility of a more complex alternative rating
system, which would involve a diagram of multiple plotted curves to describe a
systems range of effectiveness with certain given parameters.

Resonance was an effect observed in the single tether-length variation simu-
lations. This caused amplification of the payloads oscillations and subsequently
the forces exerted on the docking joints. If unaccounted for resonance has the
potential to cause unexpected catastrophic failure, then countermeasures would
need to be taken to avoid such events. There are multiple ways this could be
executed, with many examples of these theories being applied in other indus-
tries, such as in earthquake engineering, and would first involve in modeling the
system and simulating the expected excitations such as wind or vibrations from
flight and alterations to the tether length could be made to avoid resonance; ad-
ditionally, dampeners could be incorporated into the array structure or payload
attachment system to avoid resonance and absorb energy.

Shock Loading was another phenomenon observed during the “N-Tether
Simulations” and is a product of the number and positioning of the payload’s
tethers under dynamic loading. Much like resonance, this effect can cause much
higher loading than expected and result in unexpected failure of the array sys-
tem. This similarity also means that a lot of the same solutions for resonance
also apply to shock-loading, such as additional dampeners and modeling the
excitations of the payload to avoid any hazards; however, along with altering
the formation layout, the orientation of certain array formations during flight
manoeuvres also impact these results, which may allow for a wider range of
solutions to avoid the shock loading effect from occurring.

The project has resulted in a significant body of numerical data and has made
contributions to the field through exploration of a simulation approach to esti-
mating the forces exerted on the multibody problem of DFAs. The simulation
results were of appropriate resolution and precision as they were able to illus-
trate some of the real-world effects and behaviors such as resonance and shock
loading; however, the accuracy of the simulations with respect to real-world
models is not verifiable without conducting real-world experiments. The simu-
lation had several limitations, such as within the software, as both computational
intensity and increased complexity as a product of “Simscape Multibody” being
a graphically based programming language, caused the testing of larger DFA
formations to be increasingly laborious and therefore was not used during the
project.
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The simulation also used several assumptions to reduce complexity and
computational time. These include perfect rigidity that removes effects such
as bending from the chassis and joints, no air resistance and no weight associ-
ated with the tethers, which would have influenced their behavior, and that the
arrays maintain a perfectly station hover. Such assumptions could affect some
of the behaviors observed in the simulations, such as the resonance and shock-
loading. Flexible chassis and more accurate tether simulations that include the
weight and air resistance will likely change the exact resonance frequency of the
system and would need to be accounted for in any industrial applications. The
effect of shock-loading may also be reduced by the increased damping that flex-
ible chassis would add; however, the effects of the chassis bending may cause
further complications with flight and would also have to be accounted for in the
formation design process and flight planning; the values of the shear forces will
also be affected by the changes caused by bending.

The model of the DFA modules in the payload simulations also lacked any
real flight control, which would have made adjustments to the propellers to
maintain a stationary hover. Such a responsive system would have introduced
additional damping as the attitude of the array and corrective flight manoeuvres
would absorb some of the vibrations energy. Furthermore, the orientation and
stability of the payload during dynamic testing was not considered, and if made,
then a requirement would need additional systems and testing to restrict change
to an acceptable range. The single module flight simulations demonstrated the
capabilities of Simscape Multibody to simulate a simple flight controller us-
ing traditional PIDs capable of trivial tasks such as executing a flight path and
precise alignment for docking and perching manoeuvres. This research has pro-
vided a foundation for more complex flight tasks such as path planning, obstacle
avoidance, and payload delivery. The potential for what can be achieved would
be further increase by constructing a more complex and precise control system
designed to dynamically support flight arrays of larger sizes and various config-
urations. Combining advancements of the control system with several tools be-
longing to the “UAV toolbox”, an “addons” for Simscape Multibody, could cre-
ate methods to simulate full environments and synthetic sensor data for research-
ing estimated control algorithms, sensor networks, and computer vision. Simu-
lation of DFAs with a wide arsenal of functions, from grounded driving, con-
trolled flight, docking, perching, and payload carrying allows for a greater depth
of research into many aspects of the DFA design and practical capability, as well
as functioning as a greater tool for developing distributed control algorithms.

11.8 Conclusions

In conclusion, the projects outcome has managed to fulfill the primary aims of
creating an accurate digital model of a Distributed Flight Array (DFA) system
complete with a slung payload system, functional implementation of the model
within simulation software, and completion of multiple simulations to produce
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a wealth of useful data. This data was then able to be processed and analyzed
to reveal various interesting statistical correlations and behavioral patterns of
the DFA system under a variety of load conditions, which illustrate the com-
plex mechanics and niche applications of the various configurations that may
allow for unique optimizations in a material handling setting. While providing
research into the mechanics of a DFA system and the expected forces and re-
sponses to a 10-kg payload under various conditions, the project also serves to
document a successful utilization of multibody physics-based simulation soft-
ware and its benefits over physical testing. While the simulation results cannot
be accurately verified until physically reproduced, due to the absence of any
applicable statistical verification methods (such as “Mesh independence study”
used in Finite Element Analysis), the exact methods of which are predicted to
be highly laborious and remain unclear as many aspects of physical testing incur
unique inaccuracies and biases due to the measurement equipment and design
choices, and are therefore beyond the scope of the project.

The project has shown that DFAs are likely to be highly compatible with a
slung payload system based on existing technology given an appropriately de-
signed docking mechanism. This serves to support their potential application in
material handling; however, the technology required to fully implement and sup-
port such a system is currently uncommon in industry but is poised to become
much more prevalent as the world transitions into Industry 4.0. The projects
secondary aims of investigating the software ability to support and simulate
the control system for a simple single module drone have also been successful.
By demonstrating the ability to execute tasks such as maintaining a controlled
hover, flight path planning, precise spatial alignment, and a perching manoeu-
vre through a PID-based flight controller, the simulations have revealed the large
potential for much more complex flight control and general DFA functionality
research within Simscape Multibody.

11.9 Recommendations for future work

This project research aims to serve as a steppingstone for further research and
to bridge the gap between DFAs, material handling technology, and to high-
light simulation software capabilities, and therefore there are a large number of
topics regarding this research to be further investigated. As the payload simula-
tions in this project handled simple symmetrical array formations, naturally the
next step would be to push the software to its limits with larger and more com-
plex non-symmetrical formations to study their unique behaviors. This would
also require creating a more robust formation notation system that is able to
concisely describe the exact structure of each array, possibly taking inspiration
from similar systems like chemical formula notation. The flight and control sys-
tem simulations used a primitive controller and operated a simple single module
DFA, the progression of this would be to develop more accurate and complex
control systems with a greater focus on PID tuning and responsiveness/robust-
ness. This control system would also be intended for arrays of larger sizes and
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be able to adapt to various configuration shapes. Additional features could be
integrated with a re-designed control system such as intelligent path planning
algorithms that can be used to develop computer vision applications and simu-
late collision avoidance. These algorithms could also be used to develop robust
docking and undocking operations for both grounded and perching applications
based on sensor information and evaluate the relationship with array charac-
teristics, such as size and module distribution, with effectiveness and energy
efficiency. Combining these possibilities with payload simulations would al-
low for fully simulated array formation, payload attachment, transportation, and
payload offloading routines. This topic could further expand into researching the
possibility of mid-flight formation changes to optimize the force distribution in
response to required flight manoeuvres and environmental obstacles.

The other natural direction for further research is to begin physical test-
ing of the DFA design either by replicating them completely or by designing a
simpler more controlled testing model of which to conduct force testing to inves-
tigate the accuracy of the simulation method. This could also include designing
a working mechanical docking system and testing variations of the design to
maximize its strength capabilities. Physical testing may reveal weaknesses and
inaccuracies in the current simulation method and therefore could be used to
innovate and improve the simulation method to produce more reliable results.
Adjacent to the topic of joint strength and flight control are several other sub-
ject matters, such as investigating the aerodynamic effects of the downthrust
produced by a DFA on a slung payload and how those forces interact with the
payload system. Another aspect of the payload system is the attachment method
and investigating the optimal locations and designs for the attachment point on
the module chassis as they are currently assumed to be at the center of the bot-
tom face of each module. Furthermore, it is interesting how additional dampers
could be implemented into the payload system to reduce the effects of dynamic
loading.
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12.1 Introduction

The evolution in aeronautics and aviation has become popularly necessary and
demanding in the modern technology served for human desires. The unmanned
aerial vehicle (UAV) is a widely used carrier of this field [1]. Recently, UAVs had
many extensive applications, especially in commercial and military fields. Mul-
tiple unmanned aerial vehicles developed to achieve search and rescue (SAR)
mission to save maximum number of people in a limited time. This approach
is proposed as the layered search and rescue (LSAR) technique. So it is also
emerging in the areas like plotting scenario, surveillance, and rescue purposes
[2—4]. Furthermore, UAV is also feasible in remote sensing and access to vul-
nerable fields where accurate movement required. The grouped UAVs are more
beneficial for the successful implementation by decreasing the mission comple-
tion time of different battle scenarios.

The novel optimization method in multiple unmanned aerial vehicles (multi-
UAVs) can achieve fast and precise reconfiguration under random attacks as
shown in Fig. 12.1. It also suggested that the speedy effect of formation control
of multi-UAV resisting the random attacks in a successful manner. This opti-
mization model related to the parameter problem is also feasible to enhance the
system resilience by the help of adaptive learning-based pigeon-inspired opti-
mization (ALPIO) algorithm to further enhance the value of resilience to get
better results.
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FIGURE 12.1 Two tiers of Unmanned Aerial Vehicles.

Robust optimization is an enormously demanding and intensively researched
in academia and applications over the last decade. It has been observed that the
proposed algorithms suit very well in the area related to the robustness in the
optimization algorithms and yield the novel approach for both current trends of
research and open research standards [5,6].

In the real world, optimization problems become challenging in engineer-
ing, mathematics, science, and commerce industry. Therefore several scien-
tists have presented multiple optimization techniques and algorithms to address
those challenges successfully. As the challenge increases, the algorithms re-
quire extensive calculations and computations to solve complex issues. Obvi-
ously, optimization techniques that have competent computational power and
limited memory are preferable for achieving better results. Scientists [7] have
proposed different pigeon-inspired optimization (PIO) techniques in the last
decade, which are more precise, accurate, and efficient compared with the clas-
sic methods.

Pigeon-inspired optimization technique proved to be a valuable competitor
in global optimization problems, and its idea proposed in 2014 by Duan and
Qiao [8] is reflected in Fig. 12.2. Recent work modified the PIO algorithm to
analyze and evaluate multi-objective optimization issues. In 2015 an emerging
swarm intelligence optimization technique was introduced, which follows the
behavior of homing pigeons. This algorithm is feasible for solving the problems
areas of designing and assembling the brushless direct current motors including
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FIGURE 12.2 Inspiration of pigeon-inspired optimization in UAVs.

five design variables, five constraint variables, and two objective variables. In
2016, a model design [20] was proposed based on carrier landing system that
works automatically. The proposed pigeon-inspired optimization algorithm was
applied to overcome the problems of manual adjustment and converting the sys-
tem model into efficient design to achieve better optimization. It also prevents
the lack of the diversity in the pigeon population.

In 2017 a new technique named as multi-objective genetic algorithm
(MOGA) [11] was introduced to achieve oilseed canola production by the
combination of environment and economic indices, mixing energy [9]. Pigeon-
inspired optimization algorithms need to be combined with some advanced
strategies to efficiently solve the complex optimization problems in a better
way. The modified PIO algorithm considered the hierarchical learning behav-
ior and presented a distributed flocking control technique to support and guide
unmanned aerial vehicles to fly in a stable formation. In 2019 an improved
population diversity method [10] was developed for managing the multilevel
image thresholding issues by using a cooperative PIO algorithm. In the same
year (2019), an analysis of modified PIO technique [11] was proposed for air
quality prediction problems by optimizing particle swarm optimization process.

In 2020 a distributed flocking control technique was introduced to coordinate
unmanned aerial vehicles fly in a stable formation, which is a modified PIO
[12]. Another modified PIO technique was proposed in 2020 to optimize the
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fuel cost of energy system, efficiency, and power loss in the system [13]. The
existing algorithms were gradually improved to produce variety of optimization
problems including the aerial field.

In 2021 an emerging algorithm termed multi-objective pigeon-inspired op-
timization (IMOPIO) was introduced [14] to balance the local and global op-
timization issues. However, it was observed from the given multiple variants
that the PIO algorithm is usually affected by the local convergence due to poor
diversity.

In 2022 a novel planning technique named different objective optimization-
based multiple UAVs was proposed to address the effects of a single objective
function to plan the path for the UAVs [15]. In this method, a non-dominated
sorting genetic algorithm (NSGA) was presented to address multi-objective op-
timization issues by using the fruit fly algorithm (FLO) as the replacement of the
genetic algorithm (GA) to further improve the optimization and achieve better
efficiency of the system [16].

Many researchers focus on the emerging and demanding optimization algo-
rithm schemes named modified pigeon-inspired optimization to analyze multi-
objective optimization problems. Some major analysis is compiled by focusing
on various parameters like energy consumption on intelligent algorithm, stable
formation in complex environment, model improvements and hardware devel-
opments in industrial applications, population convergence and diversity, power
loss and fuel cost on different power systems, selection and search ability of
proper PIO algorithms. Many researchers employed the recent market trends
and developments in the optimization schemes.

The aim and motivation of this survey paper is to compile various parameters
in different research fields together in a single forum, which will certainly give
easy reference for relevant researchers to extract the best suited and optimized
methods for their desired goals considering the comparison of exploitations
and explorations of all parameters. To address and overcome the challenges of
different restrictions, complexities, and uncertainties, the best and optimized
techniques are feasible, which can make the system model more effective and
efficient due to the modern and modified pigeon-inspired optimization algo-
rithms to cover all the aspects of multi-objective optimization problems. The
main contributions of this survey paper are as follows:

e To introduce the implementation of pigeon-inspired optimization techniques
along their technical analysis in terms of efficient energy consumption, power
loss and fuel cost of power systems, and population convergence and diver-
sity.

e To analyze the performance and challenges faced by different optimization
algorithms and suggest some modifications to improve the efficiency of the
system.

e To address the key findings and restrictions of the existing optimization tech-
niques and propose some future recommendations and modifications for bet-
ter implementation of the system model to achieve network optimization.
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The rest of this paper consists of four sections. Section 12.2 presents the state-
of-the-art parameters for implementation of multi-objective pigeon-inspired op-
timization in UAVs. Section 12.3 reviews problem statement and proposes solu-
tions of different aspects of MPIO in UAVs systems. Section 12.4 discusses the
recent developments and advancements in MPIO implemented in UAVs. Sec-
tion 12.5 presents conclusions and future approach for the evaluation of various
optimization algorithms and related issues.

12.2 State of the art

The state-of-the-art study in the area of network optimization introduced in
2014 by Duan and Qiao [8] as Pigeon-Inspired Optimization (PIO) algorithm
to produce effective navigation system shown in Fig. 12.3 through the mathe-
matical expressions for “Map operator”, “Landmark operator”, and “Compass
operator”. This technique is related to the homing behavior of pigeons, which
follows the idea of routing to detect any target or returning to its original place.
The detection is done by navigation mechanism [9] of homing pigeons and the
available data of birds. The navigational map is suitable for using routing infor-
mation to know the path for a better optimization system. This is applied to the
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FIGURE 12.3 Pigeon-Inspired Optimization as navigation systems.
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Homing pigeons used another method of combining both map and compass
system to track their destination. When the sky is clear, the sunlight is used to be
a compass. When the sun disappears behind the cloud, pigeons use the magnetic
field of Earth to achieve the desired result. The pigeon map uses sensors that can
be unknown, but the disorientation of the pigeons in sunny environment suggests
the map based on magnetic cues.

By using this optimization algorithm the pigeons use receiver based on mag-
netic structure to configure and locate the map in their brains to aware the Earth
magnetic field. They select and prefer the Sun’s elevation to adjust the direc-
tion and path of their route. Pigeons fly to their target with very little amount
of support magnetic particles and Sun light. They basically depend on the clos-
est landmarks for getting close to their goals. Pigeons fly fast when they trace
the landmarks and follow a direct route as the last one. If any pigeon does not
find the nearest landmark, then it follows the pigeons that are familiar with the
landmark.

The pigeon-inspired optimization was further modified [10] by Industry
4.0 vision integrated with the key technologies and Cyber-Physical-Systems
(CPSs), especially in manufacturing sector. However, the responsibilities and
decision-making factors of the employees is still an open issue needed to be
addressed. So the proposed study solved this challenge by a method to support
the configurations and system design of different work by considering the hu-
man labor and CPS structure jointly within a comprehensive framework. This
approach also covers ordinary production and uncertain parameters like failure
detection or maintenance intervention.

12.3 Problem statement and solutions

Pigeon-inspired optimization (PIO) is one of the demanding and novel bio-
mimetic swarm intelligence optimization technique introduced in 2014 [8] to
provide an efficient algorithm in the fields like energy consumption, power loss,
and the fuel cost of the distribution systems. The searching ability of pigeons is
unique as compared to other birds in terms of efficiency and accuracy to reach
the destination rather than long route traveling. In the telecommunication, the
use of pigeons becomes obsolete for communication due to the advancements
of emerging technologies dealing with the complex systems that demands more
stability and accuracy to solve the convergence and diversity issues. Lists of the
research work are briefly introduced for understanding the problems and solu-
tions.

Zhang et al. [17] proposed a hybrid model termed Pigeon-Inspired Opti-
mization (PIO) for solving the issues of reconfiguration for multiple unmanned
aerial vehicles, which focuses on achieving the optimum input values including
the load factor, thrust, and bank angle to complete the desired task. The proposed
model solved the reconfiguration problems for multiple UAVs. The simulation
results suggest that the proposed algorithm embedded with PIO is better suited
than the existing PSO algorithm.
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Dai et al. [18] presented a system design for the implementation of multi-
objective pigeon-inspired optimization technique to enhance the capability of
search efficiency by the help of the navigation capacity of homing pigeons. In
this approach the compass and map operators are capable to record the routing
path to obtain accuracy. The landmark operator speeds up the convergence time
and improves the diversity of the network as further advancements of this algo-
rithm. The landmark operator used to upgrade the convergence of sub-problems
with poor convergence. The advantages of taking two sets of MOPs are shown
by comparing six MOEAs and MPIOs.

Qiu et al. [19] proposed a novel swarm intelligence optimization technique,
which follows the behavior of homing pigeons. This algorithm is feasible for
solving the problems areas of designing and assembling the brushless direct
current motors including five design variables, five constraints variables, and
two objective variables. This algorithm is feasible for solving multi-objective
optimization design parameters. The experimental results show the superiority
and validity of the proposed MPIO technique.

Deng et al. [20] introduced a model design based on control parameters for
the carrier landing system that works automatically. In this study the pigeon-
inspired optimization algorithm is applied to address the problems of manual
adjustment and converting the system model into efficient design to achieve
better optimization. It also prevents the lack of diversity in the pigeon popula-
tion. A weighted linear cost function was adopted in time domain to optimize
the power compensation system and control parameters in H-dot autopilot. The
series of experimental results suggest that the proposed method is feasible and
better than the existing methods.

Li et al. [21] proposed a path planning method of many objective opti-
mizations-based multiple UAVs technique to address the effects of path plan-
ning considering a single objective function for the UAVs. In this method a
non-dominated sorting genetic algorithm (NSGA) was presented to address
multi-objective optimization issues by using the fruit fly algorithm (FLO) as
the replacement of the genetic algorithm (GA) so that further increase the per-
formance related to optimization and achieve better efficiency of the system.
This study focused on multi-objective optimization technique based on multiple
UAVs path planning to overcome the limitations of a single objective function.
The simulation results show that the improved NSGA-III algorithm is more ef-
ficient in the path planning of UAVs than the other methods.

Ruan et al. [22] introduced a multi-objective social learning pigeon-inspired
optimization (MSLPIO) for collision avoidance with unmanned aerial vehicle
(UAV) formation control. In this approach a learning parameter is added to the
compass, map, and nearby landmark operators such that each pigeon adapts the
route from the best pigeon to update the process. The blindness of the parameter
setting is improved by selecting a dimension-dependent parameter. Simulation
results verify the proposed method based on improved convergence performance
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by comparing multi-objective pigeon-inspired optimization and non-dominated
sorting genetic algorithm.

Duan et al. [23] presented a mechanism termed limit-cycle-based mutant
multi-objective pigeon-inspired optimization to analyze the behavior affecting
the flight of the pigeons. This method is also beneficial to increase the strength
of the exploration capacity during the flight process. The proposed algorithm
achieved a high accuracy and faster convergence speed to improve popula-
tion diversity. Comparative analysis of proposed technique along with the other
multi-objective approaches is conducted to validate the efficiency, accuracy, and
convergence stability.

The above-mentioned analysis of modified pigeon-inspired optimization
techniques indicates that the presence of pigeons is not necessary for commu-
nication due to the advancements of emerging technologies dealing with the
complex systems that demands more stability and accuracy to solve the con-
vergence and diversity issues. The study covers various aspects such as dealing
with reconfiguration issues for multiple UAVs, improved navigation capacity
of homing pigeons, behavior of homing pigeons, effective utilization of control
parameters for carrier landing system, efficient optimization algorithm for mul-
tiple UAVs path planning, and limit-cycle-based mechanism to achieve better
optimization of the network.

12.4 Advancements of MPIO and its variants

The basic concept of advanced pigeon-inspired optimization (PIO) algorithm is
applied on various fields such as scheduling process, long distance traveling,
power systems, and effective energy consumption in networks with fast conver-
gence speed and strong robustness. However, the local optimization cannot be
denied and considered to be shortcomings of the basic PIO algorithms. To effec-
tively address the complex problems, the PIO need to be modified and combined
with some relevant and advanced strategies. Furthermore, the developments and
modifications in the concept of PIO algorithm can rely on the latest techniques
feasible for both local and global optimization. The comparative analysis of
some emerging modified optimization algorithms is gathered in Table 12.1 to
analyze the network optimization of various applications in the field of power
distribution systems, navigation systems, and long-distance traveling mecha-
nisms. Yearwise analysis of PIO and MPIO is as follows:

In 2014, Ran Hao [24] proposed a novel approach related to UAV assignment
model addressing on the effective power consumption applied easily to the intel-
ligence algorithm. This task is completed by the modification in pigeon-inspired
optimization (PIO) technique to address mission assignment issues of multiple
UAVs.

In 2015, Qiu [19] proposed a hybrid swarm intelligence optimization tech-
nique that follows the behavior of homing pigeons. This algorithm is feasible
for solving the problems of designing and assembling the brushless direct cur-
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rent motors including five design variables, five constraints variables, and two
objective variables.

In 2016, Deng [20] introduced a model design based on control parameters
for the carrier landing system that works automatically. In this study, the pigeon-
inspired optimization algorithm is applied to overcome the problems of manual
adjustment and converting the system model into efficient design to achieve bet-
ter optimization. It also prevents the lack of diversity of the pigeon population.

In 2018, Huaxin Qiu [25] presented a multi-objective pigeon-inspired opti-
mization method to prevent collision of multiple UAVs among the obstacles. In
this method, two types of criteria are addressed to guarantee the flight safety for
different objectives. In such a scenario, a modified PIO that follows the UAV
distributed flocking control algorithm is presented to achieve the stability of
multiple UAVs in terms of flying condition under dynamic and complex envi-
ronment.

In 2019, Haibin Duan [20] proposed a study to review the analysis and
modifications of PIO in the parameters like structure adjustment, component
replacement, operation addition, and application expansion. Zhihua Cui [21]
addressed the limitation of multi-objective pigeon-inspired optimization for not
solving the optimization issues. So this study adapted the selection mechanism
termed the balanceable fitness estimation (BFE) approach that combines the
convergence and diversity distance to achieve the desired performance.

In 2020, Gonggui Chen [28] proposed a modified pigeon-inspired optimiza-
tion algorithm (MPIO) to deal with problems regarding multiple contradictory
objectives and produce a solution of non-differentiable optimal power flow. In
this study the MPIO algorithm is combined with commonly used penalty func-
tion method (PFM) to form the MPIO-PFM algorithm to address the parameters
of power distribution systems in terms of energy loss, emission, and system
fuel cost. Jing Wang [29] presented a modified pigeon-inspired optimization
(MPIO) technique that offers emerging and innovative miniature atomic sensors
for designing self-shielded uniform magnetic field coils. The proposed method
consists of coaxial cylinder surfaces that can provide a highly uniform magnetic
field at the center of the coil and attenuate the external field.

In 2021, Xu Zhun [14] proposed an improved pigeon-inspired algorithm to
address the manipulations in product demand and uncertainty caused by the de-
mand prediction. In this approach, a dynamic layout facility (DLF) is presented
to cope the uncertain product demands by optimizing the cost and consider-
ing effective area utilization. Ali [30] presented a hybrid strategy for swarm of
multiple unmanned aerial vehicles in terms of formation control. This study pro-
vides a three-dimensional function for formation control by using Cauchy mu-
tant (CM) and particle swarm optimization (PSO) to update the fitness function.
Dai [18] presented a system design for the implementation of multi-objective
pigeon-inspired optimization technique to enhance the capability of search effi-
ciency by the help of navigation capacity of homing pigeons. In this approach,
the compass and map operators are capable to record the routing path to obtain



TABLE 12.1 Implementation of PIO and its variants.

S. No

1.

3.

4.

Ref

[24]

[26]

(27]

Title

“Multiple UAVs Mission
Assignment Based on
Modified Pigeon-Inspired
Optimization Algorithm”

“A multi-objective
pigeon-inspired optimization
r approach to UAV
distributed flocking among
obstacles”

“Advancements in
pigeon-inspired optimization
and its variants”

“A pigeon-inspired
optimization algorithm for
many-objective optimization
problems”

Technique
used

UAV model
focusing energy
consumption
on intelligent
algorithm
multi-objective
pigeon-inspired
optimization

multi-objective
pigeon-inspired
optimization

multi-objective
pigeon-inspired
optimization

Applied on

MPIO

Unmanned
aerial
vehicle
(UAV)

PIO

Multi-
objective
model

Compared

PIO and DE

MPIO and
NSGA-II

PIO, PSO,
GA, and
ABC
algorithms

GrEA and
NSGA-III

Key Findings

MPIQ is better for solving
multiple UAVs mission then
classical algorithms

The technique applied for
stable formation to
coordinate UAVs to fly in
complex environments

The study is best suited for
industrial applications as
follows:

1. Model improvement

2. Application intensifica-
tion

3. Hardware development

Diversity and population
convergence are addressed
by BFE approach. Center to
global best positions are
extracted

Limitation

Sequence of task
execution is ignored

Convergence analysis is
lacking by using modified
MPIO

The research has two
limitations:

1. Theoretical analysis is
improper for simulta-
neous simulation pro-
cesses.

2. Predominance of PIO
has issues

Solution quality can be
enhanced by using
Operators such as MaPIO,
PM and SBX to support
non dominated solution.
continued on next page
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TABLE 12.1 (continued)

S.No Ref Title Technique Applied on Compared Key Findings Limitation
used

5. [28] “Application of modified Combination of OPF MPIO- Optimization on fuel cost Reducing the running
pigeon-inspired optimization MPIO and PFM  problems COSR and  and energy loss on different time can be achieved by
algorithm and NSGA-II power systems using pigeon-inspired
constraint-objective sorting algorithm and improving
rule on multi-objective the search efficiency
optimal power flow problem”

6. [29] “Design of Self-Shielded MPIO Miniature Traditional ~ Proposed technique The development of
Uniform Magnetic Field Coil  technique for ~ atomic design addresses the constraints of  atomic sensors can be
via Modified Pigeon-Inspired self-shielded sensors methods optimal parameters of the further enhanced based
Optimization in Miniature uniform coil. on SUMEF coil structure.
Atomic Sensors” magnetic field

coils

7. [14] “An improved IMOPIO Uncertain MOPSO The proposed algorithm Facility re-arrangements
pigeon-inspired optimization technique products and MOPIO  gives better searching process needed to be
algorithm for solving dynamic ability than the compared considered to make
facility layout problem with algorithms. model more practical.

uncertain demand”
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accuracy. The landmark operator is used to accelerate the convergence time and
improve the diversity of the network as further advancements of this algorithm.

In 2022, Li [21] proposed a multi-objective optimization based multiple
UAVs path planning method to address the effects of path planning of single ob-
jective function for the UAVs. In this method, a non-dominated sorting genetic
algorithm (NSGA) is presented to address multi-objective optimization issues
by using fruit fly algorithm (FLO) as the replacement of genetic algorithm (GA)
to further increase the performance based on the optimization and achieve better
efficiency of the system.

