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Foreword

Advanced Control of Electrical Drives and Power Electronic Converters is
state-of-the-art monograph which includes expanded contributions selected from
numerous research topics discussed during the XII Conference on Control in Power
Electronics and Electrical Drives (SENE) organized by the Institute of Automatic
Control, Lodz University of Technology under the auspices of the Committee of
Electrical Engineering Polish Academy of Sciences, November 18-20, 2015. This
conference has a long tradition in Poland and is organized biannually since 1991
attracting usually over 150 participants, mostly Ph.D. students, young assistants,
and professors working on the area of power electronics and drives.

Based on a strict peer-review process, the editor has selected 15 chapters
describing new research results and offering strong monographic impact. The
material is presented in three parts: electric drives and motion control, (Chapters
“Sensorless Control of Polyphase Induction Machines” through “Selected Methods
for a Robust Control of Direct Drive with a Multi-mass Mechanical Load”), electric
drives and fault-tolerant control (Chapters “Fault-Diagnosis and Fault-Tolerant-
Control in Industrial Processes and Electrical Drives” through “Detection and
Compensation of Transistor and Position Sensors Faults in PM BLDCM Drives”),
and design and control of power converters (Chapters “Advanced Control Methods
of DC/AC and AC/DC Power Converters—Look-up Table and Predictive
Algorithms” through “Switched Capacitor-Based Power Electronic Converter—
Optimization of High Frequency Resonant Circuit Components”). The Part I of the
book begins with a chapter providing a highly interesting and important topic of
sensorless control of polyphase induction machines authored by Prof. Zbigniew
Krzeminski (Chapter “Sensorless Control of Polyphase Induction Machines”) and
followed by three chapters devoted to position control and tracking, especially for
two- and multi-mass drives, drives with flexible shaft and friction co-authored by
professors: Jacek Kabzinski (Chapter “Adaptive Position Tracking with Hard
Constraints—Barrier Lyapunov Functions Approach”), Krzysztof Szabat (Chapter
“Predictive Position Control of a Two-Mass System with an Induction Motor in a
Wide Range of Speed Changes”), and Stefan Brock (Chapter “Selected Methods for

vii
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viii Foreword

a Robust Control of Direct Drive with a Multi-mass Mechanical Load”). The Part II
of the book is dedicated to research activities of the group headed by Profs. Teresa
Ortowska-Kowalska and Czestaw T. Kowalski and is devoted to current topic of
fault-diagnosis and fault-tolerant control of VSI-fed induction motor drives
(Chapters “Fault-Diagnosis and Fault-Tolerant-Control in Industrial Processes and
Electrical Drives”—“Stator Faults Monitoring and Detection in Vector Controlled
Induction Motor Drives—Comparative Study”) as well as PM BLDC drives
(Chapter “Detection and Compensation of Transistor and Position Sensors Faults in
PM BLDCM Drives”). The first chapter of Part III co-authored by Prof. Andrzej
Sikorski is devoted to analysis and comparative study of table-based and model
predictive control of back-to-back AC-DC-AC converters (Chapter “Advanced
Control Methods of DC/AC and AC/DC Power Converters—Look-up Table and
Predictive Algorithms”). The two other chapters (“Active Power Filter Based on a
Dual Converter Topology” and “Power Electronics Inverter with a Modified Sigma-
Delta Modulator and an Output Stage Based on GaN E-HEMTs”) in the Part III,
co-authored by Prof. Michal Gw6zdz, are dealing with novel single-phase active
filters and sigma-delta modulator for GaN-based converter. Also, chapters pre-
senting follow-up reactive power compensator (Chapter “FC+TCR-type
Symmetrical Follow-up Compensator of the Fundamental Harmonic Reactive
Power—Analysis and Experiment”), AC-DC-AC converter with current modulator
in DC link (Chapter “AC/DC/AC Converter with Power Electronics Current
Modulator Used in DC Circuit for Renewable Energy Systems”), and switched
capacitor-based power electronic converters (Chapter “Switched Capacitor-Based
Power Electronic Converter—Optimization of High Frequency Resonant Circuit
Components™) are included.

This book gives a highly valuable view on several problems of power electronics
and AC drives discussing several aspects of the authors’ current research containing
innovative and original concepts.

I would like to congratulate the editors for the initiative taken in this timely book
to publish an impressive collection of reports belonging to the edge of research in
power electronics and drives, and I wish the book great success being accepted by
the professional community.

Warsaw Marian P. Kazmierkowski
September 2016
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Preface

“There is nothing so practical as a good theory”—Kurt Lewin claimed," taking part
in the ongoing debate between practitioners and scientists about their relationship
and the desirability of applied research as opposed to basic research. Any engineer
working in the field of power electronics and drives has to support this statement
strongly, having in mind control theory, artificial and computational intelligence, or
signal processing. On the other hand, there is nothing more stimulating for the
development of a theory as a strong need for practical applications and the influence
of smart, practical solutions that may be generalized and become a part of the
general approach. Power electronics and variable frequency drives are continuously
developing multidisciplinary fields which require applications of the recently
developed techniques of modern control theory and provide an important impulse
for the development of new predictive, nonlinear and robust control methods. That
is why the book concerning recent solutions in control of power electronics and
drives appears in the series “Studies in Systems, Decisions and Control.”

The presented contributed volume is written by key specialists working in
multidisciplinary fields in electrical engineering, linking control theory, power
electronics, artificial neural networks, embedded controllers, and signal processing.
The authors of each chapter report the state of the art of the various topics addressed
and present results of their own research, laboratory experiments, and successful
applications. The presented solutions concentrate on three main areas of interest:
motion control in complex electromechanical systems, including sensorless control;
fault-diagnosis and fault-tolerant control of electric drives; and new control algo-
rithms for power electronics converters.

I believe that particular chapters and the complete book possess strong mono-
graph attributes. Important practical and theoretical problems are deeply and
accurately presented on the background of an exhaustive state-of-the-art review.

"Lewin, K. (1951). Problems of research in social psychology. In D. Cartwright (Ed.), Field theory
in social science: Selected theoretical papers (pp. 155-169). New York: Harper & Row. (p. 169),
although the same quotation is sometimes attributed to James Clerk Maxwell, Ludwig Boltzmann,
or even Leonid Brezhniev.
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X Preface

Many results are completely new and were never published before. Therefore, this
book will be interesting for a wide audience:

e researchers working in control, especially nonlinear control, model predictive
control, and fault-tolerant control, who are interested in challenges caused by
practical applications;

e experts in power electronics, electrical machines, motion control, and drives,
who are involved in the use of advanced control methods;

e creative industry engineers and constructors faced with new challenging
applications; and

e graduate and Ph.D. students of control, electrical engineering, power conver-
sion, robotics, or mechatronics.

The idea of this book originated among the research community gathered around
the conference Control in Power Electronics and Electric Drives. It is a leading
Polish Conference devoted to power electronics, motion control, electric drives
automation, and control theory application. It is a regular biennial event with a very
long tradition—the 13th edition will be organized in November 2017. The con-
ference is organized by the Institute of Automatic Control, Lodz University of
Technology, always in Lodz, under auspices of the Committee on Electrical
Engineering, Polish Academy of Sciences, and in cooperation with IEEE (Polish
section). The event is the main meeting forum for researchers, developers, and
specialists from the industry. I cordially invite the readers of the presented book to
participate in future editions of our conference.

I would like to express my sincere gratitude to numerous persons, who con-
tributed to the edition of this book:

e the authors, who worked hard to make their chapters perfect and in time;
apologies if I made you be under a pressure from time to time;

e numerous anonymous researchers, who helped to review the chapters, to
eliminate mistakes, and to improve the final result;

e Prof. Janusz Kacprzyk, the Editor of Springer Book Series, for his enthusiasm,
encouragement, and support to publish this book;

e the editorial team of Springer Applied Sciences and Engineering, for profes-
sional support during implementation of this project; and

e last but not least, Prof. Marian P. Kazmierkowski, one of the greatest scientists
specializing in power electronics and electrical drives, who was the first person
to mention the idea of writing this book and supported the editorial process.