Future Scope: Researchers could focus on designing hybrid optimization
model in future that can be beneficial for all the aspects of various fields, espe-
cially in the areas like power generation, fuel consumption and optimized cost,
long distance traveling in optimum route, and all other fields where the opti-
mization techniques can help enormously to further improve the performance
and quality of the systems.

12.5 Conclusions

In the modern communication, optimization algorithms are widely used for the
multi-objective purposes by the research scholars. These algorithms are ex-
tremely popular and demanding for further enhancements, modifications, and
improvements of the system design in terms of the optimized cost and effective
consumption of the resources. The basic concept of advanced pigeon-inspired
optimization algorithms (PIO) is applied in various fields such as scheduling
process, long distance traveling, power systems, and effective energy consump-
tion in networks with fast convergence speed and strong robustness. However,
the local optimization cannot be ignored and considered to be a shortcoming
of the basic PIO algorithms. The proposed study addresses all the shortcom-
ings of PIO by introducing the implementation of pigeon-inspired optimization
techniques along its technical analysis in terms of efficient energy consump-
tion, power loss and fuel cost of power systems, and population convergence
and diversity. The proposed work also analyzes the performance and challenges
faced by different optimization algorithms and suggests some modifications to
improve the efficiency of the system. This work can also accommodate the key
findings and restrictions of the existing optimization techniques and proposes
some future recommendations and modifications for better implementation of
the system model, which tends to achieve network optimization.
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13.1 Introduction

A quadcopter is a special type of non-coaxial multi-rotor aircraft, which has
four equally spaced rotors, usually arranged at the corners of a square body.
The rotors are directed upwards and are placed in a square formation with equal
distance from the center of mass of the quadrotor. Compared with fixed-wing
aircraft, quadrotors do not require long runways for take-off and landing; they
are also designed to operate with greater agility and rapid manoeuvring and
are capable of operating in harsh conditions in the presence of environmental
disturbances such as wind gusts.

Due to general advances in the area of electronics (improved sensors, bat-
teries, and actuators etc.), during the last few decades, the performances and
capabilities of modern quadcopters has been increasing exponentially. The small
size of these unmanned quadcopters makes them ideal for use both in con-
strained spaces and in open outdoors. These small-size quadcopters can replace
full-sized helicopters currently used for tasks like crop inspection, weather and
traffic monitoring, power line, building and bridge inspections, aerial photog-
raphy, and other general surveillance tasks. It is comparatively cost effective,
and there is no need to endanger human life as the small quadcopter system is
unmanned.

Several different methods have been proposed for regulation and trajectory
tracking. By far the most common and widely used one is the Proportional Inte-
gral Derivative (PID) controller [9,12], but there are other approaches that have
also been studied that use Proportional Integral-Proportional Derivative (PI-PD)
controller, Fuzzy PI-PD (FPI-PD) [13] controller as well as Linear Quadratic
Regulator (LQR) [11,14] approach and Sliding Mode Controller (SMC) de-
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sign approach. Generally speaking, most of these approaches can be placed
in one of the two popular frameworks, the model-based and model-free (data-
driven) frameworks. However, there is another less attended third one called
the model-independent framework [4,5]. Let us now briefly introduce the three
frameworks.

Model-based framework design. Let us consider a general cascade feedback
control system shown as shown in Fig. 13.1, where G, denotes the plant, which
could be modeled as a linear transfer function or nonlinear dynamic equation
in either polynomial or state-space expression, and G, represents the classical
controller. Let G be the closed-loop transfer function specified in advance ac-
cording to the requirements of the designer. For a linear plant G, the controller
could be designed with G, = G;l & For a nonlinear plant G, the controller
could be designed with G, = f(G — p, G), where f is a function to link the
plant and closed-loop performance to determine the control in a certain way of
plant inversion.

In this approach, the model of the plant G, is requested in advance, where
the model sets include the linear/nonlinear polynomial and state-space expres-
sions. There are many mature approaches available for this design framework
as this has been the predominant approach in academic research and industrial
applications. Using this framework, it is difficult to design nonlinear plant-based
control systems, and it is also difficult to specify the transient responses of non-
linear control systems with this framework [8].

rO e G, u G y

I

FIGURE 13.1 Classical control framework.

Model-free (data-driven) design. There are various approaches to model-
free control system design. Here we describe a few well-known approaches,
but in general, all these data-driven approaches use measured data to learn and
find proper control in reversion of some expected closed-loop performance, for
example, in iterative learning control (ILC) [2] as can be seen in Fig. 13.2. One
of the main principles is that it uses iterative learning to improve the controller
G with repeated reference stimulation to finally achieve GG, = G;IG p=1
This approach considers every possibility for integrating past control informa-
tion into the next round of control design. There is no need for a clear model
structure. This approach is only available in a repeatable control environment
under strict conditions. There is no need for the model G, of the plant in
advance, and it is challenging to control nonlinear dynamic plants with this ap-
proach. Another representative that falls into this category is PID control tuned
by the Ziegler—Nichols approach [1,3]. This approach does not need a model of
the plant G, even when mild conditions are required for the controlled plants.
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It is the most common and easily used trial-and-error approach. However, this
approach wastes experimental work to obtain plant models. Almost all engi-
neering plants/processes and input/output measurements are possible to model
in principle, although it is sometimes a difficult task [8,17].

Memory
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FIGURE 13.2 Iterative learning control (ILC).

Model-independent design. This study refers it to U-model-based control
design [4,5]. As shown in Fig. 13.3, G; is a linear invariant controller, and G;l
is the dynamic inverse of the plant G ,. In the design procedure, G¢; = % and
G;l are designed separately to form the resultant controller G, = Gchlj].

The parallel design of the controller and dynamic inversion make the design
procedure applicable to linear/nonlinear polynomial/state-space model struc-
tures [18]. Transient responses can be specified for nonlinear systems. It is neat
in design without waste/repetition if the plant model changes. This approach
also complements most existing design approaches. However, this approach is
sensitive to model uncertainty and robustness is the paramount issue in design-
ing control systems.

\
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FIGURE 13.3 U-control framework.

Regarding the research status of U-model-based control, the main focus so
far has been the study of discrete-time systems. Pole placement control design
method [4], U-Smith predictor with input time delay [7], adaptive U-control of
total nonlinear dynamic systems [6], U-neural network enhanced control [17],
and underactuated coupled nonlinear adaptive control synthesis, using U-model
for multivariable unmanned marine robotics [15]. There is very little research on
U-model-based control system design for continuous-time systems so far [17].
In this chapter, we develop a general continuous-time (CT) controller for a
MIMO UAV control system by using the U-model-based Dynamic Inversion
(UM-Dynamic Inversion) approach.

The rest of the chapter is organized as follows. In Section 13.2, we derive
the dynamic model of the UAV system. In Section 13.3, we give an overview of
the U-Model-based design approach and step-by-step U-model-based dynamic
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inversion procedure. In Section 13.4, we present the simulation and results of
the study. Section 13.5 concludes the study with a brief analysis of results and
suggests a possible future work.

13.2 Quadrotor dynamic model

In this study, we use a Parrot Mambo minidrone shown in Fig. 13.4 as a plant.
This small and compact minidrone is used because of its cost effectiveness and
suitability to test theoretical controllers designed in the MATLAB®/Simulink
software environment with the help of the Parrot minidrone support package.
Once the controller is tested in the simulation environment, it can be deployed
to the hardware using the Simulink Support Package for Parrot minidrones to
perform physical experiments on the hardware and verify the simulation results.

FIGURE 13.4 A Parrot Mambo minidrone quadcopter.

The Parrot minidrone has 6 degrees-of-freedom, which means it is able to
move translationally in three directions along the x, y, and z axes and rotates
in 3 directions with rotations Roll ¢, Pitch 6, and Yaw 1, respectively. There
are many existing studies describing the nonlinear dynamic model of the quad-
copter. Referring to previous studies [9,10], the dynamic model is reviewed and
presented in the following section.

In this section, we derive the equations of motion describing the attitude
and position of a quadrotor. The quadrotor consists of four propellers in which
two of them (rq; r3) rotate clockwise and rest of them (r;; r4) rotate counter-
clockwise. The attitude change of the quadrotor results from variations on forces
and moments produced by adjusting rotor speeds.

To calculate the dynamic model of the quadrotor, it is assumed that the
quadrotor structure and propellers are rigid and symmetric. It is also assumed
that the center of mass does not coincide with the origin of the body-fixed frame.
Aerodynamic forces and moments are proportional to the square of the rotor
speed. Also, the axes of the body-frame coincide with the principle axes of the
quadrotor, i.e., the inertia matrix of the quadrotor is diagonal. The Euler angles
are also assumed to be small around the hovering position.
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The dynamics of the quadrotor is described using the following two ref-
erence frames, the Earth-fixed inertial frame E(XgYgZg) and the body-fixed
frame B(XpYpZp), as shown in Fig. 13.5. The attitude of the quadrotor
is described by ZY X Euler angle notations, where the Euler angles ® =
[¢ 0 1//]T are respectively known as roll (rotation around x-axis), pitch (ro-
tation around y-axis), and yaw (rotation around z-axis). The attitude angles are
bounded as follows: ¢ € (=5, %), 6 € (=%, 5), and ¥ € (—m, ) because the
various acrobatic flyings are not admissible. The quadrotor angular velocity in
frame B is represented by o® =[p ¢ r]T. The transformation of vectors
from the Earth-fixed inertial frame to the body-fixed frame can be expressed
using the orthogonal rotation matrix (Rggy) in Eq. (13.1). The translational
equations of motion are described in the Earth-fixed inertial frame, whereas the
rotational ones can be defined in the body-fixed frame. Thus the rotation matrix
from the body-fixed frame to the Earth-fixed inertial frame can be calculated as
Eq. (13.2). Subsequently, the transformation relations between the angular ve-
locity vector in the Earth-fixed inertial frame and that in the body-fixed frame
can be computed by the matrix (M) in Egs. (13.3) and (13.4).

FIGURE 13.5 Coordinate axes for the Mambo minidrone.

Ry = R(®)RO)R(Y)
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where S and C denote the trigonometric functions sin and cos, respectively.

C@Cw S¢S@C¢ —C¢S¢ C¢Sng+S¢Sw
Rygy =Rygy =| CoSy  SpSeSy+CyCy  CySpSy — SpCy |- (13.2)
—Sy Sy Co CyCo

The rotational kine;natics is obtained from the transformation of the Euler
rates © = [¢ i lp] measured in the Earth-fixed inertial frame and angular

body rates w® = [p q r]T as follows:

o? =M6O
P L0 =S ||¢ (13.3)
g|=10 Cyp S4Cp %
r 0 =S4 CpCy w
and
O=M"'o?
é 1 STy CoTo] [ 134)
6= 0 C¢ —S¢ ql,
. S Cy
/2 I R e A A

where T denotes the trigonometric function tan. Since the Euler angles are as-
sumed to be small around the hovering position, we can easily conclude that
cos¢ =cosf =1 and sinf = 6.

The aerodynamic forces 7 and moments M produced by the ith propeller

can be expressed as
Ty = ki 2%,
' o (13.5)
M; =kni 27,

where €2; represents the ith propeller’s speed, and k7; and kjy; are aerodynamic
constants, which can be determined experimentally for each rotor. The total mo-
ments 7 can be derived using the following relationship:

V2
Ty = TL(TI -1 —T3+Ty),

V2 (13.6)
Ty = TL(_TI — D+ T3+ Ty,

T, =M — My + M3z — My),

where L is the distance between the propeller and the center of mass of the
quadrotor. Hence the control inputs can be described by combining Egs. (13.5)
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and (13.6) in a vector form as

1 1 1 1
. J3 NP L
V| _| 2L —FL —5L SLIn (13.7)
Us 21 2 2 L[| T '
Us kyi kyo ks kya T,
K71 K12 Kr3 Kra

Desirably, the translational equations of motion in the Earth-fixed inertial
frame can be summarized as

mX =mg + Riz,u1ZE, (13.8)

where g denotes the gravity acceleration, m is the mass of the quadrotor, and
T
ZE= [O 0 1] is the unit vector expressed in the Earth-fixed inertial frame.

Eq. (13.8) can be re-defined as

X 0 CypSeCy + Sp Sy
§ = 0|+ |CoSaSy—56Cy | - (13.9)
Z -8 CyCy

The quadrotor rotational dynamics can be derived using the Newton—Euler
equations of motion in the body-fixed frame as

Jof +of x Jof + My =1, (13.10)

where J is the inertia matrix, of the quadrotor, M, is the propeller gyroscopic

T .
effect,and 7 = [rx Ty ‘L’Z] presents the total moments acting on the quadro-
tor in the body frame. The gyroscopic moment resulting from the propeller’s
kinetic energies can be described as

T
Mgza)Bx[O 0 J,a),] , (13.11)

where J, denotes the propeller’s’ inertia, and w, represents the relative pro-
peller’s speed, which can be defined as

4

Q=) (-t (13.12)

i=1
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Eventually, the quadrotor attitude dynamics can be written using Eqs. (13.7)
and (13.10) in the following form:

. Jyy=Jz j.i ) U,
A 21 |#
il= _fzzJ:vaxW — 1, Jiﬁ + 2| (13.13)
.. o yy .
Jex—=dyy 3 4 U.
4 T ¢0 0 1_4

Egs. (13.9) and (13.13) combined together represent the dynamic model of
our system.

TABLE 13.1 Values for the
Mambo minidrone.

Parameters Values
m (kg) 0.063
Jexx 1077 (kg.m?)  5.83
Jyyx 1073 (kg.m?)  7.17
Jzzx 1079 (kg.m?) 10

L (m) 0.108
kr 0.0107
ky x1073 0.78264

The values of the parameters in Table 13.1 are taken from the Simulink Sup-
port Package for Parrot minidrones.

13.3 U-model dynamic inversion-based control system design

A general continuous time U-model with a triplet of (y(z), A(?),u(¢)) for a
Single-Input Single-Output continuous-time polynomial dynamic system with
y(t) € R as the output and u(¢) € R as the input at time ¢ € R" is ex-
pressed as

J J
(M) (N)
=) Aj(Yy_1.Uy_1,0 , M>N, (13.14)
y(t) ;) J¥Ym-1,UN-1,0) u(t)
where (IZ; and (1(\3 are the Mth- and Nth-order derivatives of the output y(¢)
y u

and input u(t), respectively, A; € R is a time-varying parameter absorbing all
the other inputs and outputs,
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- (M —1) u B (N-=1 N
YM]_|:y(t),...,y(t)] €R ,UN1_|:u(t),...,u(t):| € R",

J
and © are the coefficients associated with the input <(1(\2> .
u

When using the U-model-based design approach to design a controller ac-
cording to the performance requirements, the controller is made up of two parts,
the general controller G;, which is designed independently according to per-
formance requirements, and the inverse of the plant G ;1, as shown in Fig. 13.3.
Therefore the main task in the whole process is to calculate the inverse G;l of
the plant G, to be controlled and integrate it with the already designed univer-
sal controller G; to form the new controller. The universal controller does not
need to be redesigned while designing a new controller and can be reused for
different plants if the design requirements are the same; however, the inverse
of each plant will be different, and this inverse G;l combined with universal
controller G; is the new controller. For a more detailed discussion about the
U-model design approach along with examples, we refer to [4,5,16,17].

13.3.1 Design of the universal controller G;
To proceed with the controller design, we first specify the ideal closed-loop
transfer function
Y 1
) _ & )=
R(s) s24+14s5+1

(13.15)

which generates the system output response with damping ratio ¢ = 0.7, un-
damped natural frequency w, = 1, and zero steady state error to a step reference
input [ 19]. The invariant controller with a unit plant in a feedback control system
is determined by taking the inverse of the closed-loop transfer function (13.15)
as

1 1

G = = .
CTTT2G ™ st + 1.4s)

(13.16)

13.3.2 U-model state space realization

The step-by-step procedure for U-model state-space realization for a general
Single-Input Single-Output (SISO) continuous-time state space model [16,17]
is defined as follows:

X =F(xuw),

(13.17)
y =H(x).
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The state-space model (13.17) is then expanded into a multi-layer polyno-
mial expression as follows:

X1 =Fi(x,x2, .. x),
x‘2 =F2(x]’x2"~’xn)’
(13.18)
Xp =Fu(x1,x2,..., %),
y =H(x17x27""-xﬂ)'

The multi-layer polynomial expression (13.18) is converted into a multi-
layer polynomial U-model expression:

X1 =20 i fii(x2),
X =200 ki fai(x),
(13.19)

Xn = D0 hni foui (),
y :Z?zohi(xl,xz,...,xn)_

Combining this U-model expression (13.19) with the universal controller
described in the literature [4,5] in detail, each line of (13.19) can be considered
as a separate plant G,;, i =1,2,...,n, and its inverse G_l.l, which is unique
for each plant, is calculated. This inverse combined with the universal controller
forms the new unique controller for each plant.

For illustration, consider the state space model

X1 =x,
Xy =-—x1—x2+u, (13.20)
y =X,

y =X =x2,

(13.21)

Yy=Xxp=—x1 —x2+U.

The second line of (13.20) directly relates the input and output, and therefore
it can be used for dynamic inversion. Then the associated U-model is

¥y o o=Xio+Au,
A =—x1— 2, (13.22)
M =1
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Now we can determine the inverse G ;1 keeping in mind that the eventual goal
is to make the plant output y equal to the invariant controller (G.l) output v.
The next step is to integrate the above expression till we get y:

A A
y=—5+u. (13.23)
s N

To get the second-order derivative of the controller output v, directly modify
the universal controller to match the order of y in the expression where the input
and output are directly related. For (13.21), this is achieved by multiplying a
second-order Laplace operator s> with invariant controller G so that i = s%v.
Therefore u = x1 + x2 + ¥ results in G[,G[_,l = 1. Fig. 13.6 shows the setup and
result of the simulation.

Plant Output
15F T T T T T T T ]
Step Input
Plant Output
1+
B
a
5
(@]
05 b
0 =t
1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time (seconds)

{ Plant
Controller NF
axt
xt 4
fon
1
e

1
. < 4 S
= “
= v Gp
Tria
o G Inverse

FIGURE 13.6 Example results and simulation setup.

13.4 Simulation study

The quadrotor UAV dynamic model (13.9)—(13.13) is rewritten assuming small
Euler angles around hovering position, cos(¢) = cos(f) = 1 and sin(f) = 6.
Also, propeller inertia is assumed to be zero (J, = 0). The equations can now be
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rewritten for a fully actuated system as follows:

o Ul U1
Z:—g—i—C(pC@; :—g+;’
Jyy —J 6 U U-
$=" 00— 1 x =2
Jxx Jxx JX)C JXX (13 24)
Joz — Jxx ¢ Uz Us ’
0= ¢1/I_JrQrX_+_ =5
Jyy Jyy JY,V J}y
v T — Jyy U U.
LA VR I o WV | S Wl el
JZZ JZZ JZZ

For each line of system (13.24), the associated U-model is derived, and its
plant inverse is calculated; this inverse is then paired with the universal con-
troller to give a unique controller for each subsystem.

For altitude Z, the associated U-model is calculated as

Z ——g+ prel
. =i+ MU,
(13.25)
A =—gsh=5;
A L A
z =3+ 33U

For its associated inversion resulting in G pG;] =1,U; = (V1 + g)m.

We can see from Fig. 13.7 that the system output has a small overshoot and
almost zero steady-state error, which meet the performance requirements of a
quadrotor during flight. The controller output can also be seen. The invariant
controller G.; is used together with plant inverse G;ll to form the controller
G for control of the altitude Z.

For Roll (¢), the associated U-model is calculated as

. U
¢ =72

b =0+ rUs,

¢ o+ 1l (13.26)
A =054 =-,

¢ *°+—;

For successful inversion resulting in G,,G‘,_,l =1:Up =1y X Jyy

The plant output and the plant input (controller output) responses for the roll
channel are designed using the universal controller G.; together with the plant
inverse G;ﬂl to form the controller G, for roll (¢). The output result for a range

of reference values ranging from ¢ € (=*, %) can be seen in Fig. 13.8.
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FIGURE 13.7 Plant output with reference values of altitude Z and controller output.

For Pitch (0), the associated U-model is calculated as

i —U

=7
6  =hro+MUs,

1 (13.27)

0 = ?—3 + if—le 3.

For successful inversion resulting in G pG;I =1,U; =13 x Jyy.

The plant output and input (controller output) responses for the pitch are
designed using the universal controller G.; together with the plant inverse G;31
to form the controller G 3 for pitch 6. The output result for a range of reference
values ranging from 6 € (=-, %) can be seen in Fig. 13.9. Comparing Figs. 13.8
and Fig. 13.9, the performance of the controlled object is the same. However, the
values for plant input (i.e., controller output) is different, which can be explained
by the fact that even though the universal controller G; is reused here, the plant
inverse G;] is different, resulting in a new overall controller.



306 PART | Il Motion and control of autonomous unmanned aerial systems

Roll
T

Roll (Radians)

100 120 140 160 180 200
Time (seconds)

£10% Controller Qutput
T

Controller Output (N.m)

T T T T
i
%

100 120 140 160 180 200
Time (seconds)

FIGURE 13.8 Plant output with reference values of Roll ¢ and controller output.

For Yaw (i), the associated U-model is calculated as

.. U

Vo=t

Y =io+ AUy,
0y

A'0 _O’AI_JZZ’

14 zf—8+?—;U4.

(13.28)

The plant output and input (controller output) responses for a range of
reference values ranging from v € (5%, 7) are designed using the universal
controller G.; and are shown in Fig. 13.10. The plant inverse G;i is unique,
resulting in a unique overall controller, and therefore so is the controller out-
put.

Fig. 13.11 shows the Simulink implementation of the designed control sys-
tem.
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FIGURE 13.9 Plant output with reference values of Pitch 6 and controller output.

13.5 Conclusions

This chapter introduces model-independent design approach (U-model-based
control) with a working example of a quadcopter UAV. The dynamic model of
the system is derived in Section 13.2, followed by a brief introduction to the
U-model control approach in Section 13.3, where the basic idea is to find the
inverse of the plant G5! so that it can be combined with the invariant controller
designed independently according to the performance requirements. As the in-
variant controller G; is designed independently of the plant G, the U-control
approach once-off design for all stable nonminimum phase plants, except for
the inverse G;l of the plant. In Section 13.4 a fully actuated MIMO quadrotor
control system is converted into U-Model expression. The system is paired with
a universal controller and the inverse of the plant to create a unique controller.
The simulations verify that the designed controller provides a good performance
with a small overshoot and almost zero steady-state error. The proposed ap-
proach not only guarantees the performance requirements that are specified in
advance while designing the universal controller, but it also simplifies the con-
troller design process as it can also be extended to other plants with the same
performance requirements.
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FIGURE 13.10 Plant output with reference values of Yaw ¥ and controller output.

FIGURE 13.11 Simulink implementation of the simulation.
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14.1 Introduction

The applications of Unmanned Aerial Vehicles (UAVs) to perform tasks pre-
viously developed by humans increase every day, performing from medical to
military tasks [2-5]. Among all possible applications, their topologies became
a very important part of the whole project and execution, which are classified
as fixed wings (planes for example) and rotary wings (helicopters for example).
A quick search on the internet shows some reliable and stable UAVs, such as
multicopters [6,7] and fixed wings [8,9].

Aiming to include the fixed-wing and rotary-wing classifications in the same
vehicle, hybrid topologies have emerged. Classic examples are the tilt-rotors,
which have tilting mechanisms for their propellers, making their maneuvers a
partial combination of the two mentioned topologies. These tilt-rotors may or
may not have fixed wings, just many propellers may be required. These combi-
nations let them be considered as over-actuated vehicles defined as UAVs with
more actuators than the respective Degrees of Freedom (DoF). Also, the over-
actuation directly interferes with the system control allocation technique choice,
which by definition is responsible for generating signals to the actuators from
the control actions resulting from the controllers.

It is important to highlight that the vast majority of robotic systems do not re-
quire a complex method of control allocation, both for under- and over-actuated
types. In addition, there are still cases where an over-actuated UAV can be sim-
plified as under-actuated [10,11]. However, depending on the aircraft’s physical
characteristics and design requirements, there is a strict necessity to use a non-
linear and complex method [12].

Modeling, Identification, and Control for Cyber-Physical Systems Towards Industry 4.0 311
https://doi.org/10.1016/B978-0-32-395207-1.00026-3
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Recent researches reflect the existence of a wide variety of control allo-
cation methodologies, already consolidated for linear models. Regarding non-
linear systems, there are numerous methodologies that depend specifically on
the applied system [13]. Research from the literature remarks some interesting
methods: Direct Allocation; Pseudo-Inverse; Linear Programming; and Nonlin-
ear Programming [10].

The Direct Allocation (DA) control technique considers the allocation space
unconstrained with a specific pseudo-inverse, in a single iteration, satisfying
only the control constraints. Consequently, it aims for an allocated parameter
set that preserves the Virtual Control Actions (VCAs) direction [14]. The DA
problem is not trivial for cases where the VCA size set is large [10].

Regarding pseudo-inverse methods (such as by redistribution), the first step
is to solve the problem without saturation constraints [15]. In the end, if the
result satisfies the previously unrestricted actual control actions, then no fur-
ther steps are required. Otherwise, the optimal free vector with the Real Control
Actions (RCAs) is designed in an appropriate configuration to reach the require-
ments [16].

In contrast to this methodology, Linear Programming (LP) minimizes the
weighted error between the desired and estimated VCAs. Thus an optimization
problem with geometric/polyhedral constraints is represented. Using defined
cost functions, the resulting problem is linearly programmable and can be solved
using iterative numerical algorithms such as the simplex method [17].

Taking the nonlinear programming into consideration, there will always be
a single optimal solution if all the weights in the cost function are necessarily
positive using slack variables [18,19]. Referring to the numerical methods of
solving, three algorithms deserve to be highlighted: active-set, interior point,
and fixed point methods.

However, an important point needs to be highlighted: as the solution com-
plexity increases, the computational effort becomes a critical point when real-
time execution is needed due to the possibility of finding different local minima
and numerical sensitivity in the evaluation and validation procedures. Also, the
control allocation frequency evaluation becomes a crucial step in the whole UAV
design, which means that if the RCAs are not obtained correctly, then the system
can become unstable and uncontrollable [12]. Aiming this aspect, it is possible
to observe a large gap in the studies reporting these analyses, since incompatible
control allocation technique frequencies can lead to instability on the vehicle,
therefore generating accidents.

It is in this context that this work is proposed, in which we present a study
on the influence of the control allocation execution frequency variation for some
simulation flight scenarios analyzed on the vehicle stability. Regarding the con-
sidered control allocation, the nonlinear technique applied to the Quadrotor
Tilt-Rotor (QTR) developed in [1,12] is used, illustrating a Software In The
Loop (SITL) representation.
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The main contribution of this work is focused on establishing the minimum
and safe frequency of the control allocation task developed in [1,12], where it
was assumed to be run in real-time and embedded execution at 400 Hz (the same
frequency as the QTR attitude control loop). Then we will study the minimum
frequency able to still keep the QTR safely flying with the same control require-
ments previously set.

This chapter is divided as follows. Section 14.2 presents the UAV kinematics
and dynamics modeling, strictly necessary for understanding the control allo-
cation design and the simulation results. Section 14.3 depicts the considered
controller topology, such as a brief overview of the Fast Control Allocation
Technique proposed by [1,12]. Section 14.4 illustrates the SITL scheme to
perform the results. Section 14.5 shows the simulation results, divided into kine-
matics and dynamics controlled results, and the calculated time threshold values
to run the control allocation technique without destabilizing the aircraft. Finally,
Section 14.6 presents the conclusions of this work.

14.2 Nonlinear aircraft modeling and control allocation

We present and depict the aircraft kinematics and dynamics modeling, also con-
sidering the servomotor tilting angles. For better illustration, Fig. 14.1 shows
the UAV and its axis rotations.

Rolling Axis

Yawing Axis f — kb

h=¥=¥=¥s<0
FIGURE 14.1 UAV illustration with respective rotation axes (y = 0 degrees is the upward servo-
motor direction).
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The numbers marked in the figure represent the propulsion motor and ser-
vomotor number, where 1 is in the front-right part of the QTR F”, num-
ber 2 is in the rear-left, number 3 is in the front-left, and number 4 is in
the rear-right. Furthermore, the propulsion motors 1 and 2 have counter-
clockwise rotation, whereas 3 and 4 rotate clockwise. Also, the QTR RCAs
u = [81, 82, 63, 84, ¥1, 2, V3, ya] are the Propulsion Motors Speed (PMS) and
tilting angles provided by all the motors and servomotors.

By consequence, considering that each set of motor propulsion force k;§;
and servomotor tilt angle y; has its own impact over the resultant virtual control
variables [23]:

Xf,l. = k18 sin(¥;), (14.1)
zj’,i = k18; cos(y;), (14.2)
LY = (dkid cos(yi) + ka sin(y:))8:, (14.3)
M) = kid cos(y:)8;, (14.4)
Nb. = (kkid sin(y;) & ka cos(v));. (14.5)

where k1 is the constant of propulsion, characteristic to each propulsion system
(motor, electronic speed controller, and propeller), k> is the constant of New-
ton’s third law due to the propeller rotations, d = 0.15m is the aircraft arm
length, X/ and Z] are the forces produced by the propellers in F* along the

~b ~b
axesi and k , respectively, and L, M}, and N/ are the torques produced by

the propellers in F? along the axes i b, }'b, and IAcb.

Then the vehicle position is defined by the vector 37 € R3 in F! (inertial
frame), whereas its angles are defined by 7, € R3 in FV (vehicle frame). More-
over, v € R3 and vy € R3 are the linear and angular velocities, measured in F' b
(body-fixed frame). According to [28], (14.7), and (14.9) present the nomencla-
ture:

n1=[pn pehl, (14.6)
n=1[¢ 6 v, (14.7)
vi=[u v w]’ =[], (14.8)
v=[p q r1" =[], (14.9)

where 7 = [, 1,17, v =[vy1 v2]7, v1 € R3 is the linear velocity vector, and
vy € R3 is the angular velocity vector, both in F?.
The six DoFs rigid body kinematics is expressed by

i=Jv, (14.10)

where # € R is the velocity vector in !, v € R® is the general velocity vector
in 77, and J € R%*% is the Jacobian matrix, where the position vector 7 = In
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isin F1:
[ T 0
J= , 14.11
| O3x3 J2 } ( )
cocyr  spsOcyr —cOsyr  cpsOcyr + sopsyr
Ji=| cOsy spsOsy +copcy  cpsOsyr —sopcy |, (14.12)
—s6 spco copch
(1 spto cpro
Jo=| 0 «¢co —5¢ . (14.13)
i 0 s¢/cO0 cp/cO

The QTR dynamics can be described by differential equations from the
Newton—Euler method:

Mbi:+Cb(v)v=ri’,+rZ+rg, (14.14)

where M? € R0%% is the system inertia matrix, C?(v) € R*® is the Coriolis-
centripetal matrix, both in F?b, and TZ, 12, T; € R® are the aerodynamics,
gravitational, and propulsion resultant vectors, respectively, composed of forces
and torques, both in F?.

Eq. (14.14) leads to highlighting the definition of the Control Effectiveness
Matrix (CEM) represented by ri’,, which relates the effects of all the QTR actu-
ator (RCAs) characteristics directly on the five controlled DoFs from the VCAs.
Then the actuator dynamics and their placements on the QTR are expressed in
(14.16).

) =M@, (14.15)
0T ki1 (1) +k182s (72) 4+ k1835 (73) + ki 8as (v4)
z —kid1e(yn) — kidac(y2) — k183c(ys) — kidac(ya)
(=kidc(y1) — kas(y1))81+ (kidce(y2) — kas(y2)) 82+
Lll’, = (k1dc(y3)+kas(y3))83+(—kidc(ys) +kas(y4))da ;
Vg +kidc(y1)81 — kidce(y2)82+kidc(y3)d3 — kidc(ya)ds
(—kids(y1) +kac(y1)) 81+ (kids (y2) +kac(y2))d2+ (kids(y3)—
[ No )L kac(y3))83+(—kids(ya) — kac(ya))éa i

(14.16)

where r’;, € RS is the estimated VCA vector, u € R8 is the RCAs vector inserted
as parameter of the CEM M € R3, y; is the tilting angle of each servomotor
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. . ~b . . .
(0 degrees has upward direction, —k ), §; is the rotation of each propulsion mo-
tor, and i represents the respective servomotor and a propulsion motor number.
. . ~b . .
The propulsion force Y ;,’ related to axis j is not represented because there is
no direct force acting on this axis. After the test bench experimental results,
k1 = 7.0632 and k» = 0.1413. For ease of representation, cy; = cos(y;) and

syi = sin(y;).

14.3 P-PID controllers

It is known that UAV control systems are multi-loops, that is, Multiple-Input-
Multiple-Output (MIMO). In the vehicle in question, five DoFs are controlled,
which are altitude, forward/backward velocity, rolling, pitching, and yawing
movements. Four of them are composed of two cascade feedback loops except
for the forward/backward velocity, which uses only one feedback loop. Also,
all of them use the Successive Loop Closure (SLC) technique to deal with the
iteration between the dynamics of altitude and with rolling, pitching, and yaw-
ing.

To illustrate all the loops in a simplified form, Fig. 14.2 shows the QTR
overall control structure, where the control allocation task is marked with the
circle number 3.
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| it > & | >
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| Loop Loop | > 52
| ! b
| h > [0 » Z
I d ©) [ 7 ) s
l I
- _I,_,_,_,_,_,_,_,_,_,_,_,_,_,_,_,_,_,_,_, _____ 'JI R
| | Fast e 64 QIR
| ¢ > | ~ b Control Model
: d H v P Allocation NI
I | v 1
I > ! >
| 6, > T > Mi R
| I > 7>
| |
! > | b
RZ > Y » N, — ¥
3
| 1
_l L @ _______ |
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FIGURE 14.2 QTR control structure.

Considering each DoF with cascade loops, the external ones control the po-
sition variables through Proportional (P) controllers. The internal ones control
their respective velocities, either inertial or angular, using Proportional-Integral-
Derivative (PID) controllers. Thus the control action output P will serve as an
input for the PID cascade internal controller [20].
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A saturation block was also inserted in the integral loop, acting as an anti-
windup action of the integrator. For the forward/backward velocity control loop
(Vy), only one level was implemented through a PID controller.

Then the MIMO closed control loop equation is

ng— | MPv+CPwyw — 15— b | | KP =15, (14.17)

from the QTR Model

where 5, € RS is the setpoint desired vector, and K b ¢ RS are the actions from
controller technique in 7.

More details about the QTR controllers and their tuning can be found
in [1].

14.3.1 The fast control allocation technique

As presented in (14.16), it is possible to see that the solution of the control allo-
cation procedure has five VCAs (inputs) and eight RCAs (outputs) with defined
and non-unique solutions. Also, it is not possible to solve by matrix manipula-
tion, instead more complex and time-consuming algorithms must be used (i.e.,
such as the primal-dual optimization algorithm [21]). These approaches make
the processing costs prohibitive for some onboard hardware.

From this point, the Fast Control Allocation (FCA) technique proposed in
[1,12] aims to turn the nonlinear control approach problem presented in (14.16)
into a faster linear version by breaking the problem into two interconnected
subsets of VCAs and RCAs. The reasons to choose these rules are as follows:

e The nonlinearities were broken into independent problems and solved recur-
sively and iteratively;

e The solution speed and solvability were enhanced with a subsystem coupling
all others together;

e Although this approach is not robust as interior point algorithms, it is fast and
well established in the literature [22].

Taking this into account, the QTR CEM was broken into two different prob-
lems such as

Ta=Mg(up)u,, (14.18)
Tr = Myp(ug)up, (14.19)

where u, € R*, u/, e R, u, e R, 2, € R?, 2, € R>, M, (u,) € R, and
Mp(up) € R34 Also, ug Uup =u and M, C My C M [12].
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In consequence, these subsystems are shown in (14.20)—(14.23):

/

ua
——e
tq sin(y1)
e .
xb sin(y2)
NP =M,(up) | sin(ys) |, (14.20)
sin(y4)
1
Ma(ub)
k161 k162 k163 k104 0
—k1d8; —kid8y kidSs3y kidds ka(8icyr + 8acy2) — ka(83¢ys + Sacya) |
(14.21)
Ty
up
Xb —_——
7b 31
| =M | 2. (14.22)
3
Mb 5
Nb
Mp(ug)
kisyr, kisys, kisys, kisys
kicyt, kicys, kicys, kicys
(=kidcyr — kasyr), (kidcyr —kasyz), (kidcys +kasys), (=kidcys+kasys) |,
kidey, —kidcy, kidcys, —kidcys
(—kidsy) +kacyr), (kidsys+kacyr), (kidsys —kacys), (—kidsys —kacys)
(14.23)

where u), = [sin’l(yl), sin™ (y2), sin” (y3), sin”~ (y4), 117. To obtain u,, it is
necessary to take the first four elements of u/,.

It is important to remark that the chosen subsystem combination allows the
QTR to perform maneuvers using the motor’s differential rotation speeds and/or
tilting its servomotors independently. This means that the VCAs [X?, N7 are
directly actuated by the RCAs u,. Considering that [X?, N1 are reached, the
remaining VCAs [Zb, Lb, Mb]T act on the RCAs uy,.

For feasible constrained solutions, the PMSs and servomotors tilting an-
gle ranges had the normalized values of [0, 1] = [0, 100%] and [—1,4+1] =
[—30, +30], respectively.

More details about the control allocation technique are given in [1,12].
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14.4 SITL scheme

The SITL simulator allows running the QTR without any hardware device. It is
built of the autopilot code using an ordinary C++ compiler, giving to the user an
executable to test the aircraft in a virtual environment.

For this matter, the experiments were carried out to emulate the computa-
tional effort of the FCA, where all the aircraft dynamics and kinematics re-
sponses are from SITL simulator. Therefore the threshold times in the FCA
execution directly interfere in the system dynamics due to the respective control
loop parallel operation.

To illustrate the procedure, Fig. 14.3 shows the SITL block diagram.

L=
‘UDP Protocol MA VLink Protocol
U S e e
PN ScazeBo @ aGroundControl
FCA I:OROE:vQ(}:I-E!\CY QTR F_E%%{L-ENCY
FCA QTR ,,:

FIGURE 14.3 SITL block diagram illustration.

Fig. 14.3 depicts the software used to run the SITL. The vehicle modeled
and presented in Section 14.2 was inserted inside the Gazebo platform, with
all the equipment characteristics. It establishes a connection with Matlab® via
UDP protocol, where the FCA technique runs at 400/n Hz of frequency, mak-
ing it possible to analyze the minimum frequency allowed to run the control
allocation technique without destabilizing the QTR. The communication with
QGroundControl is established through MAVLink protocol, where the aircraft
inputs and outputs can be manipulated, creating a virtual environment.

To complement the SITL illustration, Fig. 14.4 shows the MIMO control
loop of the SITL simulation. Fig. 14.4 shows that the FCA technique can have a
different frequency compared to the QTR control board frequency, represented
by 400/n Hz, where n is the limit number to be obtained for safe and reliable
flight conditions.

Note that the three critical DoFs for the QTR stability are roll, pitch, and
altitude [23]. Thus, through the Integral of the Squared Error (ISE) index, a
threshold was established to define the vehicle instability/fall, which conse-
quently generates a maximum time/minimum frequency of the FCA operation.
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FIGURE 14.4 [Illustration of the parts that have different sampling frequency.

These limits are shown in Table 14.1, obtained through experimental curves fly-
ing under similar conditions. Then, if bigger controlled responses are obtained,
then the delay time at that simulation extrapolated the QTR controllability con-
ditions.

TABLE 14.1 Values of the ISE indexes
obtained through experimental tests.

DoF ISE
Roll (¢) 9 x 103
Pitch (9) 1 x 10!
Backward/forward velocity (V) 1 x 10!

This index was chosen because a system based on it would have reasonable
damping and satisfactory transient response, punishing errors in the quadratic
weights during the experiment, regardless of the time they occur [24,25].

14.5 Simulation results

For a better understanding and presentation of the analysis of the frequency con-
trol allocation variation effect on the QTR stability, this section is divided into
two main parts: the first one depicts the DoF controlled responses as the delay
time of the control allocation variation is changed; the second one illustrates
some three-dimensional results, aiming to obtain the minimum frequency for
the control allocation operation.
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14.5.1 Remarks about the control technique

Besides, it is not the purpose of this work either to analyze or to demonstrate
the controller topology. For this work, the Successive Loop Closure was used as
presented in [23]. However, several other control methodologies could provide
similar results [26,27].

14.5.2 Kinematics and dynamics control results

In this section, we present some simulation results that aim to analyze the QTR
dynamics responses considering three different delay times that the FCA tech-
nique spent to process the VCAs, demanded by the five controllers.

To illustrate the controlled responses, Figs. 14.5 and 14.6 present the vehicle
behavior for three different delay times of the FCA operation. Randomly, the
SetPoints (SPs) were /¢ = 10 m at 0s, V¢ =3 m/s at 105, ¢¢ = 0°, 8¢ = 0°,
and ¥¢ = 0° at 0s. Then the red, black, and blue curves (mid gray, dark gray
and black curves in print version) represent n = 1, 2, and 4, respectively.
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FIGURE 14.5 Controlled responses for altitude, forward/backward velocity, rolling, pitching, and
yawing dynamics.

Fig. 14.5 shows that as the time demanded to process the control alloca-
tion increases, the vehicle starts to show oscillatory characteristics around the
SPs because the RCAs do not match to the VCAs required at that instant loop
iteration. For this situation, the minimum frequency of a control allocation ac-
ceptable operation would be 100 Hz.

Fig. 14.6 illustrates the RCAs of propulsion systems 1 and 3 on the QTR
front part, as shown in Fig. 14.1. The RCAs of systems 2 and 4 showed similar
responses. Thus note that as n increases, the RCAs start to show impractical
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FIGURE 14.6 QTR RCAs — Propulsion motors and servomotors numbers 1 and 3.

amplitudes and oscillations for open field tests, which leads to the conclusion
that for these presented SPs, if the allocation control task had a frequency five
times lower than the control board frequency, then the vehicle would be unstable
or crash to the ground.

14.5.3 Three-dimensional results

This section shows simulation results in three-dimensional graphics for different
SPs, close to the SP range considered in the controller tuning, aiming to obtain
the minimum frequency for each case. This range was based on the parameters
presented by the author in [1,12]. In this way the pitching SP was kept at 0
degrees flying at 10-m altitude. The rolling SP ranged from —10 to 10 degrees
and the forward/backward velocity was from —3 to 3 m/s, both requested in 10
seconds of flight after take off.

Figs. 14.7 and 14.8 show the QTR behavior in a three-dimensional perspec-
tive and in a top view, respectively.

Note that as the vehicle presents a greater range of roll and forward/reverse
velocity, the control allocation technique starts demanding more time to trans-
form the VCAs into RCAs. Although a leveled flight allows a control allocation
operation with a minimum frequency of around 67 Hz (six times lower than that
of the used system, 400 Hz), the extreme points of the considered ranges do not
allow values lower than 200 Hz (two times lower). We can conclude that the
control allocation technique should not be performed with frequencies of less
than 200 Hz for flights within the control requirements considered in [1,12].

Discontinuities between some operating points in their respective neighbor-
hoods can be explained by the vehicle model nonlinearities. In addition, the
insertion of Gaussian noises into the control loops means that the proximity of
each operation point cannot have a unique solution.
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14.6 Conclusions

This work can be summarized into two stages: design and control of an over-
actuated UAV and development of the SITL simulation considering different
delay times for FCA technique operation; and performance of simulation tests.

For the first step, it is possible to conclude that the QTR vehicle was modeled
and controlled satisfactorily considering that the FCA technique has the same
frequency as the control board, 400 Hz. Therefore it was a crucial step for the
FCA development and implementation.

The principal and more important step in this work is the SITL simulation,
which allowed it to obtain the minimum frequency acceptable for the control
allocation execution, 200 Hz. Lower frequencies than this one would cause in-
stability or crashes in the QTR operation.

As future works, test bench and open field flights are now able to be per-
formed, aiming to validate the simulation tests.
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There is a crack in everything, that’s how the light gets in.
—Leonard Cohen

Introduction and issues of this part

It is helpful to investigate some fundamental principles from control the-
ory connected with the understanding of robust controls. The idea is
to acquire a perspective on with respect to the way theoretical impli-
cations are supposed to work. Such theories may be divided into two
categories historically at the larger level. The conventional and contem-
porary methodologies have played an important role in the advancement.
The term “conventional control” is always being used at the moment. It
refers to principles and practices created before the early 1950s. Modern
systems encompass strategies used from that time period. This discussion
looks at each of them, and through the chapters of this section, we will
present some advancements in the context of disturbance rejection with
different uncertainty conditions and different control strategies. In Industry
4.0 process the disturbance rejection represents a key point of the control
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law. In fact, the systems to be modeled and to be controlled are extremely
complex due to their different nature to be integrated in a common frame.
Methodology plays very important role in the control theory study; here
by methodology we mean how we treat uncertainties of the system to be
controlled, how we treat models, and how we model errors. One of the
most important classifications of the errors, which can occur in the con-
trol loop in terms of robustness, is “small and large errors”. For example,
if the system uncertainties are small and bounded, and the main charac-
teristic of the system can be modeled, then Hu, control strategy [1-3] is
an appropriate choice to obtain some kinds of optimality of control perfor-
mances. On the contrary, if the system uncertainties are large (such as
structure known, parameters unknown, or slow time varying), then pa-
rameter identification-based adaptive control strategy [4-6] is a practical
approach. Active disturbance rejection control is another kind of adaptive
control strategy with different methodology thinking on models and model
errors, which was originally proposed by Professor Jingging Han [7,8]. In
almost all this literature, PID controllers play a crucial role. Advancements
of their design taking into account the problem of disturbances rejection is
the focus of joined efforts between academic scientists and industrial ones.
In fact, PID controllers represent the basic structures of the most important
already existing industrial control strategies. The advancement of these in
terms of disturbance rejection represent a suitable and challenging issue to
improve and guarantee efficient and future reliable control systems.

Emergence of theoretical implications to use control loops

With the emergence of feedback theory, such controls became more in-
triguing with the passage of time. The system was stabilized by using
feedback from all the stakeholders. The creation of the fly ball governor
for stabilizing was one of the major advancements. The steam engines in
locomotives were an early use of feedback control at that point of time
[9]. Towards the onset of the 20th century, this is another example used at
the time of feedback for telephone signaling. The issue was signal transmis-
sion across large distances, which were one of the major hindrances. It was
due to distortion in that respect. The number of repeaters could be added
[9]. This is something in series to lines that was limited. It was developed
with a feedback device that would decrease distortion via feedback. Even
when the additional feedback was reduced, there were some issues. The
problem was with respect to the repeater gain. Overall performance was
improved during that time [9]. The system equations are then expressed in
the frequency domain. It was done using Laplace transformations. It may
be adjusted algebraically at the given point of time. A typical control loop
is shown in the given time period. The system receives a reference signal
at that point of time. This signal reflects the intended value that is needed
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to be controlled. To infer the plant output, this reference is passed at the
given point of time. The signal is forwarded with the help of transfer func-
tion. The output is transmitted back into the system as well. This is done
through a feedback transfer function. The mechanism is also developed to
ensure that the error signal can be calculated [10]. The idea is to retract
the feedback [10]. This is necessary to obtain a signal from the reference
signal at that point of time. The fourth industrial revolution is something
that brought about that change. Often known as Industry 4.0, it is a ma-
jor improvement in engineering. It is about creating new opportunities for
digital production [10]. It is done by increasing flexibility. The operational
performance also brings that change. This advancement will also have a
significant influence across other areas.

Conclusion

The goal of this part is to show numerous achievements in various sectors.
To conduct the study, we must thoroughly research. It must be about the
existing literature that will be considered in the following chapters. There
is extensive literature on Industry 4.0. The Industry technologies and their
relevance in robust mechanisms are also going to be an important part
of the whole thing. It employs a variety of digital manufacturing. The in-
formation technologies are also needed to be developed. The following
chapters, thanks to their general methodological approach, present inter-
esting and general solutions to different problems of disturbance rejection
in different control loops. Particular attention is paid to PID controller.
In fact, the proportional-integral/proportional-integral-derivative (PI/PID)
controllers still dominate the industry and in the context of Industry 4.0
process can play a key point if they will be adapted to new tasks and
challenges. Methodological aspects are considered to show advanced and
inspiring solutions for different scenarios in the context of present and fu-
ture issues in Industry 4.0 process.
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Chapter 15

Active disturbance rejection
control of systems with large
uncertainties
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15.1 Introduction

Methodology plays a very important role in the control theory study; by method-
ology we mean how we treat uncertainties of the system to be controlled and
how we treat a model and model errors. For example, if the system uncertainties
are small and bounded, and the main characteristic of the system can be mod-
eled, then the H® control strategy [28-30] is an appropriate choice to obtain
some kinds of optimality of control performances; if the system uncertainties
are large (e.g., the structure known, but the parameters are unknown or slow
time varying), then the parameter identification-based adaptive control strategy
[31-33] is a practical approach. Active disturbance rejection control (ADRC)
is another kind of adaptive control strategy with different methodology think-
ing on the model and model errors, which was originally proposed by Professor
Jingqing Han [1,2]. It is a natural development of PID with a motivation to im-
prove or strengthen PID control performances. There are many further research
results after the pioneer work; see, for example, methodology and theoretical
analysis of ADRC [3], ADRC with adaptive extended state observer [4], stabil-
ity analysis of ADRC [5], and disturbance decoupling control with ADRC [6].
According to Han’s analysis, there are four shortcomings of PID controller:

1. Set-point is often given as a step function, not appropriate for most dynamics
systems because it amounts to asking the output and therefore the control
signal to make a sudden jump;

2. PID is often implemented without the D (Differential) part because of the
noise sensitivity;

3. The weight sum of the three terms in PID control law, although simple, may
not be the best control law based on the current and past of the errors and
their rate of change;
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4. The integral term, although critical to get rid of steady-state error, introduces
other problems such as saturation and reduced stability margin due to phase
lag.

As a solution to address the above-mentioned shortcomings, ADRC is suitable

for many practical control engineering with satisfactory performances, or, in

another words, it has advantages over PID control strategy in many applications,

such as power plant, fuel cell, diesel engine, machining, etc. [7-12].

Although there are a lot of achievements have been made on the development
of ADRG, it still needs further study to cope with large uncertainties of plant
parameters. To tackle this problem of ADRC, in this paper, we combine the
ADRC with the weighted multiple model adaptive control scheme to design a
weighted multiple model ADRC control system with simulation verification.

With the multiple model ADRC control scheme, the large (global) uncer-
tainties rely on multiple model scheme to deal with, whereas the small (local)
uncertainties rely on ADRC to deal with. The weighting algorithm plays the
role of “soft” switching, and it performs well under disturbances and noises to
identify the most appropriate local model and corresponding local controller.

15.2 From PID to ADRC, MPC, and adaptive control
15.2.1 PID as model reference adaptive control

It is well known that PID is the most popular control strategy all over the word
up to now. There are probably two reasons for this situation:

1. PID is the most simple controller among all kinds of control strategies;

2. PID is adequate for most application situations, because most control plants
can be described by first- or second-order transfer function models (some-
times with time delay) considering reasonable control requirements, and
because PID is in fact a model reference adaptive control taking into account
the human adjustment of parameters in control engineering fields.

Fig. 15.1 is the block diagram of a PID control system.

—n\ “
yr(k) + u(k) ,ﬁ y(k)
®- K [e | P |

Ka § ar

FIGURE 15.1 Block diagram of a PID control system.

As we mentioned in the Introduction, PID has four shortcomings to be
addressed if we pursue high performances in relative complex application sce-
narios. However, in most situations, PID is adequate for reasonable control
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performance requirements, because PID control systems actually perform like
model reference adaptive control, as shown in Fig. 15.2, taking into account the
human adjustment of the parameters K, K;, Ky, i.e., there would be a desired
step response curve representing the desired closed-loop control system model
in the operator’s mind. Although the “adaptive” mechanism in PID control sys-
tem is not as perfect as in traditional adaptive control systems, it indeed exists.
In fact, when the PID controller parameters are set up or reset during on-line
operation, the plant model is “identified” as in traditional adaptive control sys-
tems.

Human Adjustment ‘-<—

r(k)  + k
yr(k) PID =|E y(=)

T— M(k)

FIGURE 15.2 Block diagram of a PID control system taking into account the human adjustment
of parameters.

15.2.2 Brief introduction of ADRC

Generally speaking, ADRC is a feedback liberalization method to cancel the
uncertainty by estimating the “total disturbance” and taking the estimated to-
tal disturbance into consideration in the control law. Extended State Observer
(ESO) is a key point in ADRC, which plays the role of integrator in PID control,
but the “error” signal is replaced by “total disturbance” including both internal
and external disturbances. Next, we take a second-order uncertain plant as an
example to explain the ESO concept and ADRC strategy.

Consider a second-order plant in both ordinary differential equation and state
space:

J=f(.y,0,1)+bou (15.1)
or
X1 =x2,
SN
2 =5 Bo, (15.2)
x3=f,
y=Xi.

A

We first design an ESO to estimate the total disturbance z3 = f:

g1 =21,

21 =22 — Bo1e1,

22 =23 — Po2e1 + bou,
23 = —Pozél-

(15.3)
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If the ESO is stable, then we have

1 — X1,
70 — X2, (15.4)
3 —> x3— f.

Obviously, the ADRC control law includes two parts, one part to cancel the total
disturbance f and another part (P D controller) to control the nominal model or
ideal model, i.e., ¥ = bou. Thus the ADRC strategy should be

A

u:uo—izuo—ﬁ, (15.5)
bo bo
where ug is P D controller or P D controller with tracking differentiator (TD)
to get desired transient profile (v{, vp) to replace y, and y,, respectively. To be
specific, we have the following two kinds expressions of u.
Without TD, we have that

up=Kpe+ Kge, (15.6)

where e =y, — y.
With TD, we have that

uo =K,y —z1) + Kg(v2 — 22). (15.7)

For more detail, see the block diagram of an ADRC system shown in
Fig. 15.3.

The purpose of tracking differentiator (TD) is to generate v and v;. There
are usually two types of TD, linear and nonlinear. The linear TD is very simple;

it can be described by the transfer function ﬁ for the first-order TD or by
1

Ti? for the second-order TD. The nonlinear TD is a little complicated; for
more detail, see [1,2].

Disturbance
v, e, l
v, Tracking —O > PD Uy u )
> 3 >
Differentiator |—2 - s | Controller i Plant
3/bo y
Z,
. ESO

2;

FIGURE 15.3 The block diagram of an ADRC system.
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15.2.3 ADRC as reinforced PID control and adaptive control

In this section, we study the differences of control strategies PID, ADRC, MPC,
and adaptive control according to their VESs. VES is an equivalent system in
the input—output sense to the original control system [13]. It is rather conve-
nient to analyze the stability (or convergence) of complicated systems, such as
self-tuning adaptive control systems, multiple model adaptive control systems,
ADRC systems, and MPC systems. It was first proposed by Weicun Zhang in the
1990s to get a unified and easy-to-understand stability and convergence theory
of self-tuning adaptive control. Next, we give the VES of a general second-order
ADRC system (Fig. 15.3), as shown in Fig. 15.4. For simplicity and without loss
of generality, we leave out the TD in Fig. 15.4, because TD is out of the closed-
loop, although it is very important to the transient performances of the ADRC
system. In addition, we suppose that by is known in Fig. 15.4.

~
|
~

il

7=
l%

+
e | B |

T

FIGURE 15.4 VES of second-order ADRC system without TD.

The closed-loop transfer function of the second-order ADRC system has the
form

bo(Kp + Kps)
52 +bO(Kp + Kps)

y(s) = yr(s) + (f—f). (158)

s+ bO(Kp + Kps)

From the closed-loop transfer function we see that there are in fact two channels
in the ADRC system.
Channel I-Tracking channel:

b()(Kp + Kps)
52 +bo(K, + Kps)

yi(s) = yr(8), (15.9)

which is responsible for tracking the reference input y,.
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Channel II-Disturbance rejection channel:

y2(s) = f = hH, (15.10)

s2+bo(Kp + Kps)
which is responsible for the disturbance rejection, working together with ESO
to reject the total disturbance, ESO and control law Z—f) to cancel f with f, and

the residual f — f is left to Channel II to deal with.

From the VES or from the closed-loop transfer function of the ADRC system
we have the following conclusions on its stability and tracking performance (we
refer to [13,24,25] for details).

Conclusion 1: If only the Channel I system is stable and tracking, i.e., then
the PD controller and model % formulate a stable and tracking closed-loop

system; if the Channel II system input signal f — f is bounded, then the ADRC
system is BIBO (bounded-input bounded-output) stable.

Conclusion 2: If only the Channel I system is stable and tracking, i.e., then
the PD controller and model f—‘z’ formulate a stable and tracking closed-loop

system; if the Channel II system input signal f — f tends to 0, then the ADRC
system is stable and tracking.