L6dz, Poland Jacek Kabzinski
September 2016
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Introduction

The main function of any electric drive operating in motoring mode is to convert
electrical energy into mechanical form. In generation mode, the drive is able to
convert mechanical energy into electrical form and transfer it back to the network.
Electrical power is nowadays supplied from the alternative current (AC) grid in a
“raw” form with fixed voltage frequency and amplitude. At times, a power source is
a direct current (DC) source like an accumulator or a battery. The resulting
mechanical power is used to generate rotational or linear motion of the working
machinery (the load). In modern industrial applications, this motion, i.e., position
and velocity, must be controlled precisely according to variable reference signals, in
spite of numerous disturbances. The structure of a typical drive is shown in Fig. 1,
and the components are shortly described below.

The load represents the dynamics of the working machinery that is usually
described by nonlinear ordinary differential equations (ODEs) with unknown or
imprecisely known parameters, including such nonlinear phenomena as friction or
backslash. Several parameters of the load such as inertia may change during the
operation, and several external disturbances may affect the motion.

The torque transmission system consists of shafts (that may be flexible) or
belts, gears, and clutches and is also described by nonlinear differential or algebraic
equations with some unknown parameters.

The electric machine may be an induction motor (IM), a direct current motor
(DCM), a permanent magnet synchronous motor (PMSM), a brushless direct cur-
rent motor (BLDCM), or any other rotational or linear electric motor. The electrical
energy and the mechanical energy are interconverted via the magnetic field.
Therefore, the motor model may be represented by partial differential equations
(PDEs). Although such models are commonly used for electrical machines design
and analysis, simplified models represented by nonlinear ODEs with unknown
parameters are used for control purposes. Some of these parameters, such as
winding resistance, may change during the drive operation.

The power electronic converter can be thought of as a network of semicon-
ductor power switches. Most of the existing power switches are fully controlled;
that is, they can be turned on and off by appropriate voltage or current signals.

Xiii
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Fig. 1 Electrical drive operating in motoring mode. Solid arrows represent the flow of energy;
double arrows—the flow of information; dotted lines—mechanical parts of the system; solid
lines—electrical parts; and dashed lines—measurement and control subsystem

These signals are generated by the control system as a result of control algorithm
operation. The same technology is applied to any type of power electronic con-
verters—not only applied in electric drives but also generally used for electric
power conditioning. Therefore, many types of AC to DC, DC to AC, AC to AC, or
DC to DC converters may be controlled by similar methods. An electronic power
converter may be modeled as a variable structure, periodic systems, whose state is
determined by logic signals.

The measurement system is in charge of collecting all necessary information
from the plant. Theoretically, all mechanical and electrical quantities (position,
velocity, currents, and voltages) may be measured. However, measurement of all or
some mechanical signals is impossible in many systems, and this originates the
so-called sensorless control techniques, i.e., application of observers.

The control system is nowadays a digital controller. Electric drives or power
converters are fast plants, and therefore, the increasing availability of low-cost,
high-performance microcontrollers, digital signal processors, and FPGA devices
was the main factor opening new possibilities of implementing sophisticated control
laws, taking care of nonlinearities and parameter variations by means of adaptive
control, self-analysis, and autotuning strategies. Another important advantage is the
flexibility inherent in any digital controller, which allows the designer to modify the
control strategy, or even to totally reprogram it, without the need for significant
hardware modifications.
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The reference signals provide information about the control aims. Usually, the
drive is supposed to track a smooth position or speed reference or to stabilize
constant position or speed in the presence of external disturbances. Sometimes, the
drive works as a part of a complex system; for example, a valve drive is used to
control pressure or flow rate. Numerous constraints of input, output, or state vari-
ables must be considered to assure proper drive operation.

This short characteristic of the drive components shown in Fig. 1 explains why
electric drive control is a complex, multidisciplinary problem involving modern
control techniques. The scenery becomes even more complex if we consider that
any industrial plant degrades as a result of aging and wear, which decreases per-
formance reliability and increases the probability of various faults. Therefore, fault
modeling, fault-diagnosis, and fault-tolerant control are important problems con-
cerning electric drives and power converter control. Several faults of a drive may be
classified as follows:

e power converter faults: open or short circuit semiconductor faults and DC bus
faults;

e motor faults: windings short circuit or disconnection, insulation deterioration,
broken rotor bars or rings, and mechanical faults (eccentricity and bearing
faults); and

e clectrical and mechanical sensor faults: total failure, noise, offset, and periodic
miss operation.

The goal of the fault-tolerant system is to recognize the fault occurrence, to
continue stable operation of the drive maintaining its partial functionality, or to stop
it safely.

Considering any possible model complexity, any possible disturbance, any
parameter variation, and any fault possibility will lead to an unsolvable task. The
researcher has to distinguish the main problem of the particular application, to
propose a suitable model (as simple as possible and as accurate as necessary), and
to derive an efficient, implementable control algorithm. That is why in some
chapters of this book the authors concentrate on the mechanical part of the system,
assuming that the torque is the control input, and in others, they discuss mainly the
converter control, but in any case, the final control is tested in a complex, real drive
or a power conversion system.

This book presents some new solutions for motion control, fault-tolerant control,
and power converter control. Well-known control methods such as field-oriented
control (FOC) or direct torque control (DTC) are referred as a starting point for
modifications or are used for comparison. Among numerous control theories used
to solve particular problems are as follows: nonlinear control, robust control,
adaptive control, Lyapunov techniques, observer design, model predictive control,
neural control, sliding mode control, signal filtration and processing,
fault-diagnosis, and fault-tolerant control.

The important social and technological impact of the problems discussed in the
book is obvious. Motion control, drives, and power conditioning are ubiquitous in
industry, transport, removable energy systems, household appliances, and many



XVi Introduction

other branches of modern life. The effective use of electrical energy is a key
technique for achieving global energy efficiency, and power electronics technolo-
gies that can convert electrical power into the optimum characteristics for each
application are essential to this way of development. Power electronics systems are
key components for building a sustainable society by reducing CO, emissions. The
use of effective adjustable-speed drives improves energy efficiency, and the power
conditioning systems provide stable connections to the power grid for unstable DC
or AC electric power generated from removable sources such as solar or wind
energy.

The material of this book is presented in the following three parts: electric drives
and motion control (Chapters “Sensorless Control of Polyphase Induction
Machines”—“Selected Methods for a Robust Control of Direct Drive with a
Multi-mass Mechanical Load”), electric drives and fault-tolerant control (Chapters
“Fault-Diagnosis and Fault-Tolerant-Control in Industrial Processes and Electrical
Drives”—“Detection and Compensation of Transistor and Position Sensors Faults in
PM BLDCM Drives”), and design and control of power converters (Chapters
“Advanced Control Methods of DC/AC and AC/DC Power Converters—Look-Up
Table and Predictive Algorithms”—“Switched Capacitor-Based Power Electronic
Converter—Optimization of High Frequency Resonant Circuit Components”).

In Chapter “Sensorless Control of Polyphase Induction Machines,” new solu-
tions for control of polyphase machines are presented. The nonlinear transformation
of state variables is proposed. Nonlinear decoupling is used to generate a linear
model of the virtual machine, and a simple torque controller can be applied. Details
of the torque and flux control are explained. This chapter is written by the founder
of the so-called multiscalar approach to induction motor control.

In Chapter “Adaptive Position Tracking with Hard Constraints—Barrier
Lyapunov Functions Approach,” a servo control with unknown system parame-
ters and constraints imposed on the maximal tracking error is considered. The
barrier Lyapunov function approach is applied to assure the preservation of hard
constraints in any condition. The system’s performance is examined for three
methods of controller design based on quadratic Lyapunov functions; on barrier
Lyapunov functions if only position constraints are imposed; and on barrier
Lyapunov functions if both position and velocity constraints are present. The tuning
rules are discussed, and several experiments demonstrating features of the proposed
control and the influence of the parameters are presented. This chapter forms a kind
of monographic tutorial on the application of barrier Lyapunov functions.

Next two chapters discuss control problems resulting from a complicated
mechanical structure of the plant. In Chapter “Predictive Position Control of a Two-
Mass System with an Induction Motor in a Wide Range of Speed Changes,” model
predictive control (MPC) of the shaft position is applied to an induction motor
(IM) coupled to a load machine through a long, flexible shaft. Contrary to the
classical cascade structure with independent position and speed control loops, a
common MPC controller, which regulates those two variables, is designed. An
additional fuzzy block, allowing adaptation of MPC parameters, is successfully
used.
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Chapter “Selected Methods for a Robust Control of Direct Drive with a Multi-
mass Mechanical Load” is also devoted to drives with complex mechanical
structure, i.e., with a non-stiff connection between motor and driven mechanism and
with a variable moment of inertia. As it is difficult to damp high resonance fre-
quencies by the control system, an original solution is proposed, which is based on
damping of the highest resonance frequencies by a specially selected and tuned
filter, leaving damping of the lowest frequencies for the control system. The
identification method is presented, and robust notch filters are tuned for the whole
range of the parameter variability. Two robust control methods are proposed: one
based on an adaptive neural speed controller with the resilient backpropagation
(RPROP) learning algorithm and other using terminal sliding mode control for
systems with delays and unmodeled dynamics.