In fact, for any model-based control system, there is a VES that is rather
simple in structure but equivalent in the input—output sense to the original com-
plicated system. Next, we present the VES for deterministic self-tuning adaptive
control systems and the VES for MPC system. In this way, we will see the con-
nections among different control systems.

Leaving out the details (on-line parameter identification and online con-
troller design), a deterministic self-tuning (or parameter identification-based)
adaptive control system can be described as in Fig. 15.5. The corresponding
VES is shown in Fig. 15.6.

e e 7] 0,

FIGURE 15.5 Simplified block diagram of a self-tuning adaptive control system.

e(k)

yr(k) "?Z) - u(k) é}"‘_ y(k)

FIGURE 15.6 VES of adaptive control system.
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In Fig. 15.6, e(k) is the model output error or identification error. The
methodology of adaptive control is to rely on parameter identification to get
a precise enough model M (k) — M to approximate plant P; then the model
output error e(k) will tend to zero, i.e., e(k) — 0. If there are unmodeled dy-
namics, then e(k) - 0, and the model output error e(k) should be considered in
the control law, like in ADRC or MPC, then the corresponding VES would be
changed a little bit as shown in Fig. 15.7.

e(k) — &(k)

yr(k) +T_ - u(k) éL y(k)

FIGURE 15.7 Another type of VES of adaptive control systems with e(k) considered in control
law.

In Fig. 15.7, e(k) is the prediction or estimate of e(k).

A natural thinking would be put forward like this: since e(k) could be es-
timated or predicted and further canceled with a compensation term in control
law, why do not we simplify the identified model in Fig. 15.7 to be a fixed model,
say a second-order model? The answer is Yes, it is possible. Then we have an
adaptive control system with e(k) considered in control law but without identifi-
cation and online controller design, as shown in Fig. 15.8. Along such thinking,
ADRC is a special type of adaptive control! Moreover, to some extent, ADRC is
more simple and practical than traditional parameter-identification based adap-
tive control, considering that there are no identification mechanism and online
controller design in ADRC systems.

e(k) — é(k)

My ey Wy o0

T

FIGURE 15.8 VES of adaptive control system without identification and online controller design.

Since in most engineering applications, control plant can be described by
a second-order transfer function model with reasonable uncertainties, we may
select C =K, + Kys and M = f—g, in Fig. 15.8. Then we find out that Fig. 15.8
is pretty much like Fig. 15.4!

Now let us consider an MPC system shown in Fig. 15.9. MPC [26] is a form
of control strategy in which the current control action is obtained by solving,
at each sampling instant, a finite-horizon open-loop optimal control problem
using the current state of the plant as the initial state; the optimization yields an
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optimal control sequence, and the first control in this sequence is applied to the
plant [27].

Constraints Cost

| |

v
| Setpoint Controller/ u '
Calculation Optimizer Plant ¥
3
j.
Model O
Prediction
Prediction

FIGURE 15.9 Block diagram of MPC system.

The VES of MPC is shown in Fig. 15.10, in which the details and char-
acteristics of MPC are also omitted, like in the VESs of ADRC and adaptive
control, for simplicity without loss of generality. By “generality” here we mean
the stability and tracking performance analysis.

e(k) — é(k)
yr(k) + u(k) + l+ y(k)
— »>@—»{ MPC ——| M |—»@—F——>»

FIGURE 15.10 VES of MPC system.

From the VES of the MPC system we have the following conclusions on its
stability and tracking performance without details of proof (we refer to [13,24,
25] for details):

Conclusion 3: If only the MPC system is stable and tracking for the model
(on which the output prediction is conducted) without considering the model
prediction error, i.e., the MPC controller and model formulate a stable and track-
ing closed-loop system; and further if the signal e(k) — é(k) is bounded, then
the MPC system is BIBO (bounded-input bounded-output) stable.

Conclusion 4: If only the MPC system is stable and tracking for the model
(on which the output prediction is conducted) without considering the model
prediction error, i.e., the MPC controller and model formulate a stable and track-
ing closed-loop system; and further if the signal e(k) — é(k) tends to 0, then the
MPC system is stable and tracking.
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MPC and ADRC are also very similar from the viewpoint of VES, because
MPC and ADRC both take into consideration the model output (prediction) er-
ror into their control laws, i.e., error prediction in MPC, and error estimation
with ESO in ADRC. However, the difference between MPC and ADRC is that
the model considered in MPC is much complicated than the model in ADRC,
and as a trade off, the error prediction in MPC is simple, whereas ESO in ADRC
is relatively complicated. Of course, MPC is unique in considering controller as
an optimizer subject to different kinds of constraints, and the solution is rolling
ahead in a short time period; also, it is supposed that the reference input y, (k) is
time varying or even unknown before control system operation, which is quite
suitable for control problems like vehicle driving control along an uncertain and
unknown road environment.

As a brief summary, from the viewpoint of VES, ADRC, adaptive control,
and MPC are similar in methodology, i.e., in treating the model and model er-
rors, such as total disturbance in ADRC, model prediction error in MPC, and
model (parameter) identification errors in adaptive control. They also have their
own characteristics in some certain details; for example, in MPC the main fo-
cus or principle contradiction is the model (nonlinear model and constraints),
whereas in ADRC the main focus or principle contradiction is the model errors,
i.e., the total disturbance. Also, in adaptive control the main focus or princi-
ple contradiction is the model, i.e., model parameter identification. Thus it is
reasonable that each control strategy has its own suitable application situation.

15.3 Multiple model ADRC for systems with large
uncertainties

Many efforts have been made towards “robust” and “adaptive” characteristics
in control field. Among others, the multiple model adaptive control (MMAC)
is an important ingredient in the adaptive control family. The thought of multi-
ple models for adaptive estimation originated from Magill [15]. Later on, many
scholars, such as Lainiotis [16], Athans et al. [17], and Badr et al. [18], stud-
ied MMAC for different purposes of applications. MMAC include switching
MMAC (SMMAC) and weighted MMAC (WMMAC) [14]. As one kind of
WMMAC, the robust multiple model adaptive control (RMMAC) architecture
provides an attractive framework for searching the “holy grail” of robust adap-
tive control [14,19-23], which inherits the basic structure of classical MMAC
with several innovations. In brief, RMMAC differs from CMMAC mainly in the
following three aspects:

1. As local controller strategy, output dynamic compensator designed by
mixed-u-synthesis method replaced LQ (linear quadratic) state feedback
controller in CMMAC;

2. RMMAC separates control from Kalman filters, which are used for state
estimation (also known as multiple model adaptive estimation) and model
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identification (also known as weighting algorithm or posterior probability
evaluator: PPE);

3. Performance-driven methodology to determine the number of required mod-
els.

It is worth pointing out that RMMAC scheme might have poor performance due
to either large initial state estimate error or inaccurate knowledge of the distur-
bance/noise statistics. Additionally, the complexity of RMMAC may hinder its
application because every candidate controller requires a Kalman filter and a
post posterior evaluation. Consequently, some modified RMMAC scheme have
been proposed to leave out Kalman filters.

Inspired by RMMAC, a new weighting algorithm is proposed for WMMAC
of discrete-time stochastic plant [24,25], in which “local” controllers could be
designed by any possible control strategies such as pole-assignment, ADRC,
etc., provided that each “local” controller stabilizes its corresponding “local”
model. In addition, the closed-loop stability of the resulting WMMAC system
is proved with the help of VES concept and methodology.

The block diagram of a general WMMAC system is shown in Fig. 15.11. Of
course, the multiple model ADRC system can also be expressed by Fig. 15.11.

(k) )

(k) + i (k u(k) y(k)
y ® Mo -2k 5 2

a LW()

N

FIGURE 15.11 Block diagram of a multiple model (ADRC) control system.

The basic idea of WMMAC is to design a number of local controllers based
on a number of local models and to select the most appropriate local model and
local controller according to the performance of local models. Here are the main
steps of the design of the local controller.

15.3.1 Model set

We use a number of local models for the uncertainty (structure or parameters
change) of the real plant to approximate the dynamic performance. Those local
models constitute a multi-model set

Q={M;li=1,2,...,N}, (15.11)

representing the set of local models for the elements M;. The selection and the
number of elements of the model set affect the accuracy and performance of the
entire control system.
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15.3.2 Controller set

Design multiple local controllers to obtain the controller set
d={Cli=1,2,...,N}, (15.12)

of local controllers according to €2, where C; is the local controller designed
based on the local model M;. Each local model and the corresponding local
controller constitute a stable closed-loop system. We adopt ADRC to be the
local controller for each local model.

Let us consider a second-order time-delay system with parameters uncertain-
ties. The application background is the automatic gauge control (AGC) system
in hot rolling mills. The transfer function is

y(s) Ju(s) = K1K2e™™ [ (Tys + D)(Tas + 1), (15.13)

where the gain K; depends on the finished width and thickness, rack outlet
temperature, and steel types, T mainly depends on the distance between the end
of the rack to thickness gauge and the strip speed at export, so that K and t are
time-varying parameters, and 71, 7>, Ko are all fixed parameters. Time-delay is
usually approximated as a first-order inertia link. Because 77 is too small to be
ignored compared with 77, it is reasonable to select a second-order ADRC. So
formula (15.13) can be approximated by

y=f.y.d.0)+b-u@), (15.14)

where b is the real gain of the plant. Considering the uncertainties of system
parameters, we have the total disturbance

O =F+ b —bou (15.15)

with new disturbance (b — bg)u, where by is not equal to b due to the time-
delayed measurements, which is an adjustable parameter in ADRC controller.
Formula (15.15) can be rewritten as

V=f(,y.d,t) +bou(t). (15.16)

The second-order ADRC controller includes the following three parts.

15.3.2.1 Tracking Differentiator (TD)

We need to arrange the transition process v1 (¢) reasonably according to the ref-
erence signal vg(7) and the characteristic of the plant, to make the system output
y(¢) to track vp(¢) rapidly without overshoot, and to give the differential signal
vy () at the same time. In this chapter, we consider to remove TD in the de-
sign of ADRC because of the slow response of the time-delay plant, so that the
output can reach the set value as soon as possible.
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15.3.2.2 Extended State Observer (ESO)

We need to build the system state variables and the extended state variables ac-
cording to the controller output u(#) and the system output y(#), also to generate
the estimated signal z1(¢), z2(¢) of y(¢) and y(¢), and the estimated disturbance
z3(t) at the same time. We design the third-order linear ESO (LESO) for the
simplified system (15.16):

z1=z22—Po1 &,
22 =23 — Poz - & + bov, (15.17)
23=—Po3 "¢,

where the observer error € = z1 — y, and By; and bg are adjustable parameters of
LESO (i =1, 2, 3). Note that the number of local ESOs is equal to the number
of local models (controllers), i.e., for each local model (controller), there is a
local ESO.

15.3.2.3 State error feedback

uio = Kpi(v1 — z1) + Kgi (v2 — 22), (15.18)
i = gy — 2> (15.19)
bio

15.3.3 Weighted control strategy

The global control output is the weighted sum of all local outputs of a controller:

N
u(k) =y pi(kyui (k), (15.20)

i=1

where p; is the weight of the ith controller, and u; is the control output of the
ith local controller (i =1,2,..., N.
The weighting algorithm is described as follows:

k
1 1
O =~ pi@=40), LER)=1+> €@,
qg=1
lmin (k) li (k)
3 p (k) = —_~N .
O S 10
(15.21)
where e; (k) = y(k) — ymi(k), y(k) is the output of the plant, and y,; (k) is the
output of ith local model.

Imin(k) =minli(k), 1;(k) =1;(k — 1)
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15.4 Simulation verification

Consider the second-order linear time-delay system (15.13) with parameters
K> =0.1576,T1 =0.5, T, =0.01, K1 € [4.4,8.2], and T €[0.3,0.5].

1. Select the model set with variation of the switching parameters. There are
four local models in the model set with K; = 6.3 and T = 0.5 for model 1,
Ki =6.3 and v = 0.3 for model 2, K; =5 and v = 0.4 for model 3, and
K ="7.7 and T = 0.5 for model 4.

2. Design the local ADRC controller and ESO for each local model to consti-
tute the controller set. Each local model (without total disturbance f) and
its corresponding local controller formulate a stable closed-loop system. In
addition, to verify the effectiveness of the proposed multiple model ADRC
scheme, we also design the corresponding PID controllers for comparisons.
For model 1, we have the following parameters for ADRC controller, ESO,
and PID controller.

ADRC controller: Kp =15.5, Kp =9.7, bg =90;
ESO: Bo1 = 100, B = 4000, Bo3 = 60000;
PID controller: Kp =0.58, K; =0.99, Kp =0.
For model 2, we have the following parameters for ADRC controller, ESO,
and PID controller.
ADRC controller: Kp =15.3, Kp =8, bg =90;
ESO: Bo1 = 100, Bor = 4000, Boz = 60000;
PID controller: Kp =0.7, K; =1.4, Kp =0.2.
For model 3, we have the following parameters for ADRC controller, ESO,
and PID controller
ADRC controller: Kp =16, Kp =10.3, by = 90;
ESO: Bo1 = 100, Box = 4000, Bo3 = 60000;
PID controller: Kp =0.82, K; =1.28, Kp =0.1.
For model 4, we have the following parameters for ADRC controller, ESO,
and PID controller.
ADRC controller: Kp =15.7, Kp =9.7, bg = 90;
ESO: Bo1 = 100, Bz = 4000, Bo3 = 60000;
PID controller: Kp =0.6, K; =1, Kp =0.1.
3. The weighting algorithm is as described in Eq. (15.21).

15.4.0.0.1 Simulation case 1

Set the reference input signal as a step function y, at the time ¢t = 0 with am-
plitude 1. The parameters of real plant model jump from model 1 to model 2 at
t = 30s. The plant and controller outputs are shown in Fig. 15.12. The weight
signals are shown in Fig. 15.13, in which the weighting algorithm quickly identi-
fied the correct local model and local controller, i.e., from model 1 and controller
1 to model 2 and controller 2. Simulation results verified that the multiple model
ADRC achieves better control performances of the system with time-varying
parameters, a smaller overshoot, and a shorter settling time than those of PID



344 PART | IV Theoretical and methodological advancements

controller. The output fluctuation of ADRC is relatively smaller than that of PID
controller when the real plant model parameter changes. In particular, the output
of ADRC controller is much more stable than that of PID controller.

t/sec

I
0 5 10 15 20 25 30 35 40 45 50
t/sec

FIGURE 15.12 Outputs of the system and controller: step response.

15.4.0.0.2 Simulation case 2

Set the reference input signal as a step function y, at the time t = 0 with am-
plitude 1. The parameters of real plant model jump from model 1 to model 3 at
t = 30s. The plant and controller outputs are shown in Fig. 15.14. The weights
signals are shown in Fig. 15.15, in which the weighting algorithm quickly identi-
fied the correct local model and local controller, i.e., from model 1 and controller
1 to model 3 and controller 3. Simulation results verified that the multiple model
ADRC achieves better performances, a smaller overshoot, and a shorter settling
time than those of PID controller. The output fluctuation of ADRC is relatively
smaller than that of PID controller when the real plant model parameter changes.
In particular, the output of ADRC controller is much more stable than that of
PID controller.

15.4.0.0.3 Simulation case 3

Set the reference input signal as step function y, at the time ¢t = 0 with amplitude
1. The parameters of real plant model jump from model 4 to model 2 att = 30s.
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FIGURE 15.15 Weight signals.

The plant and controller outputs are shown in Fig. 15.16. The weights signals
are shown in Fig. 15.17, in which the weighting algorithm quickly identified
the correct local model and local controller, i.e., from model 4 and controller 4
to model 2 and controller 2. Simulation results verified that the multiple model
ADRC can achieve better control performances of the system with time-varying
parameters, a smaller overshoot, and a shorter settling time than those of the PID
controller. The output fluctuation of the ADRC is relatively smaller than that of
the PID controller when the real plant model parameter changes. In particular,
the output of ADRC is much more stable than that of the PID controller.

15.4.0.0.4 Simulation case 4

Set the reference input signal as step function y, at the time ¢t = 0 with amplitude
1. The parameters of real plant model jump from model 4 to model 3 at t = 30s.
The plant and controller outputs are shown in Fig. 15.18. The weight signals are
shown in Fig. 15.19, in which the weighting algorithm quickly identified the cor-
rect local model and local controller, i.e., from model 4 and controller 4 to model
3 and controller 3. Simulation results verified that the multiple model ADRC can
achieve a better control performances of the system with time-varying parame-
ters, a smaller overshoot, and a shorter settling time than those of PID controller.
The output fluctuation of the ADRC is relatively smaller than that of the PID
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controller when the real plant model parameter changes. In particular, the out-
put of the ADRC controller is much more stable than that of the PID controller.

15.5 Conclusions

A multiple model active disturbance rejection control strategy for a class of sys-
tems with large uncertainties was proposed with simulation verifications. For the
comparison of methodologies, popular control methods PID, model reference
adaptive control, self-tuning adaptive control, MPC, and ADRC are discussed
according to VES principle. From the viewpoint of VES, ADRC, adaptive con-
trol, and MPC are rather similar in methodology how to treat the model and
model errors, such as the total disturbance in ADRC, model prediction error in
MPC, and model (parameter) identification error in adaptive control. In MPC
systems the main focus or principle contradiction is the model (nonlinear model
and constraints) with moderate consideration of model errors, whereas in ADRC
the main focus or principle contradiction is the model error (total disturbance)
estimation. As to adaptive control, the main focus or principle contradiction is
the online modeling, i.e., model parameter identification to reduce the model
erTor.
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16.1 Introduction

With the booming growth of the renewable energy such as solar, wind,
and tidal power generation in the electricity market, the safety operation
of power grid is becoming a challenging issue [1]. The increased impact
from these fluctuating energy sources, which have strong intermittency and
randomness, significantly affects the operational regime of thermal power
plants that have to accelerate the speed of power output responding the
automatic generation control (AGC) command and extend the operating
range [2]. The frequent and extensive load changes can result in severe
thermo-mechanical fatigue, creep, and corrosion, which can cause a life-
time reduction [3]. Besides, strict control requirements for the efficiency and
safety put forward great challenges of the management strategies of thermal
power plants, especially the daily operational strategies. The proportional-
integral (PI) and proportional-integral-derivative (PID) controllers still dom-
inate the industry (more than 98% of all power plant controllers in Guang-
dong Province, China) and undoubtedly play a key role in current thermal
processes [4]. However, facing with strong nonlinear characteristics, strong
cross-coupling, wide operating conditions, and strict control requirements,
the traditional control strategy cannot obtain the satisfactory control perfor-
mance [5].

To research dynamic characteristics of thermal power plants, a dynamic
power plant model with an innovative level of detail is developed, and the
model can be used to optimize startup costs and environmental impact [6]. An
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experiment-based model of condensate throttling for 1000 MW power units is
developed to analyze the dynamics of storage energy [7]. To design better con-
trol strategies based on the dynamic model of power plants, some nonlinear
dynamic models are built recently. Astrom [8] develops a famous nonlinear dy-
namic model for natural circulation drum-boilers, which is intended for model-
based control focuses. However, the power capacity of this model is small,
which is built based on a 160 MW unit in Sweden. Recently, a dynamic model
of supercritical once-through boiler units is developed based on the law of con-
servation of energy and substance, and some necessary assumptions [9]. This
dynamic model with three inputs and three outputs is developed for controller
design and dynamic analysis. To develop a model suitable for direct energy
balance (DEB) coordinated control scheme, a dynamic model is proposed to de-
scribe each module by yielding a 6th-order nonlinear model [10]. The accuracy
is verified by the field measurements from a 300 MW coal-fired plant. Consid-
ering that the DEB control scheme (it will be introduced in Subsection 16.4.1),
which is widely used by field engineers in thermal power plants, the analysis and
verification of the proposed gain scheduling design based on ADRC are carried
out based on this model.

To relieve the adverse effects of the nonlinearity and strong coupling of
power plants and obtain the faster power output and smaller pressure fluctuation,
many control strategies are proposed to solve the aforementioned control diffi-
culties. Model predictive control (MPC), with distinct advantages in explicitly
handling constraints and multivariable couplings, has been applied to the coor-
dinated control system (CCS), which is the most important and crucial loop in
any thermal power plant [11,12]. Nonlinear MPC and economic MPC based on
nonlinear models are designed and discussed for boiler-turbine systems, respec-
tively. Nonlinear control based on feedback linearization approach is proposed
to enhance the disturbance rejection ability and power-tracking rate [13,14].
An optimized nonlinear controller using evolutionary algorithms is designed
for boiler-turbine system in [15]. Besides, sliding mode control [16,17], robust
control [18], dynamic matrix control [19], self-adaptive PID control [20], and
neural network inverse control [21] all show satisfactory control effect in nu-
merical simulations while these aforementioned control strategies were rarely
used in practical units due to the following reasons [22]:

1. These control strategies could obtain satisfactory control effect at the cost
of a large computation complexity, which results in great implementation
difficulty in the distributed control system (DCS) platform.

2. Besides, the accurate mathematical model is the foundation for some model-
based control strategies, whereas the accurate model is hard and expensive
to build because of the system complexity.

In the past decades, active disturbance rejection control (ADRC) gradually
develops into a powerful tool to handle the control difficulties caused by un-
known dynamics and external disturbances [23,24]. It offers a new perspective
where unmeasured disturbances and unmodeled dynamics can be estimated and
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compensated in real time by an extended state observer (ESO) [25]. More-
over, it is independent of the accurate mathematical model and can be im-
plemented in DCS easily. The convergence of the tracking differentiator and
the stability of ESO are discussed in [26,27], respectively. Based on the the-
oretical analysis and distinct advantages of ADRC, ADRC has been success-
fully applied to motion system [28], engines system [29], fan system in server
[30], organic Rankine cycle (ORC) system [31], main steam pressure sys-
tem [2], et al. These systems with ADRC have better tracking performance
and stronger disturbance rejection ability than that of other comparative con-
trol strategies based on their own experiment platforms. However, the control
performance under wide operating conditions is not verified in these experi-
ments.

Recently, ADRC is also proposed for CCS to solve the control difficul-
ties such as the coupling, nonlinearity, et al. In [32] the control strategy based
on ADRC is designed for a power plant with a single loop, where a tracking
differentiator, ESO, and a nonlinear combination of errors are combined to im-
prove the control performance. ADRC based on the DEB control scheme is
designed for CCS to reduce the pressure fluctuation [33]. However, the ability
of the ADRC is still limited by faster response speed responding to the AGC
command. The faster response speed can result in challenges of the equipment
safety. What is worse, thermal power plants have to enlarge their operating con-
ditions to absorb more renewable power into the power grid. Now thermal power
plants shift the power output in the range of [50%, 100%] of full load. Thermal
power plants will have a larger range of [30%, 100%] of full load to improve
the stability of power grid in the future. This can result in stronger nonlinearity
of the unit and greater safety pressure. To solve this, a mature method namely
gain scheduling can be applied to speed up load response and reduce pressure
fluctuations. The whole operating condition can be divided into several typical
conditions, and controllers are designed for each condition with the switch-
ing law for the design of gain scheduling [34]. The gain scheduling designs
combined with adaptive fuzzy PID [35], iterative learning control [36], slid-
ing mode control [37], and MPC [38] have been studied for different systems.
These control strategies still have a large computation complexity, which limits
the practical application of the gain scheduling.

To deal with control difficulties of thermal power plants and reduce the im-
plementation difficulties of gain scheduling, a gain scheduling design based on
ADRC is proposed for thermal power plant under full operating conditions from
30% to 100% of full load. Besides, to the best of authors’ knowledge, there are
few references to discuss the gain scheduling design based on ADRC, such as
the switching method of ADRC parameters and stability analysis for the gain
scheduling design based on ADRC. The rest of the paper is organized as follows.
A dynamic model of CCS and control objectives are introduced briefly, and the
CCS control difficulties are discussed to explain the necessity of the proposed
control strategy in Section 16.2. Section 16.3 provides the brief principle of the
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ADRC, the tuning method, and stability region of the ADRC. In Section 16.4,
the necessary analyses of the gain scheduling design based on ADRC are dis-
cussed such as the selection of the scheduling parameter, the switching method
for k, and w,, and stability analysis for the gain scheduling design based on
ADRC. The superiority of the proposed strategy compared to the regular ADRC
and the PI is verified by simulations in Section 16.5. Conclusions are drawn in
Section 16.6.

16.2 Problem formulation
16.2.1 Dynamic model of the coordinated control system

The gain scheduling design based on ADRC is discussed for the nonlinear dy-
namic model in [10] considering that the model is suitable for the DEB control
scheme, which is widely used by field engineers in thermal power plants.

This model contains six parts, and the description is as follows:

Dynamic of the flow of coal blowing into the furnace,

1
qr= ﬁ[ug(t—43)—qf]. (16.1)

Dynamic of the steam evaporation amount,
Dy =

1
= [2 46kcq 7 — Db] . (16.2)
Dynamic of the boiler pressure,

Pb= o5 [D;, — 42,51 p9%6 /p, = pT] . (16.3)

Dynamic of the throttle pressure,

42.51p%956 /pp = pr — DT] (16.4)

pr= 5101[

Dynamic of the governing stage pressure,
) 1
pr=g3 [0.0083u; pr — p1]. (16.5)
Dynamic of the inlet steam mass flow,
Dr

1
= S [7474p1 - D1, (16.6)

where up (t/h) and u; (%) are the coal feed and the throttle opening position,
respectively.
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Besides, the power output N, can be calculated by
N, =0.86D%352, (16.7)

Moreover, the normalization coefficient k. in Eq. (16.2) is introduced to rep-
resent the influence of the coal quality, which should be equal to 100% under
normal condition. Besides, considering the protection of actuators of boiler and
turbine, and the operation rules of boiler and turbine, we can obtain the ampli-
tude limit and rate limit as follows:

0<up <150,
—-03<up<0.3,
0 < p, <100,
—-02<p,<0.2.

(16.8)

Note that the rate limit listed in Eq. (16.8) is different from that in [10], where 1 g
and i, are both £0.1. The rate limit in [ 10] is conservative with the development
of material technology and improvement of equipment operation level.

In this model, the coal feed u g and throttle opening position p, are the con-
trol inputs. The process outputs are the power output N, (MW) and throttle
pressure pr (MPa), respectively. Hereby a standard nonlinear model for control
can be derived from Eqgs. (16.1)—(16.6) as

X =fx,u), (16.9)
y=h(x),

where u = [ug w1", x =[qf Dy p» pr p Dr], and y =
[Ne pr]".

To better rule in peak-load shaving and play a greater potential, the excepted
operating range would be expanded to 30%—100% of the full load. Note that the
constant and sliding pressure operation modes both exist in the actual thermal
power plant to improve energy efficiency and meet safety requirements. Specifi-
cally, the thermal power plant would be on the constant pressure operation mode
when the output power locates in the ranges of 30%—40% and 90%-100% to
improve energy efficiency and ensure the system security, respectively. In other
ranges, the thermal power plant would operate on the sliding pressure operation
mode.

Moreover, some typical operating conditions are calculated and listed in Ta-
ble 16.1 based on the dynamic model in Egs. (16.1)—(16.6).

Generally, the CCS has some fundamental control requirements to respond
the AGC command quickly and satisfy the safety and economic requirements,
which are listed as follows [39]:

1) The power output should be adjusted timely as required by AGC com-
mand. In China, the tracking rate is about 1.5%-2% of full load per minute,
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TABLE 16.1 Fiver typical operating conditions.
Operating condition N, (MW)  pr (MPa)  ug (t/h)  p; (%)

A (30%) 90.0 13.82 40.7 27.4
B (40%) 120.6 13.82 53.8 38.6
C (65%) 195.3 14.81 85.2 63.4
D (90%) 270.0 16.09 116.1 85.4
E (100%) 300.1 16.09 128.4 96.7

which means that it requires to generate 4.5-6 MW more power in one minute
for a 300 MW thermal power plant.

2) The reverse change of the throttle pressure when regulating the power out-
put should be limited to a safety bound on sliding pressure operation mode, e.g.,
£0.4 MPa from the initial pressure. Besides, the biggest deviation also should
be limited to a safe bound on constant pressure operation mode, e.g., 0.4 MPa
from the initial pressure. Note that the system requires a manual intervention
when the deviation is bigger than £0.4 MPa to ensure the system security. The
fewer the manual interventions, the better the control performance for the con-
trol strategy.

16.2.2 Control difficulties

The CCS of thermal power plant has many difficulties such as the strong non-
linearity, strong coupling, and the wide change of operating conditions. These
control difficulties are analyzed in this subsection.