The next part of this book is devoted to fault identification and fault-tolerant
control of electric drives, including a power electronic converter and a motor.
Exhaustive discussion of general methods applied in the fault-diagnosis and
fault-tolerant control is presented in Chapter “Fault-Diagnosis and Fault-Tolerant-
Control in Industrial Processes and Electrical Drives.” The data-driven methods and
model-based schemes are addressed, and the main fault-detection and
fault-diagnosis methods for control systems are characterized. Fault-tolerant-control
methods, using passive and active concepts, are described and evaluated. All the
methods are discussed from the point of view of electric drives.

In Chapter “IGBT Open-Circuit Fault Diagnostic Methods for SVM-VSI
Vector-Controlled Induction Motor Drives,” a two-level three-phase voltage
inverter fed induction motor drive is considered and IGBTs open-circuit faults
diagnostic methods based on voltage and flux vector hodographs analysis are
presented and validated for induction motor drives with direct torque control and
direct rotor field-oriented control strategies.

Speed and current sensor fault-tolerant control of the induction motor drive are
presented in Chapter “Speed and Current Sensor Fault-Tolerant-Control of the
Induction Motor Drive.” Several active algorithms are discussed, and their
advantages and disadvantages are demonstrated. The fault-detection time and the
safety of the drive operation are compared.

Chapter “Stator Faults Monitoring and Detection in Vector Controlled Induction
Motor Drives—Comparative Study” deals with the stator winding fault detection in
the induction motor drives working in the closed speed control loops, with the
direct field-oriented control—DFOC or with the direct torque control—DTC. The
analysis of the characteristic components of the stator currents spectra, as well as
the control signals of the DFOC structure, is used for diagnostic purposes.

New methods of detection and compensation of transistor and position sensors
faults in permanent magnet brushless direct current motor drives are presented in
Chapter “Detection and Compensation of Transistor and Position Sensors Faults in
PM BLDCM Dirives.” Simple diagnostic and localization methods to identify a
faulty part of the drive system are proposed using the analysis of the waveforms and
FFT spectra of the stator currents and hodographs of the stator current space vector
in the stationary reference frame. The post-fault control has been analyzed as well,


http://dx.doi.org/10.1007/978-3-319-45735-2_4
http://dx.doi.org/10.1007/978-3-319-45735-2_4
http://dx.doi.org/10.1007/978-3-319-45735-2_5
http://dx.doi.org/10.1007/978-3-319-45735-2_5
http://dx.doi.org/10.1007/978-3-319-45735-2_6
http://dx.doi.org/10.1007/978-3-319-45735-2_6
http://dx.doi.org/10.1007/978-3-319-45735-2_7
http://dx.doi.org/10.1007/978-3-319-45735-2_7
http://dx.doi.org/10.1007/978-3-319-45735-2_8
http://dx.doi.org/10.1007/978-3-319-45735-2_8
http://dx.doi.org/10.1007/978-3-319-45735-2_9
http://dx.doi.org/10.1007/978-3-319-45735-2_9

XViii Introduction

and it enables the drive system to continue its operation despite the diagnosed
faults.

Finally, the last part of this book presents new solutions and advanced control
methods of power converters used in electrical drives and power transmission
systems. It starts with a monographic Chapter “Advanced Control Methods of DC/
AC and AC/DC Power Converters—Look-Up Table and Predictive Algorithms”,
devoted to a modern look-up table and predictive control methods of three-phase
power electronic converters. The authors consider voltage source converters in two-
and three-level configurations as well as a two-level current source rectifier. Some
of the methods concern DC/AC inverter fed induction and PMSM motors, and the
others are dedicated to the control of the AC/DC rectifier working as an active front
end of an AC/DC/AC converter. The authors focus on the methods with a nonlinear
look-up table and predictive control due to their excellent dynamic properties
(limited only by the physical parameters of controlled systems such as the value
of the DC voltage, grid inductance, or AC motor leakage inductance). Moreover,
nonlinear methods, especially the predictive ones, provide very good quality of
control in steady states, i.e., lack of active and reactive power steady-state error in
AC/DC converters or torque error—in the case of DC/AC converters.

Subsequent chapters describe innovative solutions determined by the converter
topology and applied switching components. The active power filter based on dual
converter topology is presented in Chapter “Active Power Filter Based on a Dual
Converter Topology.” The voltage-controlled current source (VCCS), a funda-
mental component of such a filter, is based on two converters connected in parallel.
The advantage of this arrangement is the potential for accurate mapping of the
VCCS output current in the reference signal. Thanks to the continuous manner
of the operation of the auxiliary converter pulse modulation components in the
current, the total harmonic distortion (THD) is minimized. Therefore, it is expected
that energy transmission loss can be reduced.

In Chapter “AC/DC/AC Converter with Power Electronics Current Modulator
Used in DC Circuit for Renewable Energy Systems,” the structures of the main
circuit and control system of a power electronic AC/DC/AC converter, dedicated to
high power systems, working as a coupling between the energy grid and a water
turbine with an electric machine, are described. In aiming to ensure the high effi-
ciency of this system, input and output converters with sinusoidal current were
implemented. The input AC/DC converter is based on a diode rectifier with a power
electronics current modulator in the DC circuit, while the output circuit is based on
a transistor inverter. Maximum power point tracking algorithm is elaborated and
used to control the DC/DC converter.

Chapter “Power Electronics Inverter with a Modified Sigma-Delta Modulator
and an Output Stage Based on GaN E-HEMTSs” presents a new control method of
power electronic inverter, based on a modified sigma-delta modulator
(SDM) approach. The proposed modulator includes a comparator with dynamic
hysteresis instead of a latched comparator, which is typically used in single-bit
SDMs. Thanks to this feature, the resolution of the SDM output bit stream is,
theoretically, unlimited. As a result, the value of the THD of an inverter output
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voltage (or current) is much lower than that of a typical SDM solution. The control
system is simpler than in the case of a conventional inverter. Due to the very high
frequency of an SDM output bit stream, in a power stage of the inverter, the
gallium-nitride (GaN)-based E-HEMTs (enhancement mode high-speed mobility
transistors) are implemented.

In Chapter “FC + TCR-type Symmetrical Follow-Up Compensator of the
Fundamental Harmonic Reactive Power—Analysis and Experiment,” application of
thyristors as switching components is considered. This chapter presents results of
analyses, simulations, and experiments concerning the so-called symmetrical
follow-up compensator of the fundamental harmonic reactive power in which a
three-phase bridge rectifier with two additional thyristors (6T + 2T) was used as the
adjustable inductive component. Proper selection and application of the appropri-
ately developed thyristor controlling algorithm enables current flow outside supply
source phases in those instants of time when output voltages of the star rectifiers
have instantaneous negative values. This effect in minimization of rms and the
reactive power component of the fundamental harmonic of source currents. To
obtain a lower content of harmonics in the power grid current, it has been proposed
to couple a 5th and 3rd harmonics filter on the converter.

The last Chapter “Switched Capacitor-Based Power Electronic Converter—
Optimization of High Frequency Resonant Circuit Components” concerns the
important problem of optimization of converters components selection. The volume
of resonant circuit components in a special electronic converter called switched
capacitor voltage multiplier (SCVM) is optimized. The SCVM is derived from
chip-scale technology, but can effectively operate as a power electronic converter in
a zero-current switching mode when recharging of switched capacitors occurs in a
resonant circuit supported by an inductance. Selection of the passive LC compo-
nents is not strictly determined and depends on the optimization strategy, according
to volume, efficiency, or cost of the converter. Optimization of the volume of LC
components is limited by the energy transfer ability via switched capacitors, thus by
the rated power of the converter and switching frequency. Depending on the LC
values the converter operates in some specific states which determine the efficiency
of the converter and voltage stress on semiconductor switches and diodes. All these
issues are analyzed in the context of optimization of the resonant circuit compo-
nents’ value.

Each chapter presented in the book is self-consistent and may be readied sep-
arately. It contains a necessary background, theoretical analysis of the problem,
derivation of the proposed solution, and the results of simulations or experiments
demonstrating the features of the applied approach.

Jacek Kabzinski
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Sensorless Control of Polyphase Induction
Machines

Zbigniew Krzeminski

Abstract The basics of transformations of polyphase systems into orthogonal
systems are explained. Vector models of induction machines in orthogonal planes
are analysed and multiscalar models for rotor flux and main flux together with stator
current are presented. A speed observer based on an extended model of the
induction machine for selected variables is applied in the control system for the
induction machine. On the basis of the model developed for a three phase machine,
a multiscalar model for a five phase machine is presented. The control system acts
on the basis of the model for the first sequence of phases achieving speed control.
The model for the second sequence of phases is used to synchronize the fluxes in
orthogonal planes. Near trapezoidal flux distribution in the air gap is achieved
independently of the machine load. All variables used in the control system are
estimated using the speed observer for the first sequence and the Luenberger
observer for the second sequence. The properties of the control systems are
explained using examples of transients generated by simulations.

Keywords Polyphase machine - Induction machine - Multiscalar model
Observer - Control system

1 Introduction

Three phase induction machines are widely used in variable speed drives because of
the low cost and the good properties resulting from the application of inverters with
control systems. In the case of the drive with an induction motor, a polyphase
machine may be more economical than the usual three phase machine [1-3]. For
example the inverter for a five phase machine consists of five legs. However the
switching elements are rated on a lower current than for three legs of the same
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power which have the same cost. Additional costs are caused by drivers for tran-
sistors and current sensors for five phase systems. On the other hand, it is possible
to achieve higher torque from a five phase motor than from a three phase motor in
the same frame [4]. As a result the representative cost of the drive may be the same
for three and five phases.

Control of polyphase machines is based on the Fortescue transformation of
variables defined in a phase system into variables defined in an orthogonal system
[5]. In the case of a three phase machine the variables defined in the orthogonal
system are transformed to dq coordinates aligned with the rotor flux vector.
Decoupling and application of PI controllers for variables determined in field ori-
ented coordinates is a well-known method for controlling the induction motor.
A drawback of field oriented control is that flux control is coupled with rotor speed
and torque control when the rotor flux is changing. The other well-known method
for the induction machine is direct torque control. In fact this method is based on
control of amplitude of the stator flux vector and the angle between the stator and
rotor flux vector without using an exact mathematical model.

Both of these methods for the control of the induction machine variables are
inconvenient in the case of polyphase machines. The torque of a polyphase machine
is the sum of torques generated in at least two virtual machines. This gives rise to
coupling between virtual machines and complicates the otherwise well-known,
simple control methods for the induction machine.

Using a rotating frame of references oriented with the rotor flux vector for
variables in an orthogonal system is complicated because the angular velocity of the
third harmonic of the flux depends on the generated torque. The q components of
the stator current vector in virtual machines are difficult to calculate [6].

The coupling between the torques generated in virtual machines complicates the
use of the direct torque control method.

The nonlinear transformation of variables proposed in [7] for three phase
machines can be applied to polyphase machines. The variables of virtual machines
arising from the application of the Fortescue transformation are nonlinearly trans-
formed to multiscalar model variables. Nonlinear decoupling is used to generate a
linear model of the virtual machine and a simple torque controller can be applied.
The torque of the virtual machine is one of the multiscalar model variables and can
be controlled without the need for complicated calculations. Details of the torque
and flux control are explained in this work.

2 Transformation of Phase Variables to Orthogonal
Coordinates

Control of AC electric machines is based on the transformation of phase variables
to orthogonal coordinates. While transformation is commonly used, explanation
and interpretation are not readily available in the current literature. Control of
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polyphase machines is possible if the proper interpretation of transformation is
applied and the properties of the machine models are determined in orthogonal
planes. For polyphase machines a modified Fortescue transformation is an appro-
priate approach. In its general form the modified Fortescue transformation is as
follows [5]:

Xy = Xon +jXpy = Ca Zxk(t)ej%(kfl), (1)
k=1

where X (t) is a phase variable, x, is a transformed complex variable, X,n, Xg, are
real and imaginary components of the transformed complex variable, m is the
number of phases and n is number of transformed variables, where:

e n=0,1,2,.. ‘,mT’l for odd numbers of phases,
e n=0,1,2,.. .,% ,% for even numbers of phases,
e and C, is the scale coefficient equal to

= for x,#X
c,=¢ Vo T (2)

= for X, = Xum

assuming transformation with invariant power.

Further analysis will be made on the assumption that the number of phases of
induction machine is odd.

Inverse transformation has the following form:

q
X = Cpxpe T, (3)
n=0

where k = 1,2,...m.

Transformation (1) converts a polyphase system into orthogonal coordinates.
The coordinate number 0 only has a real part. The complex variables of numbers 1,
..., n are presented on independent planes using rotating space vectors. For even
numbers of phases the complex variable number O only has a real part and in this
case is called O while the coordinate number % is called 0.

Transformation of the phase variables to an orthogonal system may be written in
matrix form:

Xort = AXph7 (4)

where X, is the vector of transformed variables, X, is the vector of phase variables
and A is the transformation matrix defined by (1).
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Matrices of coefficients, for example inductances, appearing in the differential
equations forming the mathematical model of the induction motor for phase vari-
ables, are transformed into matrices of coefficients in differential equations for
variables in orthogonal coordinates in accordance with the following equation:

Lot = ALjpA ™! (5)
where Ly, is the matrix of phase inductances and Ly, is the matrix of inductances
for orthogonal systems.

Stator windings of the induction motor may be constructed as distributed or

concentrated. In the case of a distributed winding of a polyphase machine a matrix
of self and mutual inductances has the following form:

[ L L cos (%) L cos (z(mnf)") 1
Ly = L cos (2( rﬁ””) L L cos(Z) ©)
L cos (&) L cos (2(mr;1 1)”) L

where L is the phase inductance.

Independently of the number of phases, the matrix defined by (6) is transformed
into matrix Ly, with the following form:

0 0 0 0 0
o L 0 o0 0
0 o mp o 0

Lev=10 o %0 o 0 (7)
0O 0 0 0 0

The form of the matrix (7) means that in the case of distributed windings of the
stator the inductances appear only for the first complex plane. The inductances for
other planes are equal to 0 and the variables appearing in these planes do not take
part in the transformation of energy.

In the case of concentrated windings the magnetic field of one phase is dis-
tributed along the air gap with rectangular shape described by the following
equation:

1 1 1
Lpn =L cos(p) + §L cos(3p) + §L cos(5p) + §L cos(7p)+.. ., (8)

where p is the angle along the air gap and L, is the inductance of the phase
containing fundamental and higher harmonics.
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Only harmonics with numbers less than the number of phases should be taken
into account. Harmonics of higher numbers than m should not be used because of
the inaccuracy of high frequency fields generated in m-phase system.

Application of Ly, defined by (8), instead of L in the elements of the matrix (6),
leads, after transformation, to the orthogonal system of the following form:

o 0 o0 0 O 0 O
0 L, 0 O 0 O
0 0 L O 0 0
10 0 0 L, 0 O
Lew=10 0 0 0 L 0o o ©)
o 0 o0 o0 o0 ... Ly O
10 0 0 0 0 ... 0 Lyx|]
where L, L, ..., Ly are the inductances appearing in the complex planes of con-

secutive numbers and

-1
M= for odd number of phases
N=1¢ 2 . (10)
3 1 for even number of phases

The fundamental harmonic of the inductance always appears in the first complex
plane. Higher harmonics result in inductances in planes defined by the following
equation:

Y if v<N
n_{m—v if v>N’ (11)

where n is number of complex plane and v is the number of inductance harmonics.
Harmonics of inductance forms virtual poles, the number of which is connected
to the number of fundamental poles by the equation:

Py = VP, (12)

where p is the number of fundamental poles and p, is the number of poles for the
harmonic of number v.

The rotor of the induction motor rotates in the stator with angular velocity o,
which differs from the synchronous angular velocity by the slip. Mechanical
angular velocity of the rotor in the virtual machine has the same value as the angular
velocity in the physical stator. On the other hand the electrical angular velocity of
the rotor in the virtual machine is given by:
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Or(v) = Z(v)VOr(1)5 (13)

where @, is the electrical angular velocity for inductance harmonic v in the
complex plane n and z is the sign of the angular velocity.