To measure the system nonlinearity of the established physics-informed
model, Vinnicombe gap metric is introduced with the definition as in [40],

v = max{s(Py, P2), (P, P1)}, (16.10)

where P; and P, are the two transfer function matrices linearized around two
arbitrary operating conditions, and H (P1, P») is the directed gap of two linear
systems Py and P,. Let Py = N1M| land Py, =NoM; ! denote the normalized
coprime factorizations of Py and P,. The directed gap can be calculated by

2 . M, B M,
3(P1,P2)—Q1111_§ Il Ny ] [N2 100> (16.11)

€M

where Q is a matrix parameter of finite Hy, norm. The detailed theory of the
gap is referred to in [40]. Besides, the gap for any two linear systems is bounded
as

0<8(P, P)<1. (16.12)
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When P; is the linearized system at the nominal operating condition of a non-
linear system and P is the linearized system at another operating condition of
the same nonlinear system, §(Py, P») can be regarded as an indicator of sys-
tem nonlinearity. The closer the value is to one, the stronger the nonlinearity of
the system, and vice versa. The nominal condition is chosen as the full load, E
(100%) shown in Table 16.1, where N, = 300.1 MW and pr = 16.09 MPa, and
the nominal transfer matrix model can be obtained by the model linearization.
The distance measure between the nominal model and other models that are
linearized with different N, and pr is depicted in Fig. 16.1.

7777
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’llll
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FIGURE 16.1 Distance measure from the nominal model linearized at (300.1 MW, 16.09 MPa) to
the models linearized with different N, and p7.

Obviously, a large v, exists when N, and pr are far from the nominal model,
which means that a strong nonlinearity exists for the model in Eqs. (16.1)—(16.6)
or Egs. (16.9). Besides, an obvious valley in the 3-D figure of distance measure
can be seen in Fig. 16.1, showing that least amount of nonlinearity. This indi-
cates that the nonlinearity can be somewhat avoided if the set-points of N, and
pr are changing in proportion along the valley line. This valley is fully used to
reduce the nonlinearity of the system in engineering practice called sliding pres-
sure operation mode. Note that the sliding pressure operation mode is not always
reasonable in some operating conditions and is not applicable when the output
power is very small or large because of the economical and safe considerations.

The linearized models at typical operating conditions in Table 16.1 can be
obtained by the linearization method, and their open-loop responses are pre-
sented in Fig. 16.2. The dynamic characteristics of the CCS system vary greatly
due to the wide operating conditions, especially the dynamic characteristics of
the pressure loop as shown in Fig. 16.2(c) and (d).

Besides, the strong coupling is also seen in Fig. 16.2 because each control
input has obvious influence on both outputs. To explain this further, relative gain
array (RGA) is applied to measure the coupling between main steam pressure
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FIGURE 16.2 Open-loop responses of five typical operating conditions. (a) and (c): the step of
up; (b) and (d): the step of ;.

and power loops by transforming the CCS model into a general transfer matrix
G by a model linearization method [40]. The definition of RGA is depicted as

(16.13)

RGA(G) 2 G x (G™HT = |:)L11(S) )»12(S)j| ’

A21(s)  A(s)

where x and G denote the Schur product and the linear TITO system under op-
erating conditions, respectively, and 1;; means the ratio between the gains from
uj to y; when the other loop is open and closed, respectively. Studies show that
the controller can be designed to the pair of variables u ; and y; when [A;; (jw)]
is close to 1 in all frequency ranges.

Fig. 16.3 shows the RGA distribution under different operating conditions.
We can learn that the paring rule has a variation with increasing frequency,
which means that there has a strong coupling for the CCS system. y; (N,) and y;
(pr) are dominated by u; (i p) and u» (ur) in the low-frequency range, respec-
tively. Similarly, y; and y, are dominated by u; and u; in the high-frequency
range, respectively.
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FIGURE 16.3 RGA distribution under different operating conditions.

16.3 Active disturbance rejection control

The ADRC gets more and more attention and successful applications, and stands
out among control algorithms owing to the following merits:

1. The ADRC is largely independent of precise mathematical models, which
are hard or expensive to obtain for industrial process because of the system
complexity.

2. The robustness of the ADRC is stronger than the conventional PI/PID con-
troller and can ensure good control performance when the system is far from
the nominal condition.

3. The control law of the ADRC is simple, consisting of some basic algebraic
computation, and can be easily implemented via existing function blocks in
DCS platform.

4. The ADRC is conceived from the perspective of disturbance rejection, which
can balance the tradeoff relationship between tracking and disturbance rejec-
tion well, especially for CCS whose two loops both have the tasks of tracking
and disturbance rejection.

In this section, we briefly introduce the principle of the first-order ADRC. Be-
sides, we also discuss the parameter tuning and stability region of the ADRC.

16.3.1 Brief principle of ADRC

To reduce the difficulty of implementation, the first- and second-order ADRC
controllers are the most widely used ADRCs in practice despite the order mis-
match between the system order and the ADRC order. Moreover, the capacity
of the low-order ADRC to control high-order systems has been theoretically
proved [41] and verified in superheated steam temperature system [42] and
fractional-order system [43].
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Here the first-order ADRC is discussed, and its structure is illustrated in
Fig. 164, r, y, d, and u are the reference input, the system output, the external
disturbance, and the control signal, respectively, z> is the output of the ESO.
Besides, k p and b are the parameters of control law.

y
Plant >
FIGURE 16.4 The structure of the first-order ADRC.
Generally, a system can be arranged into a first-order form
y=g(@y,y,....,d, w) + bu, (16.14)

where g is the synthesis function of time-variant (¢), high-order (y), external
disturbance (d), dynamic uncertainties (), etc. in the system, and b is the input
gain whose value may be unknown for the plant.

Define f = g + (b — bo) u, where b is an estimate of the input gain b. Then
Eq. (16.14) can be transformed into

Y= f+bou, (16.15)

where f is called the total disturbance, which includes the external disturbances
and the unknown internal dynamics of the system [23]. Let y = x1, and let f
be an extended state zo. The state space representation of Eq. (16.15) can be
depicted as

EIE T ES K T
=[1o][n]

Then the ESO is designed for system (16.16) as

[?‘]= —h 1 [Zl}jt bo b [“} (16.17)
22 —p 0O 22 0 B y

The state z can track f well when B and B, are tuned appropriately. The
estimated total disturbance can be compensated in real time,

u="20"% (16.18)
bo




Gain scheduling design based on ADRC Chapter | 16 361

The plant after the compensation is depicted as

uo—22 uo— f
b T T

y=[f+bo = uy. (16.19)

Therefore the controlled plant becomes an integral process, and the control
law shown in Fig. 16.4 is depicted by

uo=kp(r—y), (16.20)

which is a proportional controller. The desirable closed-loop transfer function
can be obtained based on Eqgs. (16.19) and (16.20) as

v (s) kp

G[C(S)Z r(_g) =S+kp.

(16.21)

Note that &, is the controller bandwidth with practical physical meaning.
Moreover, 81 and B, can be tuned by the bandwidth-parameterization method
proposed in [44],

! P =20,, (16.22)

_ 2
Br=wj,

where w, is called the observer bandwidth.

16.3.2 Tuning method and stability region of ADRC

Based on the introduction of the ADRC, we know that there are three parameters
to be tuned: the observer bandwidth w,,, the controller bandwidth k& p»and by. The
following rules may serve as guidance to tune the parameters:

1. Alarge k), or a small by leads to a quick response, which in turn requires in-
creased control force while the stability margin would be small. Besides, the
response would have a large overshoot, and the fluctuation would increase
due to the strong control intervention with a too large k;, or a too small by.
Note that the value of by should meet b/bg € (0, 2) to ensure the stability
and convergence of the ESO [45].

2. The ability of the observation and compensation of the total disturbance
would increase with the increased w,, and so does noise sensitivity of the
ESO. So w, should be gradually augmented to a proper value that could
ensure a good estimation of the ESO.

Based on the discussion of the influence of parameters on control performance,
a tuning procedure can be summarized as follows:

1. bg should be selected firstly, and the value of by should meet b/bg € (0, 2) to
ensure the stability and convergence of the ESO. A large by is recommended
to avoid the non-convergence when the real gain b is not exactly known.
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2. Then k, can be selected based on the desirable closed-loop dynamic shown
in Eq. (16.21), and w, can be gradually augmented to a proper value to en-
hance the observation ability of the ESO.

3. If the ADRC with these parameters can obtain the satisfactory control per-
formance, then the tuning procedure can stop. Otherwise, repeat steps 1-2.

The flow chart is accordingly given in Fig. 16.5 to guide the tuning in engineer-
ing practice. Note that the bandwidth-parameterization method works well and
the presented tuning procedure involves trial and error tests.

Start
L2
Select b, from the range of 5/ b, (0, 2)

v

Set k, based on the desired
closed - loop dynamic

Augment @, to enusure
the observation ability

Satisfy the control

requirements ?

FIGURE 16.5 Flow chart of the ADRC parameters tuning.

The first-order ADRC can be can be transformed into an equivalent two-
degrees-of-freedom (TDOF) control structure as shown in Fig. 16.6 [46], where
the feedback controller and feedforward controller are depicted by

k,,s2 + (a)g + 2k1,a)0) s+ k[,a)2

G = 9 16.23
e (8) (s + 2w4) bos ( )
and
ky(s + w,)?
Gr(s)=— P "2 5 (16.24)
kps? + (2kpwo + w?) s + kpw?

To simplify the stability region analysis of the ADRC, the plant transfer
function can be depicted by

Gpiw)=r(®) e =a(w) +ib(w). (16.25)
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FIGURE 16.6 Equivalent structure of ADRC.

v

The characteristic equation for the closed-loop system is represented as
14+ G (s)=0, (16.26)

where G; (s) = G (s) G (s) is called the loop transfer function.
By substituting Eqs. (16.23) and (16.25) into Eq. (16.26) and separating the
real and imaginary parts we obtain

{ kp (a)g — ) a () — (05 + 2kpwo) b (@) @ — bpw® =0, (16.27)
o

— a)z) b(w) + (wg + 2kpa)0) a(w) o+ 2bgw,w = 0.

By solving Eq. (16.27) with fixed by we can obtain the boundary of stability
region. Considering that k, and w, should be greater than zero to ensure the
system stability, these boundaries form the stability region of the ADRC.

Now the procedure of the stability region calculation is summarized as fol-
lows:

1. The plant in Eqgs. (16.25) is known, and by should be fixed firstly according
to the discussion above.

2. The boundary of the ADRC can be calculated by solving the expression in
Eq. (16.27) with w varying from zero to +oc. Note that the upper value of @
can be set sufficiently large. We can obtain the stability region of the ADRC
with fixed bg.

3. The whole stability regions of the ADRC can be obtained by repeating the
calculation for a set of bg-values.

Consider a first-order plus dead time (FOPDT) plant defined as

=12 s 16.28)
Gp(s)—4s+1e , (16.
whose real gain b is 0.3. By applying the calculation procedure discussed above
we can obtain the stability regions of the ADRC with gridded by from 0.15 to 5
as shown in Fig. 16.7. We see that a larger by means a larger parameter selec-
tion region, and this explains the reason why a large bg is recommended. The
discussion about the stability region of the ADRC offers a parameter selection
region and a foundation of the asymptotic stabilization analysis for the smooth
switching.
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FIGURE 16.7 The stability regions of ADRC with gridded by.

16.4 Gain scheduling design based on ADRC

In this section, the principle of DEB is introduced firstly to understand the
control structure widely used in thermal power plants, especially in giant-scale
thermal power plants. Then some necessary discussions of the division of op-
erating conditions and the selection of scheduling parameters are presented. A
linear switching method is developed based on the foundations discussed above.
In the end the stability analysis based the Kharitonov theorem and the quanti-
tative calculation are carried out to offer the stability region of the parameter
tuning ensuring the asymptotic stabilization of the closed-loop system under
full operating conditions.

16.4.1 Brief principle of DEB

The control structure of DEB is shown in Fig. 16.8, where the controlled variable
of the throttle pressure loop is the energy heat signal defined by

dpp
Qm=p1+de—pt, (16.29)

which replaces the throttle pressure pr and Cp = 120. Correspondingly, the set-
point of the throttle pressure loop becomes the energy demanding signal,

Tom Z”prﬂv (16.30)

pr

where r, is the set-point of p7 coming from the AGC command by a lookup
table.
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FIGURE 16.8 The DEB control structure for CCS system with actuator constraints.

When the system is at steady state, we have Q,, =rg,, andd p;/dt =0, and
we have the equation

1
pr=pe 2L, (16.31)
PT

which means that the throttle pressure pr can converge to its set-point p, when
the system is at steady state. The advantage of the DEB control structure is that
it can greatly reduce the coupling effect from the throttle pressure loop to the
power output [32].

Based on the control structure of DEB, the output of throttle pressure loop
becomes the energy heat signal Q,,, which replaces the throttle pressure pr,
and the linearized model can be depicted by

[ Ne i|= 811(5) ng(S) |: up i| (1632)
Om 871 (s) giz(s) He

Similarly, y in Eq. (16.9) changes to y = [Ne Qm]T, and Q,, can be cal-
culated by

On=pit o= [Dr 251" pr]. (163

Note that the throttle opening position u; is selected to control the power
output N, because it is useful for quick tracking of the AGC command, which
is the first priority for any thermal power plant. Correspondingly, the coal feed
up is selected to control the energy heat signal. To accelerate the response of
throttle pressure loop, a feedforward PD controller G ¢ (s) from the load demand
is added to the coal feed ug. Gn,_c(s) and G, _.(s) are the feedback controllers
of the power output loop and throttle pressure loop, respectively.
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16.4.2 Division of operating conditions and selection of scheduling
parameter

Firstly, we discuss the division of operating conditions for CCS, which is the
foundation of gain scheduling design. The following factors should be consid-
ered,

1. The more scheduling ranges means the more meticulous control, which can
ensure the better control performance.

2. The adverse influence of more scheduling ranges should not be neglected,
such as the exponentially increased design workload and the implementation
difficulty in DCS platform.

Therefore the number of scheduling ranges is a tradeoff between the control
performance and the cost of design and implementation. The scheduling ranges
are selected as shown in Fig. 16.9. The scheduling ranges are from F to G and
from H to I, respectively. Besides, the steady state parameters of the selected
operating conditions are listed in Table 16.2, and the scheduling range is about
10 MW. To a great extent, this tradeoff can reduce the design working load and
the implementation difficulty, and balance the control requirements of different

dynamic characteristics.
Scheduling range
I 1l

H

Operating condition

FIGURE 16.9 The scheduling ranges and the operation conditions selected under full operating
conditions.

|

A

|

E

5|
Q

TABLE 16.2 The operating conditions for the gain scheduling design.
Operating condition N, (MW) pr (MPa) up (t/h) e (%)

A (30%) 90.0 13.82 40.7 27.4
F (50%) 150.1 14.31 66.3 48.2
G (56.7%) 169.9 14.58 74.6 54.7
H (73.3%) 219.8 15.33 95.4 70.4
1 (80%) 240.1 15.63 103.8 76.6
E (100%) 300.1 16.09 128.4 96.7

Besides, the load demand is selected as the scheduling parameter owing to
the following reasons:

1. The load is a controlled variable, and it is measurable.
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2. The load is a key parameter for CCS, and the change of dynamic character-
istics depends on the load change largely. Its variation naturally represents
various operating points of the CCS, especially when the power plant is op-
erating under the constant pressure operation mode.

3. The most important factor is that all coefficients of linearized models are
monotonous with the monotonous change of load. Take g12(s) in Eq. (16.32)
as an example, and denote the coefficients of the numerators and denom-
inators as m = [ny nilandd =[ds d3 dy d], respectively. We can
obtain the monotonous trends of them at the different operating conditions
shown in Fig. 16.10. Note that other coefficients in Eq. (16.32) all have the
monotonous trends with the monotonous change of the load.
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< <1000 '
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A F G H I E A F G H I E A F G H I E
Operating condition Operating condition Operating condition

FIGURE 16.10 The trends of coefficients in g1, (s) with the load change.

Finally, the ADRC parameters, which should be changed to response to
the scheduling parameter, need to be discussed. Although the ADRC has three
parameters, the observer bandwidth w,, the controller bandwidth kp, and the
estimated input gain by, the parameters involved the gain scheduling design are
selected as w, and k), except by. The reasons of this decision are described qual-
itatively as follows:
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1. As the discussion in Subsection 16.3.2, a larger k;, means a stronger control
force, and the changing k, can reasonably adjust the dynamic characteristics
of closed-loop system. Besides, w, can reflect the observation and compen-
sation ability of the total disturbance, so a changing , in the gain scheduling
design is also necessary.

2. by is the estimate of the real input gain b, and by is often larger than the real
value. The changing by would result in a large overshoot because that by is
the denominator of Eq. (16.18), whose output is the control signal.

16.4.3 Gain scheduling design based on ADRC under full operating
conditions

To simplify the analysis, consider a first-order system with uncertain parameters,

a1 (6)

GO = s +1

(16.34)

where a1 (0) and 61 (0) are bounded real numbers with scopes obtained accord-
ing to the operating conditions of the system, and 6 is the scheduling parameter
as discussed in Subsection 16.4.2. The division of operating conditions can be
rearranged as shown in Fig. 16.11 based on Fig. 16.9. The division of oper-
ating conditions is a continuous range as shown in Fig. 16.11, and the two
adjacent operating ranges have a small overlap range, which is the schedul-
ing range as shown in the hatched section in Fig. 16.11. For example, the range
[6i+1 6Oi+1+a]1s the overlap range between the operating ranges [6;  6;+14A]
and [0;+1  Oiy2+al

Hi Hi+A 9i+1 6i+1+A 0i+z €i+2+A

FIGURE 16.11 The rearranged diagram of the scheduling ranges.

For each operating range, we can calculate the intervals of all coefficients
in Eq. (16.34). The intervals for the operating range [6;+1 6i+1+a] can be
obtained as @] € [¢Imin *1max] and A1 € [AMmin A 1max], and we can obtain
the function family in the operating range [6;+1 6;j+1+al,

aq
s+ 1’

G (s) = (16.35)
where @1 € [01min X1max] and A1 € [A1min A1 max]-

Design the ADRC controller {kj ;,w,_i,bo} for the operating range
[6;  6i+1+a] and the ADRC controller {k,_j+1,®o_i+1,bo} for the operating
range [6;+1 6i+2+a]. Note that these two ADRC controllers both ensure the
stability for the system in the range [6;+1 6;+14+a] With fixed by. Based on the
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feedback controller G (s) in Eq. (16.23) and the controlled plant in Eq. (16.35),
the eigenpolynomial can be depicted as 7; (s) and T;1 (s) with specific expres-
sions (A.1)—(A.2) in Appendix A. Therefore we have inequalities (A.3)—(A.10)
listed in Appendix A by applying the Routh stability criterion.

For the scheduling range [6;4+1 0;i+14+a], we design the ADRC controller
based on the gain scheduling, and the ESO is depicted by

[21 }: —2[pwo i+ (1 —@)wo_iy1] 1 [zl ]
2 —[pwo i+ —@)w,i1]” 0 L 22

(16.36)
+ |: bo [‘Pwofi +1 _w)w07i+l] :| |: u i|
0 [gwoi+d=@woin] JLY
The control law is depicted by
uo = [pkp i + (1 =@ kp it1](r—y). (16.37)

Based on the TDOF control structure of ADRC, the feedback controller can
be depicted as G (s) with specific expression (A.11), and we have ¢ € [0 1].
Based on the feedback controller G, (s) and the system in Eq. (16.35), we can
obtain the eigenpolynomial 7;, (s) depicted in Eq. (A.12) in Appendix A. By
the transformation of inequalities (A.3)—(A.10) we can obtain inequality (A.13),
which means that the controller in Eq. (A.11) can ensure the convergence of the
closed-loop system [48].

Therefore we have the scheduling method of ADRC parameters for the
scheduling range [0;+1 6;j+1+al,

kp i, 0 € (Bi+a,0i+1),
kp=1 poeleal g g OO i, 6 €641, Oir14al,
i+14+A Vi1 - i+1+A—Vi+1 -
kp_iv1, 0 € Bi+1+a,0i+2)
(16.38)
@o_i 0 € Oi+n,0i+1),
W= szl iy OOl ih, 0 €041, Bir14al,
ir14a—0i41 O~ Oip14a—0i41 O~
Wo_i+1, 0 € Bi+1+a,6i42) .

(16.39)

Note that the analysis about the scheduling method is based on a first-
order system; when the controlled plant is a plant with time delay, the analysis
difficulty increases exponentially. Fortunately, considering controlled plant in
Eq. (16.32) can be approximated as a first-order plus time delay (FOPTD) sys-
tem depicted by

ko _
Geg (5) = e Ls. (16.40)
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The equivalent plant is a lag-dominant process considering L/ (T + L) is
about 0.15 (£ 0.05) under all operating conditions, and the influence of the
time delay is weak and can be dealt with a first-order system. Therefore we can
conclude that the proposed gain scheduling method works well for the system
in Eq. (16.32) roughly. Besides, the effectiveness of the scheduling method for
Eq. (16.32) can be verified in the next section. The proposed gain scheduling
method is a simple yet effective linear switching method and can greatly reduce
the implementation complexity in DCS. The scheduling method can ensure the
stability of the closed-loop system when the system changes slowly [47].

16.4.4 Stability analysis based on the Kharitonov theorem

In this subsection, we discuss the qualitative stability analysis based on the
Kharitonov theorem and then is carry out the quantitative calculation of the
stability regions of ADRC parameters to provide the parameter regions. The sta-
bility analysis based on the Kharitonov theorem offers us a theoretical method
to analyze the stabilizability of the proposed gain scheduling design based on
ADRC for the interval systems.

The Kharitonov theorem offers a sufficient condition for the judgement
whether the ADRC controller can stabilize the entire interval function family
[47]. Take g5, (s) in Eq. (16.32) as an example, which can be rearranged with
uncertain parameters as

n3s3 +n2s2 +nis+no
d4s4 + d3s3 + dzs2 +dis+1 ’

8, (s) = (16.41)

where n; € [Rimin  Nimax] (G = 0,1,2,3) and d; € [djmin djmax] ( =
1,2,3,4).

Based on the feedback controller G, (s) in Eq. (16.23) and the controlled
plant in Eq. (16.41), we can obtain the eigenpolynomial 7 (s) depicted as
Eq. (B.1) in Appendix B.

We can obtain the corresponding four Kharitonov functions (Egs. (B.2)—(B.5)
in Appendix B, where the expressions of Ag_min, A0_max, etc. in Kharitonov
functions are listed in Appendix B.

If ADRC parameters can ensure that all Kharitonov functions in
Egs. (B.2)—(B.5) are Hurwitz, then we can say that these ADRC parameters
{k pr Wo, bo} can stabilize the entire interval function family.

Note that the application of the Kharitonov theorem to calculate the stability
regions of ADRC parameters is difficult because the coefficients of Kharitonov
functions are not independent and influence each other when one of them
changes.

To simplify the calculation of stability region, the discussion about the sta-
bility region of ADRC provides a method to calculate the stability region that
can stabilize the entire interval function family.
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Consider that the throttle opening position u; is selected to control the power
output and take g12 (s) in Eq. (16.36) as an example to show the effectiveness
of the proposed method. The operating ranges from A to G and from F to I
are selected as the design range, and the scheduling range is from F to G as
shown in Fig. 16.9. Based on the linearized model g1 (s) in Eq. (16.32) at the
selected operation conditions, we can obtain the stability regions of ADRC with
fixed bg = 1 at the typical operation conditions (A, F, G, H, 1) as shown in
Fig. 16.12. We know that the typical operation conditions (A, F, G, H, I) have
the similar stability regions even though operation conditions vary greatly. This
verifies that the varying ADRC parameters in the scheduling ranges can locate
in the stability region except that they locate near the stability boundaries where
the ADRC parameters cannot ensure the satisfactory performance. Fig. 16.12
can also explain the rationality of the proposed gain scheduling design based on
ADRC roughly.

2.5 4

1 11 1.2

A (30%) \

F (50%)
G (56.7%)
H (73.3%)
1(80%)

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

FIGURE 16.12 The stability regions of ADRC at typical operation conditions.

16.5 Simulations validations

In this section, we carry out simulations of the gain scheduling design based on
ADRC with and without physical constraints of actuators such as amplitude lim-
iting and rate limiting to verify the superiority of the proposed control strategy
under full operating conditions.

Based on the proposed control strategy discussed in the previous section,
the control structure of DEB combined with the gain scheduling design based
on ADRC is shown in Fig. 16.13, where the blue part (mid gray part in the
print version) is the new content for the proposed control strategy. The proposed
control strategy does not change the original structure and can greatly reduce
the implementation difficulty in DCS by adding two parameter tables.
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FIGURE 16.13 The DEB control structure with the gain scheduling design based on ADRC.

To design Table I of the parameters of the power output loop and Table II
of the throttle pressure loop, the parameters of the regular ADRC under the
operating conditions A, E, and G are tuned based on the tuning procedure
shown in Fig. 16.5. Besides, the tuned parameters should be checked to en-
sure that all they locate in the stability region. Then the scheduling methods
in Egs. (16.38) and (16.39) are applied to the gain scheduling design based on
ADRC. We can obtain Tables I and II of the parameters as shown in Fig. 16.14.
Besides, the feedforward PD controller is G 7 (s) = 0.3 + 110s/ (1 + 20s), and
the fixed by is equal to one for two control loops. The ADRC and the PI
(Gpr () =kp_pi +ki_pi/s) control strategies are comparative control strategies
and are tuned by the multi-objective parameter optimization. Their parameters
are listed in Table 16.3.

TABLE 16.3 Parameters of the comparative controllers. The
superscripts a and b denote the controllers of Pl and ADRC,
respectively.

Controllers Parameters of different controllers

?Ve,c kp_pi =1.95,k;i_p; =0.11
Gor . Kp_pi = 69.1,ki_pi =0.025, G 7 (s) = 035 + %4,
G kp pi =195 w,=03,by=1
G kp_pi =70, 00 =0.002,bg =1, G 7 (s) = 0.3+ 415

To better compare the control performance with different control strategies
quantitatively, the integrated absolute error (IAE) and the input variation (TV)
are recorded and defined as

o
TAE; =/ |ri (¢) —yi ()| dt,i=1,2, (16.42)
0
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FIGURE 16.14 The parameters of the ADRC for the gain scheduling design at different operating
conditions: (a), (b) the parameters of ADRC for the power output loop; (c), (d) the parameters of
ADRC for the throttle pressure loop.

n—1

TV;i=> lui G+ 1D —ui (Hli=1.2, (16.43)
j=0

where i = 1, 2 for the power output loop and throttle pressure loop, respectively.

Firstly, we set the load tracking rate as 1.5% of full load per minute. Note
that the simulation contains the full operating conditions from 30% (90 MW) to
100% (300 MW), where the system can experience the constant pressure opera-
tion and sliding pressure operation modes. The simulation results are shown in
Figs. 16.15-16.18.

Without physical constraints of actuators, the gain scheduling design based
on ADRC (“The Proposed” in figures) has the best control performance un-
der full operating conditions and the PI (“PI” in figures) has the largest reverse
change under sliding pressure operation mode and the largest deviation under
constant pressure operation mode. Besides, the control signal of the proposed
control strategy in Fig. 16.16 is flatter than that of the regular ADRC (“ADRC”
in figures) and the PI. Similar conclusions can be obtained considering phys-
ical constraints of actuators as shown in Figs. 16.17-16.18. To show the re-
sults clearly, the local enlarged drawings of Figs. 16.17-16.18 from 35000 s to
37000s are shown in Figs. 16.19-16.20, and the discussions above can be ver-
ified. Moreover, all control performance indices of these control strategies are
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FIGURE 16.15 The output responses of 1.5% load tracking rate without physical constraints of
actuators: (a) power output loop; (b) throttle pressure loop.
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FIGURE 16.16 The control signals of 1.5% load tracking rate without physical constraints of
actuators: (a) power output loop; (b) throttle pressure loop.

recorded in Table 16.4. IAEs of the proposed control strategy are about 50.6%
and 82.8% of TAE of the regular ADRC in the power output loop and throttle
pressure loop, respectively. Besides, IAEs of the proposed control strategy are
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FIGURE 16.17 The output responses of 1.5% load tracking rate with physical constraints of ac-
tuators: (a) power output loop; (b) throttle pressure loop.
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FIGURE 16.18 The control signals of 1.5% load tracking rate with physical constraints of actua-
tors: (a) power output loop: (b) throttle pressure loop.

about 24.1% and 62.4% of IAE of the PI in the power output loop and throt-
tle pressure loop, respectively. Therefore the gain scheduling design based on
ADRC can greatly improve the control performance of power output and throttle
pressure loops.
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During the process of load rising (0-28000s), the overshoots of the power
output loop with the proposed control strategy are 0.33%, 0.40%, 0.50%, 0.26%,
0.60%, 0.40%, and 0.37%, respectively. This means that the overshoot is rele-
vant to the starting point caused by the nonlinearity of the CCS, and it corre-
sponds to the real power plants.