If v = n the rotor rotation in the virtual machine for the n-th complex plane is in
the same direction as the plane for the fundamental harmonic and z(,) = 1.

If v # n the rotor rotation in the virtual machine for the n-th complex plane is in
the opposite direction to the plane for the fundamental harmonic and z(,) = —1.

The principle of operation of a polyphase machine is based on the generation of
a rotating field in natural phase system. Such a rotating field is the sum of the
harmonic fields generated in all phases. The conventional approach is the genera-
tion of the fundamental harmonic in the three phase machine. In machines with
more than four phases higher harmonic fields may be additionally generated to
deform the field distribution in the air gap. Using higher harmonics has some
benefits such as increased torque from the same dimensions of the machine or
increased efficiency.

The number of time harmonics appearing in complex planes is as follows:

vV =km+dyn, (k,=0,1,2,...:d, =1,—1), (14)

where v(") is the number of harmonics appearing in plane n, k, are consecutive
numbers and d, is equal 1 if the space vector of the harmonic rotates on the plane in
a counter clockwise direction, and is equal to —1 if the space vector of the harmonic
rotates in a clockwise direction.

For example for a five phase machine the number of time harmonics rotating in
the counter clockwise direction in the first plane are 1, 6, 11, etc., and in the
clockwise direction are 4, 9, 14 etc. Rotating in the counter clockwise direction in
the second plane are 2, 7, 12 etc., in the clockwise direction are 3, 8, 13 etc. Of
course, all harmonics may rotate in the opposite direction as mentioned above.

For the same reason as for harmonics of inductances, only one time harmonic
should be generated in one complex plane.

Higher time harmonics of the currents generated in the stator give rise to virtual
machines with higher harmonics of the field formed by the same numbers of
harmonics of inductances. In general, the fields of virtual and fundamental
machines may rotate with arbitrary angular velocity. In certain cases amplitude of
the fundamental harmonic or selected higher harmonics may be equal to zero.

The space vector of the variable on each complex plane is formed from the a and
B components of the phase vector whose position is determined by the angle:

2= 1), (15)

where o is the position of the phase.
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The positions of phases and the phase components of the space vector are shown
in Fig. 1 and Fig. 2.

Each virtual machine determined in each complex plane should be controlled
taking into account the general properties of the induction machines, mainly effi-
ciency. In any case, all virtual machines have the same rotor which connects them
into one system of energy conversion. This means that if in one machine field and
torque are generated, then in the remaining machines fields and torques cannot be
arbitrary.

Higher harmonics appearing in physical phases should be synchronized with the
fundamental one. The generation of higher harmonics in the phases results in the
appearance of harmonics in the complex planes. The synchronized angular velocity
of the field in the virtual machine defined in the complex plane of number n is
connected with the angular velocity of the fundamental harmonic by the expression:

(a) B, () ©

Fig. 1 a Components of the voltage vector defined in the first plane b components of the same
vector in the second plane and c in the zero plane

(a) (b) (0

Va

Fig. 2 a Components of the voltage vector defined in the second plane shown in the first plane
b Components of the voltage vector defined in the second plane shown in the second plane and
¢ the same voltage vector in the zero plane
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ory = Vo, (16)

where oy, is the angular velocity of the field for v harmonic and oy is the angular
velocity of the field for the fundamental harmonic.

The transformed variable number O does not take part in conversion of electrical
energy into mechanical energy and will be not considered further. However there
are some technical applications where the zero component plays an important role.
For example disturbances caused by supplying the machine from an inverter create
problems which may be solved taking the parameters of the resultant circuit with
the transformed coordinate number O.

3 Vector Models of a Polyphase Induction Machine

A vector model of the induction machine is a useful basis for further development.
There are various possibilities in selecting the variables for the machine model but
the stator current and the rotor flux vectors are usually used in the differential
equations as follows:

di
(i(rmza() )+ 2 Vi) +38300) Or(n) Wr(n) + 4(n) Bs(n) (17)
d‘*l’r n .
dr( ) as(n)is(n) + a6(n) Wr(n) +3Or(n) Wen) s (18)

dmf" - (ZT ) (19)

where ug, i and s, are the vectors of stator voltage, stator current and rotor flux,
Te(n) is torque generated in n-th plane, Ty is the load torque, 7 is time, o) is the

angular velocity of the rotor in the n-th plane and ay, . . ., a5 are coefficients defined
as:
an — RymLim) + Retm Lingn) ) R (o) Lin(n) ) — Lin(n)
1(n) — — ) 2(n) — ) 3(n) — — )
WL WinLi(n) Wn)
Liw) Re(m) L) Rifm)
An) = Wr<:) ;o Asn) = r]r:r(nl; h ;o Ag(n) = L:(:> ) = Ls@)Lem) — ern(n)a

where Ry(,) and Ry, are the stator and rotor resistances and Ly, L), L) are
the stator rotor and mutual inductances defined in n-th plane. n=1,...,N is, as
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denoted already, the number of complex planes and the equations are written for
each n. All variables and parameters are expressed in per unit system.

The resistances and inductances in particular phases depend on the construction
of machine.

The torque generated by the virtual machine in n-th plane is expressed as:

L
Te(n) = Lr(:)) <\|jrot (n) ISB \|er lstx (n) ) (20)

The angular velocity of the rotor in the n-th complex plane is defined by (16).

Equations (17)—(19) are used in the synthesis of control systems based on the
orientation of coordinates with respect to the rotor flux vector. In polyphase
machines the fluxes generated in the air gap by the magnetizing current should be
synchronized. Application of the vector model with the rotor flux vector selected as
a state variable is not suitable for synchronizing fields. Some corrections of angles
needs to be introduced to the positions of the rotor flux vectors to ensure proper
synchronization of the main flux vectors. These angles depend on torques generated
by the virtual machines defined in complex planes. This complicates the control
system and is not convenient.

A more suitable model for the control of a polyphase machine is obtained if the
main flux vector is selected as the state variable instead of the rotor flux vector. The
main flux vector depends on the stator current and the rotor flux vectors as follows:

LGr(n)Lm(n) . Lm(n)
isn) + Vi(n) 21
Lr(n) ®) Lr n) (x) ( )

\llm(n) =

where iy, ) is the main flux vector in plane n.
For the stator current and main flux vectors the following equations are obtained:

%Zdu misn) + dagn) (o) +J30) O is(n) + i dago Orto) Win) + Aoy Usioys (22)
d‘l;r:(n = do(n)is(n) + d7(n) Win(n) F Jds(n) Or(n)is(n) + Jdo(n) Or(m) Win(n) + dio(m) sn)
(23)
where
dim) = %}3% dym) = I\,{Vf;
d3m) = I%(L)n“ dym) = *I\;,%(n";; ds(n) = I\;,fz))
dom) = — L R ")L3vzn>+R ko), s i) = — %ﬁ{”
d8(n)zw do(n) = _L“\Svi)(%” diom) = —L"'{;}t"‘(").

The machine torque is expressed as follows:
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Te(n) = \llmot(n)iSB(n) - \llmB(n)isu(n)' (24)

Equations (22) and (23) are applied for all virtual machines and Eq. (19)
remains in the same form.

It should be noted that the above models are valid only for the unsaturated
machine. The machine models with saturation effect taken into account are com-
plicated as shown in [8] and magnetizing current in one plane may influence the
parameters in other planes.

4 Multiscalar Models of a Polyphase Induction Machine

Nonlinear transformation of vector components results in the multiscalar variables
proposed in [7]. For each virtual machine the set of multiscalar variables obtained
for stator current and rotor flux vectors has the following form:

X11(n) = Or(n), (25)
X12(0) = Wran)ispn) — Vep(n)lsa(n)» (26)
Xat(a) = Wy + V2 (27)
21(n) ra(n) B(n)?
X22(n) = \'Jru(n)iscx(n) + ‘erﬁ(n)isﬁ(n)~ (28)

A multiscalar model of a machine has differential equations for variables (25)—
(28) of the following form:

dx(;(l) _ Jer:Lan(n)) iz — %mo’ (29)

dxﬁ(n) - Txl(n) Xia(n) = Xi1(n) (X22(0) = BwXa1(m) + a4y, (30)
dx;;(n) — 2a5(n)X22(n) + 236(n)x21(n), (31)

dx(i( ) _ Txl(n) X22(n) F X11(n)X12(n) T @2(n)X21(n) + a5<n>i§(n) + aymlzmy,  (32)
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X2 + X2
) 12(n) 22(n)

_ 33
s(m) xom (33)

Woi(n)
Tiw) = s 34
™ Rr(n)Ls(n) JrRs(n)Lr(n) ( )
Uin) = \ljm(n)us[}(n) - \llr[}(n)usoc(n)v (35)
W) = Vram)Ysa(n) + Vep(n)Usp(n)- (36)

The control variables u;,) and uy(,) are determined in the control system and the
voltage vector components for control of an inverter are calculated as follows:

- \llrot(n)uZ(n) - \ljrﬁ(n)ul(n)
Usg(n) = \|12< ) )
r(n

(37)

\I’ra(n)ul(n) + qua(n)u2(n)

(38)
q’f(n)

Usp(n) =

The multiscalar model of the induction machine contains a few additional terms
in Egs. (30) and (32) compared to the vector model. On the other hand Eq. (31) is
simpler than general equation for the vector model. The multiscalar variables are
scalars and vector notation is not applicable. This may look inconvenient but no
additional transformations are needed for synthesis of the control system. In par-
ticular the controllers in the system based on the multiscalar model act on stationary
variables. Nonlinear transformation leading to multiscalar variables is similar to the
rotation of the coordinate system but the result does not depend on the frames of
reference in which vectors are defined.

The main benefit of the multiscalar model is the selection of the variable pro-
portional to the machine torque. The control system obtained after application of
linearization by feedback is simple and the rotor torque is controlled independently
of changes in the rotor flux.

Nonlinear feedback of the form:

1 1
= - 39
Uj(n) 2o (Tx(n) My2(n) + X11(n) (X22(n) aS(n)XZI(n))>7 (39)

1 1 5
Up(n) = a3 (Tx(n) Ma(m) = X11(n)X12(n) — 82(n)X21(n) — aS<n>1s<n>)-

applied to Egs. (29)—(32) results in the following linear equations:
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dxcll’llt(l> _}ilij(:];xu(n) —%mo, (40)
% = Tvl(n) (=12 + miw), (41)
% = 2a5(n)X22(n) + 286(n) X21(n) s (42)
ERT e "

for all n.

Equations (40) and (41) describe the mechanical subsystem and consist of the
common equation for the rotor speed for all virtual machines and separate equations for
the torques. This causes some difficulties in the synthesis of control system. Only the
torque of one virtual machine can be set by a controller of the rotor angular velocity. The
other torques are lower and, of course, act on the rotor angular velocity. In any case, the
variables which are controlled by the other torques are angular velocities of the rotor flux
vector. In this way the rotor fluxes appearing in the remaining virtual machines may be
synchronized with the rotor flux of the main virtual machine.

Equations (42) and (43) forms models of linearized electromagnetic subsystems.

The rotor flux vectors are controlled indirectly, which means that that the control
variable acts on the derivative of variable X, and this variable acts on the derivative
of the square of the rotor flux. This is a property of the induction motor model based
on stator current and rotor flux. In particular, the model of the ‘squirrel cage’
induction motor contains one differential equation for the rotor flux without a
control variable on the right hand side.

It is possible to change the induction model variables using liner transformation.
Different vectors may be used in the mathematical model even without a known
physical meaning. If the rotor flux vector does not appear in the motor model, the
control variable is present on the right hand side of all of the differential equations.

The selection of certain vectors for developing models of the induction motor
may results in particular benefits. The induction motor model with a main flux
vector is especially convenient because this makes it possible to control the satu-
ration of main magnetic path.

The application of nonlinear transformation to the stator current and main flux
vectors makes it possible to define following variables:

di1(n) = Or(n), (44)

A12(n) = Vmam)ispin) = Ympn)isu(n) s (45)
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D1y = Vi) T Vinp(a)» (46)
9d22(n) \l"m:x (n) lscx + ‘~|Jm[i 1SB(n) (47)

The differential equation for the multiscalar model variables defined by formulae
(44)—(47) are as follows:

d
qll Zchz (48)
dqyy(n) 1 2
== 1) — 98(m)ism)d11(n
dr Toni (n) (n) s(n)™11(n) (49)

+ (dll(n)q22(n) + d4(n)q21(n)> Ai1(n) +di2mUiae)-

dq2 n
d: ) = 2d7(n) Q21 (n) T 2d6(n)D22(n)  2d10(n) Y21 (n)- (50)
dqy; 1
dr(n) = T 222(n) + o)1 ) + dom)is — d11() D121 (n) + di2m) U22(n);
(51)
where

2 2

q +q
1§<n> _ 12(n) 22(n) ’ (52)

921(n)

W(n)
Toi() = , 53
mi(o) Rs(n)Lr(n) + Rr(n)Ls(n) ( )

Lo +Los

dll(n): or(n) (\)Nm) os(n) ()7 (54>

Lm n
diom) = W(i))' (55)
Ui2(n) = ‘J’ra (n) uSB \ljr[} usu (n)s (56)
u21 ‘*ljmo( uw +\|jm|3 uQB (n)>» (57)
U22(n \ljrcx )Usai(n +\|]r[3(n)u&[5 (n)+ (58)

The control variables uy,(,) and uy(,) are determined in the control system and the
voltage vector components for the control of an inverter are calculated as follows:
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\l/m (m)Y21(n \|’mﬁ YU12(n)

usa(n) = W s (59)
Wing(n)U12(n) + Wep(n)U21(n)
usﬁ( ) O( W 5 (60)

W= \Ilr'x(n)\l"mot(n) + \ljrB(n)\lJmB(n)

The model described in (48)—(51) differs from the model obtained for the stator
current vector and rotor flux vector because control variables appear in three
equations for the virtual machine. There are two stator vector components so only
two output variables can be controlled using these variables. If two electromagnetic
variables are controlled the third one remains uncontrolled. However it simple to
verify that if two controlled variables are stabilized, the third is stable, too.

The multiscalar model for the stator current and main flux vectors is similar to
the vector model used in the so-called direct torque control method. From com-
parison of the differential equation for the machine torque in the multiscalar model
and differential equation for the torque in the known field oriented and direct torque
control it is clear that the torque is controlled by acting on its derivative through the
control variable. All of these systems are equivalent taking a way of control of the
machine torque into consideration.

It is convenient to control the square of the main flux and the motor torque. The
main flux may be directly controlled as the control variable acts on its derivative.
Such a system is referred to here as direct flux control.

Nonlinear feedback applied to Egs. (49) and (50) has the following form:

1 1
=— ds(mi — (din dsn :
Uj2(n) diom) (Tml(n) M (n) + dg(n) sy di1(n) ( 11(n)d22(n) T dag )Clz1(n))CI11(n>>
(61)
1

dio(n)

Uyi(n) = <_d7(n)m21() d6(n)922(n ) (62)

After application of (61) and (62) the linearized model has the following form:

d
Ch1 Zchz mo, (63)
dqo) 1
- - 64
At T ( di2(n) +m12<“))’ (64)
dqy;m)
e —2d7(y) (-%un) +m21(n>), (65)

for all n.
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Similarly to the system based on stator current and rotor flux vectors, Egs. (63)
and (64) describe the mechanical subsystem consisting of the common equation for
the rotor speed for all virtual machines and separate equations for the torques. The
main fluxes appearing in the virtual machines in the planes of number higher than
one may be synchronized with the main flux of the main virtual machine.

Equation (65) forms the linearized model of electromechanical subsystems.