Note that the closed-loop system with the PI has some severe operating con-
ditions (the reverse change and the biggest deviation is larger than ~ 0.4 MPa)
as shown in black dashed boxes of Figs. 16.15(b) and 16.17(b). These may re-
sult in the irreversible damage for the main steam pipes and bring the necessary
manual interventions.
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FIGURE 16.19 The local enlarged drawing of Fig. 16.17 from 35000s to 37000s: (a) power
output loop; (b) throttle pressure loop.

TABLE 16.4 The control performance indices of dif-
ferent control strategies under 1.5% load tracking
rate. The superscripts ¢ and d denote the controllers
of Pl and ADRC, respectively.

Controllers 1AE; 1AE; TVy TV,
PI¢ 1669.8 4379.8 192.9 998.7
ADRC¢ 794.5 3301.5 180.1 1093.7
The Proposed® 402.0 2734.9 186.1 557.6
pid 1674.3 4395.3 193.4 1034.1
ADRCH 794.5 3301.5 180.1 1093.7

The Proposed? 402.6 2737.2 186.7 681.0
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FIGURE 16.20 The local enlarged drawing of Fig. 16.18 from 35000s to 37000s: (a): power
output loop (b): throttle pressure loop.

To integrate more renewable energy into the power grid, the thermal power
plant has to accelerate the power output responding the AGC command, and the
upper limit of the load tracking rate should be taken into consideration.

The simulation with the load tracking rate, 2% of full load per minute, is
also carried out. All control performance indices of these control strategies with
2% load tracking rate are recorded in Table 16.5. Note that the PI cannot ensure
the convergence and stability of two loops when physical constraints of actu-
ators are considered as presented in Table 16.5. IAEs of the proposed control
strategy are no more than 52.5% and 86.5% of IAE of the regular ADRC in
the power output loop and throttle pressure loop, respectively. Moreover, the
closed-loop system with regular ADRC also has some severe operating con-
ditions (the reverse change and the biggest deviation larger than +0.4 MPa),
where the regular ADRC can result in irreversible damage for main steam pipes
and bring the necessary manual interventions. However, the proposed control
strategy still has no severe operating conditions, which means that the proposed
control strategy still has approving control performance when the system has
larger load tracking rate under full operating conditions.

Generally, the proposed control strategy can improve the control quality sig-
nificantly, whereas the PI is not competent: the task for the large load tracking
rate and the regular ADRC has poor control quality.

Now the concern goes to the issue of coal quality variation. Since k. in
Eq. (16.2) is the index of the coal quality, to imitate the step and periodic dis-
turbance of coal quality variation, the test can be done by increasing k. by 20%
at 500s and oscillating k. at 5000s with the period of 628 s under the typi-
cal operating condition D (90%) in Table 16.1. Simulation results are shown in
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TABLE 16.5 The control performance indices of different control
strategies under 2% load tracking rate. The superscripts ¢ and d
denote the controllers of Pl and ADRC, respectively.

Controllers
PI¢

ADRC®

The Proposed®
P4

ADRC4

The Proposed?

IAE; IAE, Vi TV,
19515.2 44500.0 211.8 1214.9
8366.0 33233.0 194.4 1334.5
4209.3 27627.1 203.2 693.2
3.1902x10°  7.9742x10°  1758.0  5183.9
8366.0 33233.5 194.4 1334.6
4389.4 28751.3 2203 1084.5

Figs. 16.21-16.22. Note that the test is carried out with physical constraints of

actuators in Eq. (16.8).
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The proposed control strategy can obtain best disturbance rejection no matter
which type of coal quality variation as shown in Figs. 16.21-16.22. Moreover,
the disturbance rejection indices of these control strategies are recorded in Ta-
ble 16.6, and the indices verify the superiority of the proposed control strategy
in disturbance rejection. The disturbance rejection indices under the operating
condition G (56.7%) are also recorded in Table 16.6, and we can learn that the
proposed control strategy still works best under other operating conditions.

TABLE 16.6 The indices with the coal quality varia-
tion under the operating conditions D and G. The
superscripts e and f denote the operating conditions
of 90% and 56.7%, respectively.

Controllers 1AE; 1AE, TVy TV,

PI¢ 2934.8 13281.4 33.2 614.0
ADRC* 1026.5 8073.9 30.1 533.8
The Proposed® 418.2 7382.9 25.2 3771
PIf 1096.3 11125.2 12.3 294.1
ADRC/ 430.6 6096.8 12.6 291.0

The Proposed 147.1 4375.0 10.3 213.8

Based on simulation results of the tracking performance with different load
tracking rates and disturbance performance with the coal quality variation, the
proposed control strategy can obtain the best control performance compared to
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the regular ADRC and PI, which are tuned by the multi-objective parameter op-
timization. The successful comparison indicates a promising future of the gain
scheduling design based on ADRC for thermal power plants with the increasing
demand on integrating more renewable energy into the power grid.

16.6 Conclusions

The renewable energy, which has strong intermittency and randomness, plays an
increasingly significant role in energy supply. To integrate more renewable en-
ergy into the grid, the thermal power plant has to accelerate the speed of power
output responding the AGC command and enlarge its operating range. This puts
forward great challenges on the safe operation and the control of thermal power
plant. To this end, the gain scheduling design based on ADRC is proposed for
the thermal power plant under full operating conditions from 30% to 100% of
full load considering the constant and sliding pressure operation modes. The
main work can be summarized as follows: 1) The necessity and importance of
the proposed control strategies is discussed by analyzing the control difficulties
of the CCS. 2) The gain scheduling design based on ADRC under full operating
conditions about the scheduling parameter selection and division of operating
conditions is discussed. 3) A linear switching method of the observer band-
width w, and controller bandwidth k, is derived, the stability analysis based
on the Kharitonov theorem is carried out qualitatively, and the stability regions
with different operating conditions are discussed quantitatively. 4) Simulations
of power tracking with different load tracking rates and disturbance rejection
with the coal quality variation are carried out to verify the superiority of the
proposed control strategy under full operating conditions compared to the regu-
lar ADRC and PI. The theoretical analysis and successful comparison indicate
a promising potential for application to thermal power plant.

Appendix A
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) 5 (A.1)
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T (s) = AO_min + Al_mins + AZ_maxS2 + A3_max53 + A4_mins4
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5 6
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The expressions of Ay min, A0_max, €tC.:
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17.1 Introduction

Under the rising awareness of global warming and energy crisis, the world has
been in a new era of energy revolution. In the meantime, China promises to
reach carbon dioxide peak by 2030 and strives to reach carbon neutrality by
2060 [1]. This “double carbon” action plan requires increase share of clean and
low carbon energy in energy consumption. However, the growing integration of
intermittent and volatile renewable energy, such as solar and wind, has bring
risk to the grid safety. In September 2021, abrupt decline of the wind power ex-
acerbated the electricity supply gap, and China Liaoning Province experienced
several emergent power cuts to prevent further grid collapse. Since these in-
cidents, the Chinese government has refocused on the fundamental supporting
role of coal-fired power plants for the grid safety.

In China, coal-fired power plants still provide 60.75% of total power in
2020 [2]. As the basic power supply, the coal-fired power plants are required to
operate in a wider load range to integrate more renewable power into the grid.
This poses operation challenges on the plant flexibility, which means that the
power plants have to run within the load range from 100% to 50%, even 20%,
and varying load more frequently according to the ACG commands. Besides, the
increasing demand for safe and economic operation has also put an emphasize
on advanced and intelligent control technology.

Proportional-Integral-Derivative (PID) control has been playing a dominant
role in industrial processes for more than half a century. According to a sur-
vey [3], in Guangdong Province, China, about 98% feedback control loops of
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the coal-fired power unit apply PID controllers. However, PID controllers are
found inadequate in dealing with uncertainties and disturbances under frequent
and wide-range load varying [4], especially when certain control loops are more
easily influenced by the load change, such as the coordinate control system,
steam temperature, and combustion system. To enhance the control performance
under flexible operation, many advanced control methods, such as model pre-
dictive control, adaptive control, disturbance observer-based control, have been
configured in the power units [5]. Even so, requirements on a precise process
model and high computation power have made these advanced control methods
difficult to implement and vulnerable to fluctuations.

In the recent decades an emerging control technology named as active dis-
turbance rejection control (ADRC) has demonstrated its strong robustness and
anti-disturbance ability in field practices [6,7]. ADRC inherits the error-based
feedback control from PID and the state-space-based observer design from mod-
ern control theory [8]. The core concept of ADRC is to estimate and offset the
total disturbance via the extended state observer (ESO). Hence ADRC is able to
achieve high disturbance rejection performance while keeps simplicity in struc-
tures.

ADRC has been extensively investigated and applied by many researchers
in different countries and industrial sectors. For example, the theoretical anal-
ysis of ADRC with regard to the proof of convergence and stability has been
performed [9,10]. Performance and properties of ADRC have been analyzed
in frequency domain [11]. Improved ADRC has been proposed to address the
challenges caused by large time delays [12], non-minimum phase [13], and
multi-variable coupling [14,15]. ADRC were initially studied via simulations
and experiments and then extended to industrial applications with the range
from motion control [16] and electronic and mechanical systems [17] to pro-
cess control [18].

With regard to parameter tuning of ADRC, quantitative tuning rules are
essential for improving field applications. Most of the tuning work is per-
formed manually, although the process of trial and error is tedious and, in
some cases, frustrating. There are successful attempts using heuristic algo-
rithms to optimize parameters, but the tuning process is time consuming and
not convenient enough for industrial sectors to adopt. An important progress
was made by Gao [19] in 2006. The bandwidth parameterization has greatly
simplified the tuning process by reducing six tuning parameters to three.
The stable region of second-order ADRC parameters is graphically presented,
and the tuning process is refined in the sight of closed-loop desired dy-
namics [20]. However, those studies on parameter tuning give little atten-
tion to high-order processes with no consideration to the sensitivity con-
straint. In fact, many industrial processes are of high order, such as the su-
perheated steam temperature, main steam pressure, and combustion system
including the air-smoke system. Distributed parameter systems, which are
common in power plant system, are inherently high-order. In addition, delay-
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dominated processes can be approximated to high-order processes. Therefore
the main motivation of this study is to propose an effective and straightfor-
ward ADRC parameter tuning method that can satisfy the designed robust-
ness level.

The chapter is organized as follows. Section 17.2 formulates the problem.
The design process of the quantitative ADRC tuning method is developed in
Section 17.3. Section 17.4 initially demonstrates the feasibility of the proposed
method via water tank experiment and power plant simulator. After that, the
ADRC control strategy and the proposed tuning method are implemented in an
actual power plant in Section 17.5. Conclusions are drawn in Section 17.6.

17.2 Problem formulation

For derivation of tuning rules, the process is assumed to be in the form of high-
order, K /(T's + 1)". The model parameters K, T, and n will be incorporated in
the derivation of the tuning rule.

FIGURE 17.1 The schematic diagram of second-order linear ADRC.

The second-order ADRC is used as an example to show how the low-order
ADRC controls a high-order process. The tuning rules of first-order ADRC can
be easily derived based the method introduced. The schematic diagram is shown
in Fig. 17.1, from which the second-order ADRC is formulated by the state feed-
back control, the extended state observer (ESO), and the real time disturbance
compensation.

For the second-order ADRC, the process can be formulated into the canon-
ical form of two cascaded integrators with the external disturbance d, noise w,
and nonlinear high-order dynamics lumped in the total disturbance f:

).Cl = X2,
)gz:f(xl,xz,...,xf”),d, w)+bou, (17.1)
.)23:_]5’

y=x1,y=x2, f =x3.
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The ESO is designed based on the above canonical form, so the mathemat-
ical expression of the ESO is presented in (17.2), where 81, 82, and 83 are the
observer gains, and by is the input gain.

21=z22+B1(y—z1)
22=23+ B2 (y —z21) + bou (17.2)
23=PB3(y —z1)

The ESO states z1 and z; are used for feedback control, and &, and k; are
the feedback control parameters:

o =kp (r —z1) — kaza. (17.3)

The state z3 is the estimated total disturbance, and it is compensated in real time
by

u = (uo — z3) /bo. (17.4)

The second-order ADRC has six parameters kp, kg, by, B1, B2, and B3. The

bandwidth-parameterization [19] has greatly simplified the tuning process. It

makes k;, and k, as functions of the desired closed-loop bandwidth w,, and 1,
B>, and B3 as functions of ESO bandwidth w,:

kp = w2, kg = 2w, B1 = 3w,, fo =302, f3 = @) (17.5)

It leaves three parameters w., @,, and by to tune. However, it is still not

easy to find three proper values for w,, ®,, and bg. Therefore there is a demand

for developing an efficient ADRC tuning rule that can reduce the workload of
manual tuning.

17.3 Design procedure
17.3.1 Sensitivity constraint

In process control design, the models used for controller design are often im-
precise, and the process parameters and dynamics change with time and also
with operating conditions. Therefore it is desired that the control system should
be insensitive to the process variations and disturbances. The maximum sen-
sitivity M and maximum complementary sensitivity M, are typical measures
of sensitivity to process variation [21]. This paper uses the maximum sensitiv-
ity M constraint to develop a parameter tuning method for ADRC controlled
high-order processes. The M is defined as

M, =max|1/ (1 +Gi(iw))|, e (—00,+00), (17.6)

where G (iw) is the frequency characteristic of the open-loop transfer function.
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FIGURE 17.2 2-DOF configuration of ADRC.

The open-loop transfer function G;(s) can be deducted by looking at the
two-degree-of-freedom (2-DOF) structure of the second-order ADRC control
system.

In Fig. 17.2 the transfer functions of three blocks are

kp(s3+B1s2+Bas+B3)

Gp = K ns GC = 3 2 ’
(Ts+1) b()[S*+(ﬂ1+kd)S +(/32+kd/31+kp)s] (177)
F = (kpPrtkaPa+ps)s®+(kpBathaBs)s-+ky By

kp(s3+B152+B2s+B3)
Then the open-loop transfer function G;(s) and closed-loop transfer function

G (s) can be obtained:

(kpBi+kaPa+B3) s>+ (kpPo+kaBs) s+kpBs K

Gi(s) = G,G F = ’
1) P bo[s3+(Bi+ka) s+ (Bo+kaBi+kp)s]  (Ts+1)"

(17.8)
Gus) =0 _ kpC(s)K
PTG, F ~ boAG)(Ts+ 1 + KB(s)’
A(s) =5+ (Bi +ka) s> + (B2 + kaPr +kp) s, (17.9)

B(s) = (kpB1 +kaP2 + B3) s> + (kpBa + kaP3) s +kpp3.
C(s) =5+ Bi1s> + as + Bs.
Thus the frequency characteristic of the open-loop transfer function G;(iw)
is
Giiw) =G (iw)Gp(iw)F(iw)

_ kpBs—(kpBrtkaPatBs)’+(kpPatkaBs)wi K
- 7(ﬂ1+k,1)a)2+[(f32+kd;‘31+kp)w7w3]i bo(Twi+1)"*

(17.10)

Fig. 17.3 shows the Nyquist diagram of G,(iw). Combined with Eq. (17.6),
the definition of the maximum sensitivity M can be graphically interpreted: M
equals the inverse of the shortest distance between the Nyquist curve of G;(iw)
and the critical point (—1, 07).
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FIGURE 17.3  Graphical interpretation of maximum sensitivity M.

Given a certain maximum sensitivity constraint M., a circle of sensitivity,
centered at (—1,0i) with radius 1/M;., can be constructed. Then the actual
value of the maximum sensitivity M, is guaranteed to be not higher than M.,
provided that the Nyquist curve of G;(iw) does not enter the circle of sensitivity.
This important principle will be used in the next subsection to derive tuning rules
of ADRC parameters.

17.3.2 Derivation of second-order ADRC tuning rule

As it is mentioned in Section 17.2, w. is called the desired closed-loop band-
width and also the desired closed-loop system poles. When the observer gains
are properly chosen so that the ESO states z1, z2, and z3 track y, y and f well,
combining Egs. (17.3) and (17.4), the second equation in (17.1) can be rewritten
as

[kp(r -y _kd)"] —f
b

Therefore the transfer function from the reference r to the output y can be
approximated to

ya f+4by =kp(r —y) — kay. (17.11)

R k 2
©) T e (17.12)
Y(s) s*+kas+kp, (s+we)

Gyr (s)=

The choice of w, mainly influences the set-point tracking performance.
In [20], it is recommended that w. = 10/¢}, where ¢ is the desired settling
time. The choice of the desired settling time #; can incorporate the information
of the process model. In this study, the controlled process K /(T's + 1)" can be
seen as n first-order processes 1/(7T's + 1) being cascaded connecting together.

Since the parameters n and T influence the transient time of the process most, it
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is natural to assume that ;" is proportional to n7. Therefore w, is decided as
we=10/knT, (17.13)

where k is the desired settling time factor, and it is the only tuning parameter in
this proposed tuning method.

The bandwidth w, is the ESO pole. In general, a larger w, value can speed
up the total disturbance being estimated and rejected, so a large w, is usually
preferred. However, in practice, the sampling rate limits the upper bound of w,,.
In general, it is recommended that

wo = 10w,. (17.14)

The tuning equation of w, is derived from the perspective of the desired set-
point tracking, and the choice of w, considers the disturbance rejection speed.
Now the design of by will consider the closed-loop system robustness, that is,
the sensitivity constraint will be applied in determination of by.

Using the bandwidth-parameterization (17.5) and Eq. (17.14), the frequency
characteristics of the open-loop system transfer function G;(iw), Eq. (17.10),
can be rewritten as

(0?0 — 1.63w) + 2.3w,i 1 10°w} K
X
—32w.0+ (36102 —0?)i ~ (1+Twi)" by

Gilio) = (17.15)

When come to derive PID control parameters under the sensitivity con-
straints, previous studies [21,22] have made effort on solving the nonlinear equa-
tions related to the definition of maximum sensitivity and the open-loop transfer
function. It is possible to yield explicit solutions for PID design, although deriva-
tion operation and numerical calculation are often involved, making it not easy
for control engineers to execute the solving procedure. For the ADRC control
system studied in this work, it is very difficult to directly solve the sensitivity
constraint from Eqgs. (17.6) and (17.15). It is highly nonlinear because of the
absolute operation. In addition, it is at least of the fifth degree, which means that
it is almost impossible to obtain an explicit solution.

Instead of strictly solving the sensitivity constraint, an alternative asymptote
constraint is proposed to determine by in this study. The asymptote is vertical
to the real axis in the Nyquist plot of G;(iw) (see Fig. 17.3). Considering the
relationship between the asymptote and the circle of sensitivity, an asymptote
condition is further proposed.

Provided that the vertical asymptote of Nyquist curve G;(iw) is located at
the right side of the circle of sensitivity, and the Nyquist curve of G;(iw) does
not enter into the circle of sensitivity, then the actual maximum sensitivity M,
is guaranteed to be smaller than M.

The asymptote function of Nyquist curve G;(iw) needs to be found. Let x
and y denote the real and imagine axes, respectively, so G;(iw) = x(®) + y(w)i.
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The line x = a is a vertical asymptote of the plot of G;(iw) when there exists
w = w*, so that

(17.16)

limy—g* X (@) = limy—,+ Re [G;(iw)] = a,
limy—g* y(@) = limy—g+ Im[G; (iw)] = £o0.

As observed from Fig. 17.3, the imaginary coordinate of the Nyquist curve
tends to infinity as w — =0, so the limiting values of the real and imaginary
parts of G;(iw) are concerned as w — 0. Let

(1+ Twi)" = p; + pai. (17.17)
Then

p1=1+C2To)* (=) + CHT)* (=12 + - --,

(17.18)
pr=nTw+CH(Tw) (=D + Ch(Tw) (=1)?+ - .

Therefore we have

[(798.30? + 49.86wcw*) — (361w} /w — 515.83w2w + 1.630°) i

Gi(iw) = 3
[(—3260,:(0)2 + (36102 — o?) ]
— i) 103K
(p1 211721)2 w;. (17.19)
(P + p3)bo
Then

798.3w2 +49.86w.w?) p1 — (361w} /0 —515.83wiw+1.630°) p)
[(—32a)ca))2+ (361a)g —a)z)z]

Re[G;(iw)] = (

103w3K (17.20)
X —-— .
(i +p3)bo

4
— (798.303 +49.860c?) pa— (361 o —515.83w3w+1.63w3) 1

Im[Gy(iw)] = ;
[(—32wcw)2+(361wg—w2) ]
X % (17.21)
(Pt +p3)bo
As ® — 07, pi = 1, pp = nTw, and p? + p3 = [1/(1 + Twi)"|* — 1|

in the expressions of Re[G;(iw)] and Im[G;(iw)], the terms in the form of
multiplying @ diminish to 0, whereas the terms divided by o tend to co. Thus
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we have
(798.303) — (361nTw?) 103w’k
X
36120% bo
= (6.1256wf - 2.77w3nT) K /bo, (17.22)

lim Re[G(iw)] =

lim Im[G;(iw)] = +o0.
w—0~
As previously, as @ — 07,

lim,, o+ Re[G(iw)] = (6.1256w? — 2.77w3nT) K /by,

. (17.23)
lim, o+ Im[G;(iw)] = —00

Egs. (17.22) and (17.23) show that there exists w* = 0 satisfying the defini-
tion in (17.16), so the function of the asymptote is

x= (6.1256w§ - 2.77w3nT) K /bo. (17.24)

As it is shown in Fig. 17.3, the right endpoint of the circle of sensitivity
locates at (1/Mg. — 1,0i).
Applying the asymptote condition,

(6.1256w3 - 2.77w3nT) K/bo > 1/Mye — 1, (17.25)
and solving (17.23) for by, we have
by > 2. 77w.nT — 6.1256) w?KMSC/ (Mo —1). (17.26)

Since increasing bg can reduce the maximum sensitivity M, for a conser-
vative design, let by be m times the lower limit. Then the parameter by can be
determined by

bo=m (2.77wnT — 6.1256) 02K Me/ (Mg — 1). (17.27)

The coefficients m and M, can be chosen according to engineering experi-
ence. In this study, we choose m = 1.4, and the maximum sensitivity constraint
Mg, is chosen as the maximum of the allowable value 2.5, and thus (17.27)
becomes

by = (6.4541w.nT — 14.2726) a)gK (17.28)
In summary, the tuning rules for the second-order linear ADRC controlling
high-order processes K /(T's + 1)" are as follows:
we,=10/knT,
wo = 10w, (17.29)
by = (6.4541wnT — 14.2726) w2 K.
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Similarly, we can also derive the tuning rules for the first-order linear ADRC:

we=10/knT,
w, = 10w, (17.30)
bo=(11.1111nTw. — 12.8042) ng.

Remark: applying the proposed second-order ADRC tuning method to the
high-order process, two interesting conclusions can be further inferred.

The asymptotes for the different controlled systems are the same. Substi-
tuting expression (17.28) of by into the asymptote function (17.24), we get
x =—0.429.

It shows the real axis value of the asymptote remains constant, which can
be verified in Fig. 17.4(b). Different Nyquist curves of G;(iw) converge to the
same asymptote.

The complementary maximum sensitivity M; < 1. It is also an important
indicator for measuring robustness. It implies the sensitivity of the closed-loop
system to the large process dynamic variations and is defined as

M; =max |G;(iw)/ (1 + G;(iw))|, e (—o0,+00). (17.31)

Since G;(iw) = x(w) + y(w)i,

_ x(0)? + y(w)?
M _ma?x\/l +2x(0) + x ()2 + y(w)?’ (17.32)

If x(w) = —0.5, then M; < 1. The proposed ADRC tuning method gives
the asymptote function x = —0.429. Under the proposed tuning method, the
Nyquist curve of G;(iw) can be tuned to be located at the right side of the
asymptote line, that is, x (w) is not smaller than —0.429. Therefore M; <1 is
achieved. This conclusion indicates that the proposed ADRC tuning method
derived under M constraint can lead to satisfactory M;.

The effect of the tuning parameter k should be clear to users. According
to [23], to ensure the closed-loop system stability, by and the process gain K
must share the same sign. Then the upper limit of the desired settling time factor
k can be deducted from (17.27), 0 < k < 4.5. To avoid unstable or oscillatory
output response caused by nearing the critical values, the range of the tuning
parameter k can be further narrowed. In engineering practice, the range of k =
1.0 ~ 4.0 is suitable for most high-order processes. However, the adjustment of
k is still necessary to achieve a certain robustness level. Consider the cascaded
fifth-order process

Gp=1/@8s+1)°. (17.33)
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FIGURE 17.4 Performance and robustness under different tuning parameter k: (a) tracking
response(t = 0-200 s) and disturbance rejection (1 = 0-400 s) of Gp; (b) Nyquist diagram and
robustness indices of G .

The model parameter n =5, T = 8, and K = 1 can be directly used to
calculate the ADRC parameters by (17.29). The control results and robustness
indices under the different tuning parameter k are shown in Fig. 17.4. In general,
increasing k results in faster tracking response and better disturbance rejec-
tion performance, but higher maximum sensitivity M. This influence pattern
can be used as a crude guideline to adjust k to a certain maximum sensitivity
M;.

17.3.3 One-parameter tuning rule of first-order ADRC tuning rule

Similarly, the tuning formulas of the first-order ADRC applied to the high-order
processes are

we =10/knT,
wo, = 10w, (17.34)
bo=11.1111nTw. — 12.8042) w.K,

where the desired settling time factor k is the tuning parameter for the trade-off
between performance and robustness. Since the sign of by should be the same as
the sign of the process gain K [23], a reasonable range of k can be determined
from Eq. (17.21), k=1~17.

Because of the conservativeness in the previous design, the tuning formulas
in Eq. (17.34) usually result in a lower maximum sensitivity than M. = 2.5.
In this subsection the relationship between the tuning parameter k£ and the real
maximum sensitivity My is found. The users can then specify the system ro-
bustness level by using M, as a tuning parameter. The expression of maximum
sensitivity for first-order ADRC controlling high-order processes is
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1
M, = max | ———
o |14+ Gi(iw)
1 (17.35)
= max Tt 1200knT wi £ 10000 1

(111.111/k—12.8042)[ (knT w)>+210knT i | (Twi+1)"

We can see from the expression that the process gain K does not influence
M anymore, whereas the desired settling time factor &, the process order n, and
the process time constant T are still related to M.

Simulations have been performed to test how T, n, and k influence M in the
range of T/n = 0.01 ~ 100, n =3 ~ 20, and k = 1 ~ 7. The results are plotted
in Fig. 17.5.

—e—T=0.07 /v’
ap| I 1.55 A 5
=1. P /
T=35 154 4% #
23F T=7 . & 1
= #
T-35 32 34 36 38 &
V- T=140
25 |- a-T=700 Pt o
) sas000ts®® (@)
7 T 7 f | | I | | |
15 2 25 3 35 4 45 5 55 6 6.5
e k
3 —e—k=2.7
k=3
sl .
-3, U e e
@ k=3.9 PSS b
= 2 k=4.2 G
~vk=a5|_a =BT gy Y
- A k=4.8] Y
156*7—‘77’6, & e ®) 1
| | | . | |
4 6 8 10 n 12 14 16 18 20
A—e—n=3 T 7
% n=4 )i v
4 H n=5 e q
n=6 V.4
1 n=7 x5 4
23 n=10 Vo4
—v-n=14 HET O xX
2 -4 n=20 ééﬁe%eéeé‘ xxxxxxxxx j
L$e888s ses8e800683888807 %@%WMW
1El i i i i i i I I I I =
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

k
FIGURE 17.5 Influence of n, T, and k on M;: (a) My changes with k under different 7/n when
n=7and K = 1; (b) My changes with n under different kK when 7/n =7 and K = 1; (¢) M
changes with k under different n when 7/n =1/15and K = 1.

Fig. 17.5(a) shows that the curves of different 7'/n ratios coincide, which
indicates that the process time constant 7 has no influence on the maximum
sensitivity M;. This occurs because T and w appear in pairs in Eq. (17.35). This
means that T is a scaling factor of frequency w, so it does not affect the shape
of the Nyquist curve and thus does not affect the value of maximum sensitivity
M. Figs. 17.5(b) and 17.5(c) also show that M, changes logarithmically with n
and exponentially with k. Therefore we propose that

Ms = f(n, k) =are*In(n —a3) +a. (17.36)
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Solving for k gives

M, — aq
k=In [7} . (17.37)

axIn(n — a3)

Eq. (17.37) calculates a certain k to ensure that the system robustness level
at M;. By using nonlinear fitting techniques the coefficients ay, a, and a3 will
be further determined.

First, the data sets Mg, n and k are required for fitting. For My = 1.4 ~2.0
and n = 3 ~ 20, the data set of k can be generated by minimizing the integrated
absolute error (IAE) of reference tracking and disturbance rejection response:

mkin(IAE) such that My = const, n = const. (17.38)

A dataset of k was therefore determined (see dots in Fig. 17.6). Nonlinear
fitting gives the estimation of coefficients a; = 1.3966, a, = 0.0026, and a3 =
1.6980 with an average error E = 0.165 and variance S = 0.0252. To improve
the fitting precision, the regression model for fitting is modified as

My — ajn®
k=In s — A7 . (17.39)
arn In (n — azn%)

Thus the corresponding estimated coefficients are

a1 =1.312,a, = 0.002, a3 = 0.452, a4y = 0.026, a5 = 0.48, ag = 1.22,
(17.40)
which gives an average fitting error £ = 0.047 and a fitting variance S = 0.0055.
The fitting result is shown in Fig. 17.6.

FIGURE 17.6 Multivariable fitting of k. Dots represent the fitting data set, and the mesh represents
the fitting results.



398 PART | IV Theoretical and methodological advancements

To sum up, for a high-order process K/(T's + 1)", if a designed maximum
sensitivity M4 (1.4 ~ 2.0) is given for the controller design, then the first-order
ADRC parameters can be calculated through the following equations:

k=In My—1.312n0026
~ 1 0.00209%8 1n(n—0.452n1-2) |

we.=10/knT, (17.41)
w, = 10w,
bo=11.1111nTw. — 12.8042) w K .

17.4 Experiment verification
17.4.1 Water tanks

To validate the proposed second-order ADRC tuning method, a laboratory test
is performed on a water tank system. Fig. 17.7 shows the experiment setup. The
water tank control system, developed by Feedback Instruments Ltd, consists of
water tanks, pumps, sensors, a controller, and a monitor. In this experiment,
water tanks 1 and 2 connected by a water tube are used. Water level y of Tank
2 is the process variable (PV), and the voltage of the pump u is the manipulated
variable (MV).

FIGURE 17.7 The water tank experiment setup.

A step input is added in the open-loop control system at the working point
y =9cm, as shown in Fig. 17.8. Note that the water level y is slightly oscillatory
before a step input is added, but this does not influence the design of control
system because the proposed ADRC tuning does not relay on accurate modeling.
A rough high-order model is identified from the open-loop system response data
by using the empirical equations in [24]:

5.72

N — 17.42
(27.72s + 1)* ( )
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FIGURE 17.8 Open-loop step experimental data vs. identified model response.

For comparison purpose, PID algorithm is also implemented on the water
tank. PID controller is tuned by the SIMC method due to its simplicity in use.
The choice of 7. = 6 leads to the maximum sensitivity My = 1.4 with the PID
controller parameters K, = 0.1458, K; = 0.0021, and K4 = 2.4249. The tuning
parameter of ADRC, the desired settling factor k = 4.17, is manually tuned to
achieve the same maximum sensitivity of SIMC-PID, which gives the controller
parameters w, = 0.0278, w, = 0.2775, and by = 0.0246.

These two controllers were tested by changing the water level set point
from 9 cm to 11 cm first, then an input step disturbance d = 1V is artificially
added in the system at time = 1000s. Fig. 17.9 shows the real-time control
results. We can see that the proposed ADRC tuning results in slightly slower
response during the set-point tracking, r = 500-1000s, but ADRC has much
better performance in disturbance rejection. Moreover, the MV chattering under
ADRC algorithm is less severe than SIMC-PID. Note that the calculated ADRC
parameters are directly used on the plant without retuning. The experimental re-
sults demonstrate the reliability and effectiveness of the proposed ADRC tuning
method.

Although it is expected that ADRC behaves better than SIMC-PID in terms
of disturbance rejection, the ADRC results of the water tank experiment show
much better disturbance rejection than the simulated situation. A possible rea-
son is that the working condition has varied, such as water level change of the
water reserve, change of pump characteristic, to the direction that is beneficial
to ADRC control.
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FIGURE 17.9 Experiment results under SIMC-PID and proposed ADRC tuning parameters.

17.4.2 Power plant simulator

To validate the effectiveness of the proposed first-order ADRC tuning method,
the method is tested on the total airflow control in a 1000 MWe coal-fired power
plant simulator. The simulator and control systems are constructed on a software
named Industry Automation Platform (IAP). The calculation step size used in
the simulator experiments is 0.1 s, and the data collection step size is 1. Ex-
cessive or inadequate airflow may decrease the combustion efficiency or even
threaten the combustion stability in the furnace. For this reason, the airflow
should be maintained at an optimal value. In the DCS the airflow set-point value
(SV) is decided by the boiler master demand and fuel feed. Based on the differ-
ence between the SV and the measured airflow (or PV), ADRC algorithm gives
commands to the forced draft fans to adjust the pitch blade position (scaled in
permillage), which is the MV of this control system.

By using data-based modeling the dynamic from the forced draft fans to the
total airflow is determined from open-loop step test data. The model parame-
ters K and T are identified by the SIMULINK parameter estimation tool. The
optimization method is nonlinear least squares. The model order n is decided
by choosing the identified model with the lowest cost function value. The iden-
tified result is presented in Eq. (17.43) and Fig. 17.10. Although the identified
simple high-order process cannot capture all the complex dynamics of the total
air process, the ability of ADRC in estimating and compensating the unmodeled
dynamics enables ADRC to provide good control results for complex industrial
processes.

3.25

G, (s)~ — 2
PO S 3 T 1S

(17.43)
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FIGURE 17.10 Open-loop identification of the total air flow control process.

Prior to the test in the power plant simulator DCS, MATLAB® simulations
were conducted based on this model to generate suitable parameters. The de-
signed maximum sensitivity is set as My = 1.4, and the ADRC parameters are
calculated using the proposed tuning formulas in Eq. (17.41). The original PI
controller used in the total airflow control loop is retuned to achieve the same
maximum sensitivity as that in the ADRC tuning.

Fig. 17.11 shows the simulation results of the different control and tun-
ing strategies. The original PI parameters result in a relatively slow response
because of the conservative tuning. The retuned PI parameters achieve a max-
imum sensitivity of 1.4, and it has improved the control performance a lot.
The proposed ADRC tuning method results in the real maximum sensitivity
Mg = 1.407, which is very close to the designed value M;; = 1.4.

Fig. 17.12 shows the experimental results in the power plant simulator. Ex-
periments are carried out under a constant load of 1000 MWe. The set-point is
changed from 31007/ h to 32007/ h, and a 10%o pitch blade disturbance last-
ing about 500 s is added to the system around 1100 s. Experiment results show
agreement with the simulation. The retuned PI has improved the control per-
formance of the original PI. The ADRC shows control advantages in set-point
tracking and disturbance rejection.

Since the total airflow control is closely related to the power plant load,
the system dynamics vary with the operating conditions. It is necessary to test
different controllers under varying loads. Fig. 17.13 shows that the proposed
ADRC tuning method still maintains good tracking performance when the load
changes from 700 MWe to 1000 MWe.

The average settling time 7 overshoot o under constant load condition and
the average tracking error e under varying load condition have been calculated
for different control strategies. The average settling time 7, and the average
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FIGURE 17.11 Comparative simulations based on the identified model.
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FIGURE 17.12  Set-point tracking and disturbance rejection tests of the total airflow control.

tracking error e of ADRC control strategy have been remarkably reduced by
about 50%, compared to the retuned PI control. The overshoot o during distur-
bance rejection has also been decreased by 5.7%.
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FIGURE 17.13 Reference tracking under varying loads.

The experimental tests in a coal-fired power plant simulator initially demon-
strate the feasibility of the proposed ADRC tuning method in coal-fired power
plants. It not only provides satisfactory control performance in set-point track-
ing and disturbance rejection, but also shows a good robustness under varying
working conditions.

17.5 Field test

17.5.1 Superheated steam temperature

Encouraged by the positive results from water tank experiment and the power
plant simulator, the proposed second-order ADRC tuning method is further
applied to the superheater steam temperature (SST) control in a 330 MWe in-
service CFB unit in Shanxi, China. The SST control system, which is one of
the most important control systems in the power plant, is a typical high-order
process. The SST has to be controlled within a certain range, so that the temper-
ature will not exceed the upper limit that is set for safe operation of the steam
turbine. At the meantime, the temperature will not drop out of the lower limit
that ensures the efficiency of the whole power plant. For this CFB unit, the al-
lowable SST temperature fluctuation range is 25°C. The steam that comes from
the drum is heated by the fuel gas through three sets of superheaters as shown in



404 PART | IV Theoretical and methodological advancements

Fig. 17.14. Two sets of desuperheaters are deployed to control the steam temper-
ature. Since the control of the second desuperheater directly influences the SST,
ADRC control algorithm and the proposed tuning method are implemented on
the second desuperheater.
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FIGURE 17.14 The schematic diagram of the superheater steam temperature control system in
CFB power plant.

For the purpose of controller design, the SST models are identified from the
open-loop data. As shown in Fig. 17.15, it is not a standard open-loop step test,
because there is a spike in the control input signal and the control input changes
before the temperature reaches steady state due to the operation limit. There-
fore the superheater models are identified by using an optimization method. The
dynamics from the spray water valve to the desuperheater outlet temperature
Ty is denoted as model G1(s), and the dynamics from the desuperheater outlet
temperature 77 to the SST T is denoted as model G (s).

The model identification process is accomplished by Matlab SIMULINK
parameter estimation tool. The chosen optimization method is pattern search.
The model order is decided by choosing the identified model with the lowest
cost function value. The identification results are shown in Fig. 17.15, and the
identified transfer functions are

—1.6165 1.5528

G =, G == .
1= To36 12 929 mmas r 1)

(17.44)

For the simplicity of implementing the control algorithm and relevant protec-
tive logics in the distributed control system (DCS), the first-order ADRC control
algorithm is chosen to enhance the control performance of the SST control sys-
tem. Compared to the outer-loop process model G2 (s), the inner-loop process
model G (s) is relatively fast response, and usually the PI controller or even the
P controller is enough to eliminate the disturbances in the inner loop. Therefore
the inner PI controller remains unchanged, and the first-order ADRC is imple-
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FIGURE 17.15 Identification results of the superheater steam temperature control system.

mented as an outer-loop controller in parallel with the original outer-loop PID
controller (see Fig. 17.16).
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FIGURE 17.16 Cascade control system of the superheater steam temperature.

The tuning of the outer-loop controller is based on the equivalent model G (s)
for the combined inner controlled system and the model G;(s), as shown in
Fig. 17.16. The inner PI controller parameters are K ,» = —1 and K;» = —1/40,
so the equivalent model for the outer-loop controller is

G(s) = . Ge, inn'er (s)G1(s) ’
+ Gc, inner ()G 1(s)

1.5528
Ga(s) =~

N 17.45
(27.4259s + 1)° ( )

The outer loop PI is tuned by the experienced field engineer, and the PI pa-
rameters are K1 = 1/3 and K;; = 1/240, which results in the robustness level
M; = 1.5. ADRC controller parameters are calculated by using (17.30). The
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desired settling time factor is manually tuned as k = 3.9 to achieve a similar
maximum sensitivity of SIMC-PI tuning, which gives the ADRC control pa-
rameters w. = 0.0187, w, = 0.187, and by = 0.4554.

Two sets of field test results are shown in Figs. 17.17 and 17.18. Fig. 17.17
shows the SST control result when the outer-loop controller switches between PI
and ADRC. Fig. 17.18 compares the control results under reference step change.
It should be mentioned that the artificial input disturbance is not allowed for
the commercial operation of the power plant, and thus the strict disturbance
rejection tests are not performed.
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FIGURE 17.17 Field test 1: switch between PI and ADRC with the SST set-point of 537°C (date
of test: 15th of March, 2017).

In addition, control performance indices, such as peak positive error e™, peak
negative error e, standard deviation o, integral absolute error (IAE), and the
TV of control input, are summarized in Table 17.1.

TABLE 17.1 Performance indices for SST control tests.

Test Controller et/°C e~ /°C o IAE TV
Test1 PID 4.20 —4.34 1.82 8519 44.4

ADRC 2.08 —2.59 1.05 4645 37.1
Test2 PID 4.20 —5.63 1.93 9836 66.6

ADRC 2.18 =225 1.38 6757 53.5
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FIGURE 17.18 Field test 2: SST set-point step from 538°C to 536°C (time span of PI test: 14th
of March, 2017, 07:00-09:30; time span of ADRC test: 16th of March, 2017, 11:00-13:30).

We can find that the proposed ADRC tuning method reduced the peak error
and standard deviation o by about 50%. The IAE is reduced by more than 30%.
The TV of the control input is decreased by about 20%, which means a less
overall tear and wear of valves, so the lifetime of valves can be prolonged, and
the maintenance cost is therefore reduced.

The field test results show that the proposed first-order ADRC tuning can
reduce the SST fluctuation to a large extent. Since the SST is one of the main
concerns when the power plant changes its load, the reduced SST fluctuation
range indicates the possibility of large-scale load-varying operation and thus
also indicates the potential of flexible operation of power plants to integrate
more renewables into grid.

17.5.2 Secondary wind

Although the power plant simulator contains the same control system a real
power plant, it is not realistic enough to reflect all the characteristics of a real
power plant. The control of actual industrial processes is more challenging,
especially when unknown multi-source disturbances are often present. The pro-
posed first-order ADRC tuning method is further applied to an actual industrial
process. The ADRC control algorithm and the tuning method are applied to the
secondary air control system of a 330 MWe circulating fluidized bed (CFB) unit,
which is in commercial operation in the Shanxi Province in China.
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A combustion system is an essential part of a CFB unit. It is the place where
fuel and air are mixed, and the chemical energy of the fuel is converted into
thermal energy to heat the working fluid. Compared to a pulverized coal-fired
boiler, the solid materials in a CFB boiler must be fluidized and circulated by air,
making the combustion air system of a CFB boiler more complicated. Fig. 17.19
shows the schematic diagram of the air and smoke system in the CFB unit. The
high-pressure blowers supply high-pressure air to fluidize and overflow the bed
material in a loop seal. Primary air fans supply hot primary air upwardly into the
furnace to fluidize the solid particles. At the same time, a small proportion of
the primary air is sent to the coal feeding system as spreading air. The secondary
air fans convey the secondary air to the interface between the lower and upper
zones of the furnace, constituting 20-60% of the total air. The secondary air is
added to the furnace to create an oxygen-rich environment, which improves the
combustion efficiency.
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FIGURE 17.19 Configuration diagram of the air and smoke system in a CFB unit.

Because the failure of controlling the primary air and the loop seal air can
severely damage the normal fluidization and circulation state of the CFB boiler,
whereas the control of the secondary air system mainly influences the combus-
tion efficiency, so it is less risky to test the ADRC tuning on the secondary air
system in a commercially operated power plant. Therefore, for safety consider-
ations, the secondary air system is chosen for the field test.

The ADRC algorithm is implemented in the SUPCON DCS in parallel with
the original PID algorithm. Implemental issues such as the bumpless transfer
between the PID, ADRC, and manual mode, as well as the amplification limit
and rate limit, have been carefully solved. The schematic diagram of the control
system is shown in Fig. 17.20. The balance module receives control commands
from PID or ADRC controller and distributes the control commands to each
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secondary air fan. Under normal conditions, the control command is equally
distributed to the two air fans. If the working efficiency of the two fans changes,
then the operators can add an offset to the balance module to even out the power
output of the two air fans.

Second air flow
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r _I_> ir fan air flow
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Filtering [

FIGURE 17.20 Schematic diagram of the secondary air control system.

The secondary air flow, scaled in percentage, is controlled by the variable
frequency drive (VFD) attached to the air fan motors. The VFD commands are
the control input, which is also scaled in percentage. To use the proposed ADRC
tuning method to determine appropriate controller parameters, the input-step
experiment data are collected for identification purposes. The same data-based
modeling method is used as it in the total air identification. The identification
results are shown in Fig. 17.21, and the transfer function is

1.9596

G ~ —_—
PO B 1072 T 1)

(17.46)

A set of relatively conservative ADRC parameters are used in the first test.
By setting the designed maximum sensitivity Mg = 1.4 the initial ADRC pa-
rameters are w. = 0.0969, w, = 0.969, and by = 4.2721. No unstable oscillation
or frequent control input variation occurs in the first test. After ensuring the sta-
bility and robustness, another set of ADRC parameters with a faster response
is calculated by increasing the designed maximum sensitivity Mgg = 1.7 and
the retuned ADRC parameters are w. = 0.0574, w, = 0.5744, and by = 0.9142.
In addition, tests are also performed with the PID controller for comparison.
The derivative part of PID controller is usually not used by engineers in power
plant unit, because it may introduce noise to the control system and thus bring
oscillation, especially when the reference is frequently changed. The original
PID controller parameters are improved by an experienced field engineer with
K, =0.3333, K; =0.0067, and K; = 0, which have been put in use for a long
time to ensure enough robustness.

Reference tracking is the main concern for a secondary air control system,
because the secondary air flow must rapidly respond to the varying load ref-
erence of the CFB unit. Therefore the air flow reference is step-changed for
performance tests. In addition, artificial disturbances are not allowed for this
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FIGURE 17.21 Identification of the secondary air flow control system.

commercially operated power plant, so strict disturbance rejection tests are
therefore excluded. For a fair comparison, reference step tests for the ADRC
and PID are performed within the same load range of 230-240 MWe. The test
results of 20-min period are shown in Figs. 17.22 and 17.23. The control per-
formance indices including the average settling time TS, TIAE, ITAE, and the
average total variation of two air fans 7'V are summarized in Table 17.2.
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FIGURE 17.22 Reference step test results of the ADRC in the CFB unit (time span of test: 1st of
September, 2017, 9:28:50-9:48:50).

We can see from Table 17.2 that the average settling time 7y and IAE and
ITAE indices have been reduced by more than 40% under the proposed ADRC
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FIGURE 17.23 Reference step test results of the PID in the CFB unit (time span of test: 1st of
September, 2017, 9:55:30-10:15:30).

TABLE 17.2 Control performance comparison of ADRC and PID in the sec-
ondary air control system of a 330 MWe in-service CFB unit.

algorithm Average settling time 7 IAE ITAE Average TV
ADRC 86s 959 5384 22.95
PID > 193s 1644 9041 28.17
Improvement > 55.4% 41.6% 40.4% 18.5%

tuning method, which means that the proposed ADRC tuning has provided a
better reference tracking. In the meanwhile, the average total variation 7V of
the control input has also been reduced by 18.5%. A reduction in TV indicates
less frequent position changes of the fan blades, which means less tear and wear
of the air fans, and thus the maintenance cost could be reduced.

Therefore we can conclude that the proposed maximum sensitivity ADRC
tuning improved the control performance. The explicit form of the tuning
equations facilitates the calculation of the ADRC parameters. The maximum
sensitivity-constrained tuning that provides the desired robustness allows for a
safer implementation of the control algorithm. The field test results show that
the proposed ADRC tuning method has the potential for further industrial appli-
cations.

17.6 Summary

This chapter achieves the goal of deriving maximum sensitivity-constrained
ADRC tuning method for high-order industrial processes. To derive the pa-
rameters under sensitivity constraint, an asymptote condition is propounded.
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Laboratory experiments on water tank and power plant simulator have shown the
efficiency of this tuning method. Field tests on an operational large-scale coal
fired power plant are further implemented, demonstrating the ability of ADRC
in assisting power plant flexible operation. Future research will be continued on
the ADRC parameters tuning toward multi-variable process.
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Chapter 18

Desired dynamic equational
proportional-integral-derivative
controller design based on
probabilistic robustness

Gengjin Shi?, Donghai Li?, Yanjun Ding?, and YangQuan Chen”
4State Key Lab of Power Systems, Department of Energy and Power Engineering, Tsinghua
University, Beijing, China, YMechatronics, Embedded Systems and Automation (MESA) Lab,
School of Engineering, University of California, Merced, CA, United States

18.1 Introduction

Uncertainties usually exist in practical industrial systems such as coal-fired
power plants and gas turbines. Their existence, including parameter pertur-
bations, external disturbances, and unmodeled dynamics, brings challenges to
modern industrial control systems. For instance, uncertainties caused by work-
ing medium can lead to the fluctuation of the shaft speed of a gas turbine and
further affect its generation efficiency. It has been pointed out by Brockett that
“If there is no uncertainty in the system, the control or the environment, feed-
back control is largely unnecessary” [3].

To handle the uncertainties in industrial processes, many control strate-
gies were proposed based on disturbance observers in recent decades, such as
disturbance observer-based control (DOB) [4,18], perturbation observer-based
control (POB) [13,36], equivalent input disturbance-based control (EID) [24],
uncertainty and disturbance estimator-based control (UDE) [39], generalized
proportional integral observer-based control (GPIO) [10,25], and unknown in-
put observer-based control (UIO) [11]. On the other hand, several robust control
strategies are proposed to control uncertain systems such as H» control, Hy
control [20], and the robust controller based on linear matrix inequalities [21].
These control strategies show their strengths on eliminating uncertainties by
both simulation and experiments. However, they have strong dependence on
accurate mathematical models of processes, which are difficult to obtain in prac-
tice, and their mathematical expressions are complex. As a result, these control
strategies are hard to build on distributed control systems (DCS) of power plants
and gas turbines.
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The proportional-integral-derivative (PID) controller is of dominance in
modern control systems and widely applied to industrial processes such as
thermal engineering, chemical engineering, and mechanics [35]. Because of
its simple structure and reliable control performance, it is regarded as the first
choice for engineers although advanced control strategies such as model pre-
dictive control (MPC) [22], active disturbance rejection control (ADRC) [8],
and sliding mode control [16] have been developed rapidly in recent years.
The PID controller originates from Minorsky’s research on ship steering ser-
vomechanism in 1922 [17]. It has a simple feedback control structure of the
form “present-past-future”, which is independent of the accurate mathematical
models of processes [38]. So far, researchers worldwide have devoted atten-
tion to the study of PID tuning methods for half a century. Various tuning
rules are summarized in the handbook for different processes, including the
Cohen—Coon (C-C) method [6], Skogestad internal model control (SIMC) [26],
maximum-sensitivity (Ms) constrained integral gain optimization (MIGO) [19],
and so forth. Nevertheless, constrained with the structure, the conventional one-
degree-of-freedom PID has the problem that tracking and disturbance rejection
are coupled. To remove this disadvantage, in 1963, Horowitz [9] designed the
two-degree-of-freedom (TDOF) PID. Many tuning rules of TDOF PID were
proposed in the past decades, including tuning rules based on closed-loop Ms
[2], internal model control (IMC) [7], genetic algorithm (GA) [15], and so forth.
However, these tuning rules of TDOF PID are complex, and most of them are
derived based on specific models. To simplify the tuning procedure of TDOF
PID, the desired dynamic equation (DDE) method was proposed based on the
core idea of Tornambe controller (TC) [29]. The basic idea of DDE method is
that parameters of TDOF PID are tuned based on the coefficients of the de-
sired dynamic equation. This method is able to tune the parameters of TDOF
PID controllers to enable the output approaching the response of the desired
dynamic response with less dependency on any specific transfer function.

Nevertheless, most design methods of PID or TDOF PID can only guarantee
their control performance of nominal systems (Johnson). For some “worse-
case” conditions, this may result in serious oscillation or even non-convergence
[32]. Probabilistic robustness (PR), known as one of randomized algorithms,
is an effective and powerful method for the tuning and robustness analysis of
controllers. Up to now, PR has been applied to the design of PID [28], fractional-
order PID (FOPID) [33], and ADRC [31]. These applications show the great
potential of PR method.

Aiming at aforementioned problems, in this chapter, we develop a design
method of DDE PID based on PR for uncertain systems. The following are the
main contributions of this chapter:

e A DDE PID-design based on PR is developed for uncertain systems to en-
hance the ability of the closed-loop systems to handle with uncertainties. The
proposed control strategy has little dependency on the accurate model of the
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process, and its tuning has been summarized as a flow chart that is easy to
follow.

e Stable regions of DDE PID are analyzed in the frequency domain to avoid
the divergence of the closed-loop system.

e Superiorities of the proposed DDE PID design based on PR are verified by
both simulation examples and an experiment on the level system of a water
tank to demonstrate its advantage in robustness.

The rest of this chapter is organized as follows. The problem formulation is
introduced in Section 18.2, followed by the principle and the stable region of
DDE PID in Section 18.3. In Section 18.4, the DDE PID design based on PR is
discussed, and the corresponding design procedure is summarized as well. Then,
in Section 18.5 the effectiveness of the proposed DDE PID design based on PR
is validated by simulations of several typical processes. Section 18.6 presents the
experimental verification of the proposed control strategy on the level system of
a water tank. Finally, concluding remarks are presented in the last section.

18.2 Problem formulation

Dynamic characteristics of most industrial systems can be described by differ-
ential equations based on physical laws. Consider the time-varying nonlinear
system with time delay and external disturbances

Y= hx.u1), (18.1)

{ x=gXxut—r1,d),
where x, u, 7,d, t, and y are the state variable, input, time delay, external dis-
turbances, time, and output, respectively, and g and / are the state and output
functions with respect to related variables in this subsection, respectively. The
transfer function model is obtained by linearizing system (18.1) at the nominal
working conditions. For practical model establishment, some internal physical
properties such as nonlinearities and distributed parameters would be simpli-
fied. In addition, the working condition of the system is varying. As a result, the
coefficients of the obtained transfer function are not fixed values but rather in a
parameter space Q. Then the transfer function family with parameter uncertain-
ties in Q can be depicted as

CuS¥ Fcq 152+ F ¢ s
e

G,(s)=
17() amS’n+am—lsm71+"'+a0

, (18.2)

where a; (i =0,1,2,...,m)and ¢; (j =0,1,2,...,a) are the coefficients of
the denominator and numerator of the uncertain system, respectively. Besides,
the time delay 7 is a nonnegative real number. Define ¢ = a;, ¢, T as the random
parameter vector of Q with probability density function p,. Hence the parameter
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space Q of practical industrial processes can be defined as
Q:{[a,;,aﬁ]U[c.,;,chr]U[t_,tﬂ}, (18.3)

where the superscript + and subscript — represent the upper and lower bound-
aries of Q, respectively. These boundaries are necessary because they determine
the perturbation degree of the process. Besides, note that they are flexible. The
controller is designed based on uncertainties to meet control requirements for
all uncertain systems in Q, which can be formulated as

{the probability to meet control requirements in the parameter space Q}
s.t. control requirements constraints,

(18.4)
where control requirements can be selected as the settling time Ty, the integral
of time and absolute error (ITAE), the overshoot o, etc. However, the regular de-
sign methods of DDE PID in [29,30] are all proposed based on nominal systems
with specific robustness constraints which can be formulated as

min {the control performance indices for the nominal system} (18.5)
s.t. robustness constraints,

where control performance indices can be chosen as ITAE, the integral of ab-

solute error (IAE), etc. Note that with the design method proposed based on

expression (18.5), the control performance would be worse when the system

varies far from its nominal working condition.

According to expressions (18.4) and (18.5), we can learn that the proposed
design method provides a totally new vision where DDE PID is designed for un-
certain systems in parameter space Q to meet the control requirements. There-
fore, compared with the regular design of DDE PID, the proposed DDE PID
based on PR is a practical and effective method, which is possible to check all
uncertain systems throughout the parameter space Q.