5 Speed Observer for the Virtual Induction Machine
in the First Plane

Sensorless control of the polyphase induction machine is the same as for the three
phase machine and means that no mechanical sensor is applied. Instead, the rotor
angular velocity is estimated in different way. One of the most precise methods of
estimation is a speed observer as proposed in [9]. The structure of the speed
observer is based on an extended model of the induction machine. Extension means
the addition of variables determined as components of the rotor flux vector mul-
tiplied by the rotor angular velocity. In this way the number of variables is greater
than minimum needed to determine the model in state space. The extended model
requires the introduction of stabilizing feedback. Together with the error of the
stator current, the extended model forms the speed observer for the virtual machine
in the first plane as follows:

x(1) = Ak +Buyug) + Kajeq), (66)

where * denotes observer variables and

Xy = [isu) \]lr(l) i(n}, (67)
u() = Uy, (68)
e"(l"l) = |:ls(l) ?;(1) :|7 (69)
ay(n) a1 Ja3(n)
Ag = | 8 84(1) i (70)
as(1)Or(1) A1) /AT agr) + 0
A4(1)
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ki kg Kisa) +ikuq
Koy = [k +qk22(1) Ka3(1) +qkz4(1) . (72)
K1) +iksoy  kaaay +iksa

Detailed analysis of the properties of the speed observer shows that if the matrix
(72) is defined for the positive direction of the rotor speed, the matrix for the
negative direction has the form:

kll(l) _J:klz(l) _k13(1) +]:k14(1)
Ko- = | kuq —J1_<22<1) —ka3(1) +.Jk24(1) . (73)
—ka101) +Jk32(1) K33(1) _Jk34(1)

The error of stator current vector is defined as:

iy = k) — k- (74)

The variable € is introduced to extend the model of the induction machine and is
defined as follows:

C(1) = 03r(1)‘|’r(1)~ (75)

The dependence (75) should appear in the extended model which means that the
following stabilizing error has to be reduced to zero by the action of the observer:

C )—wr \l’r C ’ (76)

where éfu) is the full stabilizing error of the variable é<1)
Simple transformations lead to the following expression for the rotor speed
taking the components of the vectors in (75) into account:

Or(1) = (\Ilrau)Ca(l)+‘|’rﬁ<1>cﬁ(1>>/‘l’%“>' 7

Equation (77) is used for the calculation of the rotor speed in the observer of the
variables of the first machine.

The square of the rotor flux amplitude appearing in (77) changes slowly and this
variable may be included in the gain coefficients of the speed observer. Taking into
account (76) and (77) the stabilizing error takes the simplified form:

i(l) = _j‘Lr(l) (za(l)qfrg(l) - E.’B(l)‘]lra(l))v (78)

where i(l) is a simplified error of variable im
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The expression in parenthesis in (78) represents the value of the vector product
of @(1) and the rotor flux vector. In stable steady states this vector product is equal to
0 which results from the definition expressed in (75).

The derivative of the estimated rotor speed @, in the observer equations is
replaced by an approximated value calculated by a digital method. It may be
omitted for slow transients of the rotor speed.

It is possible to design the speed observer for other vectors such as the stator
current and the main flux. Such an observer will contain terms defined by (75) and
the rotor speed will be calculated in the same way. No special benefits result from
using any other pair of vectors.

The case where the mutual inductance is calculated on the basis of estimated
variables requires a mention. The main flux or magnetizing current vector is very
convenient for calculating the main inductance in such a case. The other method is
based on using the virtual flux vector with the same direction as the main flux and
arbitrary vectors may be selected as state variables for the machine.

The rotor angular velocity may be estimated in the first plane but situations can
arise where the rotor flux is equal to zero in this plane. In such cases the rotor
angular velocity may be estimated for the virtual machine in another plane.

6 The Luenberger Observer for the Virtual Induction
Machine with Known Rotor Speed

The rotor speed estimated in the first plane may be used in the other planes taking
the relationship (13) into account. For a known rotor speed the Luenberger observer
may be used to estimate the variables of the virtual machine. The differential
equations of the Luenberger observer for the stator current and rotor flux vectors are
as follows:

X(n) = Aw)Xm) + Bt + K€, (79)
where
Xm) = [is(n) \Tlr(n)]a (80)
Ugn) = Us(u)

_ | m) B2m) 50 Or(n)
Ay = . 82
(n) |:aS(n) Ag(n) +JWr(n) (82)
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B= [a“g;‘) ] (83)

Ki1(n) +3Kio(m)
K, = . 84
() |:k2l(n) + Koo (n) (84)

The angular velocity of the rotor in (82) and (84) is defined by (13).

7 The Control System for the Polyphase Machine

The control system for the polyphase machine is presented in Figs. 3 and 4. The
amplitude of the rotor or main flux vector for the virtual machine in the first plane is
stabilized on a value dependent on the actual optimum condition. The rotor or main
flux vectors in the remaining planes are synchronized with the flux vector in the first
plane. All of the planes are independent and the variables defined in them may be
controlled arbitrarily. The virtual machine in the first plane generates the funda-
mental harmonic of the field in phase coordinates and the virtual machines in the
remaining planes generate higher harmonics. The number of harmonics is defined
by (14). To synchronize the harmonics generated in planes of number greater than 1
with the fundamental harmonic, the actual fundamental position angle is multiplied
by the number of the synchronized harmonic and reduced to the range 0-2n. The
angle of the same frequency as the synchronized harmonic is obtained as a refer-
ence for a phase locked loop.

Synchronization of harmonics differs for each kind of multiscalar model. The
angular velocity of the rotor flux expressed in terms of multiscalar variables is as
follows:

Or(n) = Or(n) + (85)

=

Lr(n) X21(n

The angular velocity of the rotor flux vector depends on the value of the variable
X12(n) Which is proportional to the torque of the virtual machine. The machine

torque is controlled by the variable uy(,) or by the variable my(, if nonlinear

Fig. 3 Control system for Qi
variables of the virtual
machine (@, )

Decoupling

Voltage caculation

NEN
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Fig. 4 Synchronizing system o 3
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feedback is applied. In this way some inertia appears in the control loop for angular
velocity of the rotor flux.

Synchronization of the main flux is realized in a different way. The angular
velocity of the main flux vector is expressed as follows:

(Rs(n)LGr(n) + LGs(n)Rr(n))qlz(n) + Lcr(n)u12(n)

Lr n
Losn) <_L6r(n)q22(n) + L—()qZI(n)>

‘m(n)

Oym(n) = Or(n) + (86)

The variable u;5(,) changes the angular velocity of the main flux vector directly.
After the application of nonlinear feedback the variable mjy,) may be used to
directly set the main flux angular velocity. Some correction of the variable myyy) is
needed in transient states. In this way the synchronization of the main flux is faster
than that of the rotor flux vector.

The value of torques generated by virtual machines are strongly dependent if the
harmonics of the flux vector are synchronized with the fundamental. A slip of flux
in the virtual machine defined as:

S(n) = Ou(n) ~ Or(a) (87)
depends on the slip in the first plane machine as follows:
S() = Z(wv)Vw)S(1), (88)
which results in the dependence:

R0y L(m) Lin(1) X12(1)X21(n)
Rim L Lin@m)  X21(1)

X12(n) = Z(v)V ) (89)

where z,y and v are as defined in (13).
For the main flux vector selected for control, the dependence (89) takes the form:

Ri(1) di2(m)X21(n)
= —_— 0
di2(m) Z(V>VRr<n> Xai(1) %0)

where
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L2
X21(n) = L2r<n>) Q21(n) — 2 o
m(n m(n

Lcr(n)Lr(n)

Qo2 F Loy o) (91)

The control system for a polyphase machine with concentrated windings makes
it possible to generate a near trapezoidal flux shape by adding the third harmonic to
the fundamental. The amplitude of the third harmonic should be equal 0.15 and the
fundamental harmonic is increased to 1.15 to achieve the condition that the
instantaneous value of the flux vector is not greater than 1. The square of the third
harmonic of the flux is equal to 0.0225 and the resulting coefficient in (89) and (90)
is equal about 0.06, depending on the machine parameters.

A higher value of the fundamental harmonic of flux gives rise to a lower active
current component for the same torque. On the other hand, the torque generated by
the machine with the third harmonic added is equal about 115 % of the torque
generated by fundamental only for the same rated rms value of stator current.
Additionally, taking the rotor current into consideration, the losses in the machine
with the third harmonic of flux added are lower than in the machine with the
fundamental only.

Control of the machine torque for systems based on the rotor and main flux are
similar to each other. Nonlinear feedback is applied and the variables are controlled
using PI controllers for each virtual machine. If the square of the rotor flux is a
controlled variable then the control system has the structure presented in Fig. 3. The
control system for the main flux does not contain an inner loop and only one PI
controller is applied. The variable m, is obtained directly from the output of the
main flux controller.

The rotor angular velocity is controlled only for the virtual machine determined
in the first plane. For the virtual machine determined in the second plane the angular
velocity of the main flux is controlled.