Finally, the necessity of the proposed DDE PID based on PR can be sum-
marized as follows: the controller designed based on the nominal system, in-
cluding the conventional DDE PID, is usually designed with the consideration
of reference tracking performance and disturbance rejection. As a result, their
robustness is generally ignored. However, as for the DDE PID based on PR, its
dynamic control performance and robustness are both taken into account for the
following reasons:

1. The probability is calculated based on dynamic requirements.
2. The probability reflects the robustness of the controller when the coefficients
of the process model are perturbed in a certain parameter space.
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18.3 DDE PID principles of DDE PID

Suppose that the process depicted as Eq. (18.1) can be rewritten as

bo+bis+ -+ by_p_1s" g gmn
do+dis+ -+ dpy_1sm1 457

Gy(s)=H e ", (18.6)
where m, n, and H are the number of poles, the relative degree, and the high-
frequency gain. Besides, d; i =0,1,...,m—1)and b; (i =0,1,...,m—n—1)
are the coefficients of the numerator and denominator of Eq. (18.6), respectively
[27]. ai, bi, and H are usually unknown. Eq. (18.6) can be transformed to the
state space equations as follows:

Zi=zi+, i=1,...,n—1,
. n—1 m—n—1
n=— Y AiZix1— 2. GiWit1+ Hu,
i=0 i=0
Wi =wigr, i=1,...,m—n—1, (18.7)
. m—n—1
Wy—pn=— 2. bjwit1+z1,
i=0
y=12i,
where 4; (i =0,1,....n—1)and § (i =0,1,...,m —n — 1) are unknown

parameters. The uncertainties and external disturbances are totally considered
as an extended state f:

n—1 n—1
f@wuy == hizipi— Y Gwiyi + (H—Du, (18.8)
i=0 i=0

where [ is a positive coefficient. Then z,, can be rewritten as
Zn=f(z,w,u)+lu. (18.9)
Consider the desired dynamic equation depicted as
YO 4y y ™D 4 hoF + by + hoy = ho.r (18.10)
To reach Eq. (18.10), the corresponding control law should be

. ~ho (21 —7) —hiza —hoz3s — - —hy_1z0 — f
= ; ,

(18.11)

where f represents the estimate of f estimated by following disturbance ob-
server:

f=§+ka, (18.12)
= —k& — kP2, — klu,
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where k and & represent the parameter and the intermediate variable of the ob-
server, respectively. Combined with Eq. (18.11), we can rewrite Eq. (18.12) as

_E+kzn B ho(zi—r)+hiza+---+hy—12,

= 18.13
l / ( )

According to Egs. (18.12)—(18.13), we can learn that
E=klho(zi—r)+hiza+--+hp_12,]. (18.14)

Integrating both sides of Eq. (18.14) simultaneously, we easily learn that

5=k[h0/(21 —r)dt+h111+--~+hn—1zn—1] (18.15)

Combined with Eq. (18.15), we can rewrite Eq. (18.13) as

kl[ho [ (i —rydt+hizi+ -+ hy_12p—1] + kzn

! (18.16)
_hoGzi—r+hzt--+ha1za

l

The set point is the step change in practical processes so that r@) =0
(i=1,2,...,n—1)isbounded and can be set as zero [34]. By defining the error
between the set point and the output as e = r — z; we have e =r® — 7, =
—zi+1 (i =1,2,...,n—1). Hence Eq. (18.16) can be written as

ho + kh kh hy+kh
y— Motk Ko [ MR
! ! ! (18.17)
+ hp—o+kh,—1 e(n72) + hn—1 +ke(”*1) _ @
) l l
When n is equal to 2, the parameters of DDE PID are depicted as
ho + kh kh hi+k kh
T W R (18.18)

where kj, k;, kg, and b are the proportional gain, integral gain, derivative gain,
and feedforward coefficient, respectively. According to Eq. (18.17), we easily
learn that DDE PID has the two-degree-of-freedom structure as in Fig. 18.1,
where r, u, d, and y are the set point, control signal, external disturbance, and
output, respectively. It has been mentioned in [29] that

ho = —. (18.19)
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FIGURE 18.1 The structure of DDE PID.

In this chapter, to increase the flexibility of parameter tuning and avoid the os-
cillation of the output, we modify Eq. (18.19) as

h2

ho =5, (18.20)

where £ is the coefficient to adjust the value of h¢. Therefore the tunable param-
eters of DDE PID based on PR (DDE-PR PID) are k, [, i1, and &. Besides, the
parameters of DDE PI can be evaluated based on Eq. (18.17) whenn = 1.

18.3.1 Stable region of DDE PID

D-Partition (DP) method, first proposed by Neimark [14] to regionally parti-
tion the zeros of the closed-loop characteristic equation, was developed into
solutions of stable regions based on open-loop frequency responses known as
Open-Loop D-Partition (OLDP) method [23]. In this subsection, we analyze the
stable region of DDE PID based on OLDP.

Proposition 2. In Fig. 18.1 the feedforward coefficient b does not influence the
stability of DDE PID.

Proof. Denote the transfer function model of PID controller as G.(s) in
Fig. 18.1. According to Fig. 18.1, we can learn that

U(s)=Ge ()[R (s) = Y ()] = bR (s)
Y () =G, ) U(s).
Y(s) [Ge(s) —bI1Gy(s)
R(s)  14Ge()Gp(s)

(18.21)

(18.22)

where R(s), U(s), and Y (s) are defined as the Laplace transformation of r, u
and y, respectively. Consequently, the closed-loop characteristic equation of the
system is depicted as,

L(s)=14G.(s)G,(s)=0 (18.23)

From Eq. (18.23), it is obvious that b is irrelevant to the stability of DDE PID.
Based on OLDP method, the boundaries of the stable region of DDE PID are
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depicted as

0Dg: L (jO)=0,

0Dso : L (£joo) =0,

0D, : L (+jw) =0,

d Dy : The value of w when d D, has no solution,

(18.24)

where o represents the frequency in s-domain. Suppose that the process is de-
scribed by Eq. (18.2) and its frequency response characteristic is simplified as

Gy(jw)=a(w)+ jb(w). (18.25)

Besides, the frequency response characteristic of PID controller is depicted as

Ge(jw) =k, ﬁ+kdjw

(18.26)
h0+kh1 + lho + h1+k

Therefore Eq. (18.23) can be rewritten in the frequency domain as

L(jo)=1+G.(jo) G, (jw) = [1+a(w) hotkhy 4 b (@ )(@ - ’“fkw)]

+j [b () 0t — g (w )(@ —~ h‘f"w)].
(18.27)

Since iy > 0and hg =& h% /4, valid boundaries of the stable region of DDE PID
are depicted as follows:

h1 =0,

8Do:—k€f'l‘2 =0,

0Dxo:a, =0, (18.28)
L a () P58 4 (o) (A - ) =0,

0D,,:
b () S g () ("jf;; . hl;rka)) —0.

Obviously, there is no parameter of DDE PID in the expression of d D,. Hence
Eq. (18.28) can be rewritten as

0Dg:k =0,
L+ a () P80 4 (@) (A - ko) =o,

hi2+4kh kchi>  hi+k
bw) 5 —a @) (-~ itto) =0,

(18.29)

h1=0.
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Eq. (18.29) only represents the boundaries of stable regions of DDE PID.
However, according to Eq. (18.29), it is unable to decide which side of the
boundary is the stable region. The Nyquist criterion is an effective method to
determine the area of stable region. O

Theorem 7. The necessary condition of the stability of the closed-loop system
is that the Nyquist contour does not encircle (—1, j0) point when the number of
poles of L(s) in the right-hand s-plane is zero.

Based on Theorem 7, the constraint condition of the stable region is depicted
as

4ol l

hi2+4kh kehi2  hi+k
b(a))iglj(l l—a(a))<iw} ——‘l+ a))=0.

a () ch122r14kh| b () <k§h|2 _ h1+kw) "
(18.30)

According to Egs. (18.29)—(18.30), the stable region of DDE PID can be
solved. Considering that / dominates the control action of DDE PID, we fix [
first when we calculate the stable regions of DDE PID. There is a simulation to
analyze the influence on stable regions with different k and £. Consider a simple
first-order plus delay time (FOPDT) process

Gy (s):ﬁe*". (18.31)
Based on Eqgs. (18.29)—(18.30), the k — h1 — [ stable regions and k — h; — &
stable regions of DDE PID are illustrated in Figs. 18.2 and 18.3, respectively.
Note that the range of / is [2, 3], whereas & is fixed at 1.4 in Fig. 18.2. Similarly,
the range of £ is [1, 6], whereas [ is fixed at 2.

Obviously, a larger [ means a wider stable region, and a larger £ means a
narrower stable region as shown in Figs. 18.2 and 18.3. Consequently, for the
stability of the closed-loop system, we can first choose a larger range of /. These
discussions about stable regions in this subsection are able to offer a rough range
of the further parameter optimization for the proposed DDE-PR PID.

18.4 DDE PID design based on PR

Define the parameter vector of DDE PID as Q =1, k, k1, &, which should locate
in the stable region discussed in Section 18.3.1. When the parameters of DDE
PID and the uncertain system in Q are fixed, the dynamic indices of the closed-
loop system can be evaluated to check whether they satisfy control requirements.
To measure the control performance of the closed-loop system, we define the
binary indicator function

I 0 if the control requirement is not satisfied, (18.32)
"7 | 1if the control requirement is satisfied, ’
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FIGURE 18.3 The k — h| — & stable regions of DDE PID (I =2).

where the subscript i represents indicator function of the ith control require-
ment. Then the ith probability P; of all uncertain systems in Q with fixed DDE
PID can be calculated as

P (g) = / 1[G, @. Ge @] pr (@da. (1833)
0

where G ,(q), G¢(¢), and p,(q) are the uncertain systems in O, DDE PID with
fixed parameters, and the probability density function of g in Q, respectively. If
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there are not only one control requirement, then the PR evaluation index based
on the probability meaning can be defined as

J(p)= fen[P1(p), P2(9),...], (18.34)

where f., is the combination function of different design requirements. Note
that f., may be linear, nonlinear, or exponential based on different control tar-
gets. The design objective of the proposed DDE-PR PID is to find the optimal
controller parameter vector ¢* located in the stable region, which is able to
obtain the maximum J (¢) for uncertain systems throughout Q. However, it is
impossible to calculate the J(¢) of all uncertain systems in the parameter space
Q. Moreover, in most cases, J(¢) is difficult to solve analytically. As a result,
the Monte Carlo trial, a practical and effective method to estimate the probabil-
ity P;, is applied in design of DDE-PR PID. Based on the Monte Carlo trial, the
estimates of P; and J based on N samples, denoted as I3i (¢) and J (¢), can be
calculated by Eqs. (18.35) and (18.36), respectively:

. 1 &

Pi@) =5 1i[Gp@.Ge )], (18.35)
k=1

F@)=fen[Pr@). P, ]. (18.36)

As N — oo, 13,~ (¢) and f((p) are able to converge to P;(¢) and J(¢), respec-
tively. Actually, the condition of N — oo is unrealizable and would lead to
estimation errors. Based on the Massart inequality with the given risk parame-
ters € and confidence level 1 — 6 [5], the minimal N that can guarantees a certain
confidence interval can be depicted by

N>2(1—8+068/3)(21_0‘/3)1n(2/8)’ (18.37)

where o € (0, 1). Then N calculated by Eq. (18.37) can ensure that

P{|Pc—K/N|<ag}>1-3, (18.38)

where Py, N, K, and K /N are the probability of the uncertain system to satisfy
control requirements, the sample number, the number of control requirements
satisfied in N samples, and the estimate of the probability, respectively. Besides,
the confidence interval is calculated as [K/N — ¢, K/N + ¢]. In this chapter,
we select e =0.01,1 — § =0.99, and o = 0.2. Hence the minimum value of
N is 24495. On the basis of Egs. (18.4) and (18.29)—(18.30), the optimization
problem can be redefined as

max {f (¢) for uncertain systems}

s.t. o, Ty, ITAE, et al. constraints, ¢ locates in Egs. (18.29)—(18.30)
(18.39)
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As a heuristic optimization algorithm, the genetic algorithm (GA) [1] has a
good global convergence. Therefore GA is applied to optimize the index of PR
J (¢) to obtain the optimal parameter vector ¢*. During the optimization, 24495
times of Monte Carlo trials are carried out for each parameter vector ¢’. Based
on these discussions, the design procedure of the proposed DDE-PR PID is
summarized as follows:

1. Define the uncertain system in the parameter space Q and the robustness
evaluation index J (¢) based on Eq. (18.36).

2. Calculate the stable region of DDE PID according to the nominal model of

the uncertain system.

Produce the initial population of GA in the stable region of DDE PID.

Optimize 13,' (¢) and J () based on GA and obtain the parameter vector ¢’.

5. Test the parameter vector ¢’ by N = 24495 of Monte Carlo trials in the pa-
rameter space Q. If the test results can satisfy the requirement of the Massart
inequality, then ¢* = ¢’. Otherwise, return to Step 4.

W

18.5 Simulation validation

Based on the design procedure in Section 18.4, the proposed DDE-PR PID is
designed for the high-order system, non-minimum phase system, integral sys-
tem, and time delay system. The following factors should be considered when
we select the binary indicator function:

1. The indices of control requirements are able to evaluate the control perfor-
mance of the closed-loop system, e.g., Ty, o, IAE, ITAE, etc. In addition,
the frequency-domain indices can be chosen as well, including the cut-off
frequency, gain margin, phase margin, etc.

2. The relationships between different indices should be considered. For in-
stance, a shorter 7 usually means a larger o. If both of them are selected as
the indices of control requirements, then the system can balance their con-
flicts.

3. The physical constraints of practical systems should be considered such as
the actuator saturation.

4. In terms of multiple-input multiple-output (MIMO) systems, the coupling
influence from other loops should not be ignored.

On the basis of aforementioned factors, 7; and o are chosen as the indices of
control requirements for uncertain single-input single-output (SISO) systems.
Moreover, as for MIMO systems, the recovery time 7., is selected as another
index of the control requirement as well to measure the loop decoupling for
uncertain MIMO systems. The f., in Eq. (18.36) may be linear or nonlinear.
For simplification of the calculation, the f., for SISO systems is defined as

J (¢) =0.8Pr, (9) +0.2P, (), (18.40)
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where f’Tx (¢) and 13(, (p) are estimates of the probabilities of T and o, respec-
tively. Similarly, the f., for a y * y MIMO system can be defined as

S [P @)+ 0580 @)+ 0387, ()]

J(p)= ,
(®) 18y

(18.41)

where i indicates the ith loop. To present the design procedure in Section 18.4
intuitively, a flow chart is summarized as Fig. 18.4. In this chapter, we only
focus on the design of DDE-PR PID for SISO systems. As for GA, the number
of individuals and the maximum number of evolutionary iterations are set as
200 and 20, respectively.

In this section, to validate the effectiveness of DDE-PR PID, we select
six typical processes as the controller objects. These processes are depicted as
Eqgs. (18.42)—(18.47):

G - 18.42
pl (S) (s + 1)4 ( )

1
G2 () = 025 7 1) (0.04s + 1) (0.008s 1 1) (18.43)

s(s + 12’
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1—2s
G =—, 18.45
PO = (18.45)
oS
G =—7, 18.46
G s (5) = (=035 + 1) (0.08s + 1) (1847)

(2s 4+ 1) (s + 1) (0.4s + 1) (0.2s + 1) (0.055 + 1)

According to Eqgs. (18.42)—(18.47), we can learn that these processes are able
to describe almost all types of industrial systems such as the high-order system
(Gp1, Gp2), integral system (G p3), non-minimum phase system (G p3, G p6),
and time delay system (G p4). Table 18.1 shows the control requirements and
parameters of the Massart inequality of different processes.

TABLE 18.1 Control requirements and parameters of Massart In-

equality.

Process Control requirements Parameters of Massart Inequality
model

Gp1 Ty <23s,0 <5% €=0.01,6 =0.01,0 =0.2, N = 24495
Gp2 Ts <3s,0 <5% £=0.01,6 =0.01,0 =0.2, N = 24495
Gp3 Ts <30s,0 <5% £=0.01,6 =0.01, =0.2, N = 24495
Gps Ty <28s,0 <5% £=0.01,6=0.01,a =0.2, N = 24495
Gps Ty <30s,0 <5% £=0.01,6=0.01, 0 = 0.2, N = 24495
Gpe Ts < 15s,0 <5% £=0.01,§ =0.01,0 = 0.2, N = 24495

These control requirements are set based on principles provided in [32].
Table 18.2 lists the parameters of PID controllers based on different tuning
methods. Note that PID controllers based on SIMC method [26] approximate
MIGO (AMIGO) method [2] and the conventional DDE method [37] and are
selected as comparative controllers. Moreover, AMIGO PID has the same struc-
ture as that shown in Fig. 18.1.

Measurement noise usually exists in practical processes. As a result, they
should be taken into account during simulations. First, we consider the control
performance of different controllers when the measurement noise exists. Based
on the parameters listed in Table 18.2, the control performance of different PID
controllers with measurement noise is illustrated in Figs. 18.5-18.7. According
to Eq. (18.40), the overshoot and settling time are calculated to evaluate the
probability during the design of DDE-PR PID.

Note that during the design of DDE-PR PID, the random parameter vector
q (ai, cj, and 7) is perturbed within the range [—0.15¢, +0.15¢] randomly, and
Monte Carlo trials are carried out N = 24495 times for each parameter vector.
Besides, the set point of each process has a unit step change at 0s, and a unit
step disturbance is added during simulations. According to Figs. 18.5-18.7, it
is obvious that DDE-PR PID has the moderate tracking performance and the
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TABLE 18.2 Parameters of PID controllers based on different tuning meth-
ods.

Process K, Ti, T, b, Ky, T;, T l,k,hy, hy l,kyhy, &
Model
Gp1 0.5,1.5,1 0.47,0.47, 12,9.97, 2.5552, 1.4625,
2.0755, 0.8333 1.53, 0.59 2.3201, 0.7143
Gp 17.9, 0.224,  3.5446, 3.5446, 1,10,8,16  1.4660, 4.7986,
0.22 0.5388, 0.0711 18.3262, 0.6744
Gp3 1.5,4,1.5 0.45, 0.45, 12, 8,10, 12.5298, 0.6288,
0.75 1.13,0.32 37.9993, 0.0347
Gpa 0.3,1.5,1 0, 0.3929, 31,12, 9.2132, 0.6632,
2.4932, 1.0294 1.55, 0.6 3.5021, 1.0761
Gps 0.5, 1,1 0.65, 0.65, 18, 3.36, 5.8333, 3.5010,
1.6364, 0.5769 2,1 2.3333, 0.8571
Gp6 1.3,2,1.2 0.9653, 0.9653, 8, 11.28, 3.1769, 1.1549,
2.2118, 0.6248 1.56, 0.61 5.1989, 0.3338
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FIGURE 18.7 Control performance of nominal G 5 and G ¢ for different PID controllers: (a,b)
Gp5; (c,d) Gpﬁ.

better disturbance rejection performance than PID controllers based on SIMC,
AMIGO, and conventional DDE. Moreover, as for control action signals, DDE-
PR PID is less sensitive to measurement noise than SIMC PID and DDE PID and
more sensitive to measurement noise than AMIGO PID. Therefore we can learn
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that although the control requirements are all set based on tracking performance,
the disturbance rejection performance and the control signal performance with
measurement noise of the proposed DDE-PR PID are satisfactory as well.

The root mean square (RMS) value of the control action signal is an index to
evaluate whether a controller is sensitive to the measurement noise. Table 18.3
lists RMS values of control action signals of different PID controllers.

TABLE 18.3 RMS values of control signals of different
PID controllers.

Process SIMC AMIGO DDE DDE-PR
model

Gp1 0.6616 0.5469 1.3705 0.5285
G2 51.0286 4.4255 211.6378 47.452
Gp3 2.9275 1.1099 2.7107 2.5424
Gp4 0.3954 0.5546 0.5413 0.2967
Gps 0.6691 0.5363 0.9727 0.6656
Gpe 1.9839 0.8478 2.0464 1.081

A smaller RMS value mean lower sensitivity to the measurement noise. Ac-
cording to Table 18.3, we can learn that DDE-PR PID has a smaller RMS value
than SIMC PID and DDE PID. Although the AMIGO PID is less sensitive to
the measurement noise than DDE-PR PID, its tracking performance and dis-
turbance performance are sacrificed. Another aspect to be addressed is that the
actuator saturation may influence the control performance of controllers in prac-
tical processes. As a result, the actuator saturation should be taken into account
in this section. Figs. 18.8—18.10 illustrates the control performance of different
PID controllers with actuator saturation.

Combined with Figs. 18.8—18.10, it is obvious that DDE-PR PID has more
stable tracking performance and better disturbance rejection performance than
SIMC PID, AMIGO PID, and DDE PID when the actuator saturation exists.
Therefore we can learn that DDE-PR PID can obtain satisfactory control per-
formance when the control action signal is limited even though the actuator
saturation is not considered in the design procedure of DDE-PR PID. As for
Monte Carlo trials, o, Ty, and IAE are recorded to evaluate the robustness of
different PID controllers. Note that IAE is recorded form Os to the terminate
time of simulation for each process without the consideration of the measure-
ment noise and the actuator saturation. Fig. 18.11 shows the results of Monte
Carlo trials of all perturbed systems with different PID controllers.

The more intensive scatters mean the stronger robustness. From Fig. 18.11 it
is obvious that scatters of DDE-PR PID are more intensive than those of SIMC
PID, AMIGO PID, and conventional DDE PID, which shows the strong ro-
bustness of the proposed DDE-PR PID. To evaluate the robustness of different
control strategies quantitatively, the M; of all processes with different PID con-
trollers are listed in Table 18.4.
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TABLE 18.4 The M; of all systems with different PID

controllers.

Process SIMC AMIGO DDE DDE-PR
Model

Gp1 1.4856 1.4778 1.3631 1.2662

G2 1.5199 1.4271 1.3922 1.2884

Gp3 1.7396 1.3875 1.303 1.2245

Gpa 1.7266 1.5563 1.3441 1.2989

Gps 1.539 1.3647 1.1835 1.2004

G 6 1.4222 1.3947 1.3407 1.2323

If the M is closer to 1, then the robustness of a controller is stronger. Ac-
cording to Table 18.4, it is evident that DDE-PR PID has the smallest M, for
most of the processes except G 5(s). In terms of G ps5(s), the My of DDE-PR
PID is close to that of DDE PID. To further illustrate superiorities of the pro-
posed DDE-PR PID, the estimated values of the probability K /N are listed in
Table 18.5. Note that the probabilities of SIMC PID, AMIGO PID, and DDE
PID are calculated in the same way as DDE-PR PID.

From Table 18.5, the proposed DDE-PR PID always has the largest esti-
mated value of probability K /N, which means that it is able to satisfy con-
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TABLE 18.5 Estimated values of probability for all

systems.

Process SIMC AMIGO DDE DDE-PR
Model

Gp1 0.4943 0.669 0.9403 1
Gp2 0.8 0.7775 0.9996 1
Gp3 0.8 0.7097 0.9802 1
Gp4 0.7332 0.8 0.9622 1
Gps 0.8 0.8337 0.9995 0.9999
Gpe 0.0043 0.7097 0.8707 1

trol requirements with the maximum probability for all uncertain systems in
the parameter space Q including “worst-case” conditions. Generally speaking,
DDE-PR PID can not only achieve the satisfactory control performance for
the nominal systems, but also meet control requirements o and 7y for all un-
certain systems with the maximum probability. This superiority indicates that
the proposed DDE-PR PID is suitable for the controller design for thermal
systems whose operating condition is changing frequently during daily oper-
ations.
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FIGURE 18.12 The schematic structure of the experimental setup of the water tank.

18.6 Experimental verification

In this section, the proposed control strategy is applied to the level control sys-
tem of a water tank. Fig. 18.12 shows the schematic experimental setup of the
water tank. Note that the water level control system is implemented on DCS.

18.6.1 Model identification

In this subsection, the level of the water tank is identified based on particle
swarm optimization (PSO), which was proposed in 1995 [12]. The optimal func-
tion is defined as the integral absolute error between the real measurement and
the model output. During the identification, the parameters of PSO are set as
follows: the maximum number of generations M = 1000, the number of parti-
cles N =50, inertia weight w = 0.6, learning factors ¢ = c» = 1.2. Fig. 18.13
illustrates comparisons between the real measurement and model outputs. Note
that the process is identified as an FOPDT process. In Fig. 18.13, Au and AH
are denoted as changes of the valve opening and the water level, respectively.
Based on Fig. 18.13, the transfer functions of the water level can be depicted as

AH(s)  0.1062 —8.38725

- 18.48
Au(s)  164.1458s + 1 (18.48)

Gps)=
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18.6.2 Preliminary simulations

According to Fig. 18.13, we can learn that the level system has significant
measurement noise. In terms of large-scale industrial control systems, PID con-
trollers are rarely used for the reason that the strong derivative action may lead to
self-oscillations when there is high-frequency measurement noise. As a result,
PI controllers are usually applied to industrial process control. In this section, all
controllers, including SIMC PID, AMIGO PID, DDE PID, and DDE-PR PID,
are designed based on PI controllers. Considering the range of level variation,
the parameter space Q is defined as [—0.2¢q, +0.2¢]. In addition, the control
requirements are set as o < 0.05 and 75 < 150s, whereas the parameters of the
Massart inequality are set as € = 0.01,8 = 0.01, « = 0.2, and N = 24495. Ta-
ble 18.6 lists the parameters of different PI controllers.

TABLE 18.6 Parameters of different Pl controllers for the
level control of the water tank.

SIMC AMIGO DDE DDE-PR
Kp9Ti bf’Kp’Ti Lk, ho I, k, ho
73.7137, 0, 57.3890, 0.0193, 1.132, 0.0232, 2.0124,

83.8720 69.7687 0.0324 0.0256
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Note that the parameters of DDE PI are optimized by GA algorithm, and
the optimal objective is IAEsp. Based on the parameters listed in Table 18.6,
Fig. 18.14 shows the control performance of the level system with different PI
controllers under the nominal water level. During the simulation, the set point
has a unit step change at 150s, and a step disturbance is added at 1000s. In
Fig. 18.14, in contrast to comparative controllers, the proposed DDE-PR PI
can track the set point with less overshoot and reject the disturbance more
effectively. To quantitatively evaluate the control performance of different PI
controllers, the dynamic indices are calculated in Table 18.7.
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FIGURE 18.14 Simulation results of the level system with different PI controllers under the nom-
inal water level.

TABLE 18.7 Dynamic indices of different Pl con-
trollers for simulations of water level control.

Method ¢ (%) Ty (s) IAEgp IAE g
SIMC 8.83 110 27.8016 455124
AMIGO 1197 148  34.1288  48.6286
DDE 11.31 132 47.2847  26.4296
DDE-PR 0 84 433029  18.0133

From Table 18.7, DDE-PR PI has the smallest overshoot, shortest settling
time, and smallest IAEud. Besides, its IAEsp is larger than those of SIMC PI
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FIGURE 18.15 Results of Monte Carlo trials for the perturbed level system with different PI
controllers.

and AMIGO PI, which means that IAEsp has been sacrificed during the design
of PR. Similarly, Monte Carlo trails are carried out for N = 24495 times to
test robustness and calculate the estimated values of probabilities of all PI con-
trollers. Fig. 18.15 shows the results of Monte Carlo trails, and the estimated
values of probabilities are listed in Table 18.8.

TABLE 18.8 Estimated values of prob-
ability of different PID controllers for
simulations of water level control.

SIMC AMIGO DDE DDE-PR

0.7158 0.8 0.7775 0.9999

In Fig. 18.15, it is obvious that scatter points of DDE-PR PI are more in-
tensive than those of other comparative controllers, which means that the DDE
PI designed based on PR can obtain strong robustness. Moreover, according to
Table 18.8, we can learn that DDE-PR PI can satisfy control requirements with
maximum probability for all perturbed level systems.

18.6.3 Experimental results

Based on the parameters listed in Table 18.6, in this subsection, all controllers
are applied to the level system of the water tank. The set point of the water
level is varying between 5 cm and 6.5 cm during experiments. Figs. 18.16—-18.17
illustrate the experimental results of all PI controllers.

From Figs. 18.16—18.17 it is evident that:

1. Compared with SIMC PI and AMIGO PI, the proposed DDE-PR PI can track
the set point with little overshoot when the reference signal is changing.
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2. Although DDE PI has faster tracking response than DDE-PR PI, its output
has obvious oscillations when the set point of water level is varying between
5.5cmand 6.5 cm.

Similarly to Section 18.5, the overshoot and the settling time of different con-
trollers are calculated for each change of the set point of the water level to
test whether DDE-PR PI can meet the control requirements (i.e., o < 0.05 and
T, < 150s).

18.7 Conclusions

To handle uncertainties existing in industrial processes, DDE PID is designed
based on PR. First, the problem formulation is described by defining a transfer
function family with parameter uncertainties to introduce the necessity of the
proposed method. Second, the principle and the stable region of DDE PID are
introduced as fundamentals. Third, the proposed control strategy is designed
for several typical processes, and its superiorities are validated by numerical
simulations. Fourth, the DDE-PR PID is applied to the level system of a water
tank. This successful application indicates the promising prospect in the future
field test of DDE-PR PID. Our future work will focus on:

1. The development of the auto-tuning toolbox of the DDE-PR PID;
2. The DDE-PR PID design for MIMO systems;
3. The field application of DDE-PR PID to the practical industrial systems.
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