A PI controller is used to control the rotor angular velocity and from its output
the reference value for the motor torque is obtained. From the set value of the motor
torque the reference value for the variable x;5(;) is calculated. The reference value
of Xxy5(1) without the third harmonic is given by:

* Lr(l) *
X)) = Te, (92)

where * denotes the reference value.
If the third harmonic is taken into account, the value XT2<]> is calculated as

follows:
Xy = CTe, (93)

where the coefficient C is given by:
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R, (o) L) Xa1(1)

C= (94)

Ri(o) Lot Lingn)X21(1) + Z(v) VRy(1) Li(n) Lin(1) X21(n)

and depends on the motor parameters and value of the third flux harmonic.

In the first plane only part of torque is generated. The remaining part is generated
in plane n with a small inertia resulting from the action of the synchronization loop.

The synchronization loop for the third harmonic in the case of a five phase
machine is shown in Fig. 4. The rotor flux vector components obtained from the
speed observer for the first plane and the Luenberger observer for the second plane
are used to calculate the angles of the fundamental and third components of the flux.
The angle of the fundamental is multiplied by —3 and reduced to the range 0-2m.
The PI controller controls the angle between the positions of the fundamental and
third harmonic.

8 Simulation Results

Properties of the drive with five phase machine are shown on the base of simulation
results presented in Figs. 5 and 6. Ideal voltage source has been assumed and
control system based on the variables available from the model has been applied.
Such idealized system makes it possible to show all transients clearly.

All variables are expressed in per unit system. Base values for the voltage and
current are equal to:

Uy = V5Uy; I, = Vly,

where Uy, Iy are rated phase voltage and current.

The base values for remaining variables are defined similarly.

The amplitude of the rated phase variable is equal to 0.63. Taking into account
the power invariance transformation of variables provides the value of rated phase
amplitude equal to 1.

The transient shown in Figs. 5 and 6 consists of consecutive starting, short time
without load and final interval of work with load. The transient of load torque is
shown in Fig. 5.

In the simulation investigation at first the machine is excited with the speed near
zero. The reference value of variable X, is set to 1.32 and after time less than 50 ms
this variable is stabilized.

The rotor speed is next set on 0.8. The fluxes W41y and ) are synchronized
as can be seen in Fig. 5. The amplitude of the flux .4 is equal to 1.15. At the
same time the amplitude of phase rotor flux vy, is equal to 0.63 which is rated
value. This means that the rotor flux is reduced in the phase system and do not
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Fig. 5 Transients of the
speed and the electromagnetic
variables during starting and
loading of machine
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exceeds the rated value. The rotor flux is always kept on the value which assures
operation of the machine in an unsaturated region.

As it can be seen in the last chart of Fig. 6 the third harmonic of the stator
current appearing in the second plane has a different angle in relation to the fun-
damental in consecutive time intervals. The angle depends on the machine torque.
For the very low torque only the magnetizing current components appear in the
phase current. For high values of the torque the active current is great and the third
harmonic generated in second plane is synchronized with such the angle that the
maximum value of the phase current is increased. This effect should be taken into
account in designing of the machine and inverter.
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Fig. 6 Transients of the 1

speed and the electromagnetic m,_/V
variables during starting and 0

loading of machine 0 0.1 0.2 0.3 0.4 0.5 0.6
1.5
X2
1
0.5 ‘ r
0 —
-0.5
0 0.1 0.2 0.3 0.4 0.5 0.6
1.5
soq1)
0.5
-0.5
1.5
0 0.1 0.2 0.3 0.4 0.5 0.6

0.5

iso2)

0 0.1 0.2 0.3 0.4 0.5 0.6
1
Isa
0.5
0
-0.5
-1 .
0 0.1 0.2 0.3 0.4 0.5 Time (s)

9 Summary

Properly controlled polyphase machines with concentrated windings generate
higher torques than three phase machines designed in the same frame. This is
obtained by applying the third harmonic of the field in the air gap, making the
virtual machines more efficient. The explanation of the operation principle of the
polyphase machine based on Fortescue transformation makes it possible to deter-
mine the virtual machines which are separately controlled. The variables of the
virtual machines are expressed in orthogonal coordinates. The planes obtained after
the Fortescue transformation are stationary in relation to the stator phase system.
The rotor speed is the common variable for virtual machines. The rotor speed in a
virtual machine in which a high harmonic of the field is generated is equal to the
rotor speed in a machine with the fundamental multiplied by the number of har-
monic. The sign of the rotor speed in the virtual machine is determined on the basis
of analysis of possibility to generate harmonic in the sequence of phases in
accordance with (13).
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The variables of each virtual machine are controlled separately by synchronizing
the fluxes in phase coordinates. Transformation of the variables expressed in
orthogonal planes to multiscalar variables and application of nonlinear decoupling
results in a simple control system.

The space variables of each virtual machine may be separately estimated using
observers. The speed observer should be applied in the first plane to estimate the
rotor flux vector and the rotor speed. In the remaining planes the rotor speed from
the first plane may be used in the full order Luenberger observer.
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Adaptive Position Tracking with Hard
Constraints—Barrier Lyapunov Functions
Approach

Jacek Kabzinski, Przemyslaw Mosiolek and Marcin Jastrzebski

Abstract A servo control with unknown system parameters and constraints
imposed on the maximal tracking error is considered. The barrier Lyapunov
functions approach is applied to assure the preservation of constraints in any
condition. The system’s performance is examined for three methods of controller
design based on: quadratic Lyapunov functions; on barrier Lyapunov functions if
only position constraints are imposed; and on barrier Lyapunov functions if both
position and velocity constraints are present. The tuning rules are discussed and
several experiments demonstrating features of the proposed control and the influ-
ence of the parameters are presented.

Keywords Nonlinear control - Adaptive control - Servo control - Barrier
Lyapunov functions

1 Introduction

Servo systems are commonly used in various branches of industrial automation and
robotics. The basic aim of a servo system or a robot manipulator is to track the
desired motion trajectory with sufficient precision. For numerous servo systems
rigorous handling of constraints imposed on a position and/or speed during any
dynamic transient is a necessary condition of safe operation. Any violation of the
constraints can lead to damage or destruction of the drive system or destroy any
objects that happen to be in collision with the actuator. For plentiful robot
manipulators, such as medical robots, automatic welding machines, microelec-
tromechanical systems and many others, operation inside constraints is a matter of
safety. It is reasonable to assume that the desired trajectories are planned with
sufficient security margins and hence rigorous constraints must be imposed on the
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tracking errors. In such cases any control method that assumes the constraints are
‘soft’ and that it is possible to neglect constraints in control design and circumvent
the problem through adequate control-parameter selection must be rejected.

Several approaches to control nonlinear systems with constraints were reported.
Among them, the nonlinear model predictive control seems to be promising [1].
From the recent reports the diffeomorphism-based control may be mentioned [2].
As the literature on nonlinear, constrained control is rich, it is out of the scope of
this chapter to provide an exhaustive review.

Nonlinear adaptive control is widely applied to designing high-performance
servo systems in the presence of unknown plant parameters. Usually the controller
derivation is based on control Lyapunov functions (CLF) and backstepping tech-
niques [3]. Quadratic Lyapunov functions (QLF) are commonly used to assure the
stability of the system, but unfortunately with this approach the designer is not able
to impose the hard constraints a priori and to guarantee the constraints are fulfilled
during any transient conditions.

Recently, use of the so-called barrier Lyapunov functions (BLF) in control
synthesis has been proposed for constraint handling in Brunovsky type systems [4],
nonlinear systems in the strict feedback form [5] and with adaptive control [6, 7].
The BLF approach applies the backstepping technique and allows the system output
(or all state variables) to be kept inside the predefined constraints. Although the
theory of stability investigation by BLF is well established, only a few practical
applications are reported [8, 9].

The aim of the presented chapter is to demonstrate the possibility of applications
of BLF in servo systems design to provide a systematic description of the design
procedure and to formulate some rules for the selection of the design parameters.
Particular attention is given to illustrating the problem of interactions among
position and velocity constraints. To present clear and compact derivation we
concentrate on the simplest motion model with one degree of freedom, but gen-
eralizations to many more complex applications are straightforward.

2 Plant Model and Control Objectives

A linear servo is considered and its very simple model is described by:

d
XY (1)

d
m—v = @i — F, 2
d t (rD (2] ( )
where x, v are the forcer position and velocity, m is the forcer mass, ¢ represents the
coefficient converting the motor current i into the thrust force and F, is an external
load force, acting against the motion. The motor current i is supplied by a PWM
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inverter working in a current control mode and it is assumed that this control loop is
much faster than mechanical dynamics, so the motor current i is considered as the
control input. The same approach and the analogous model may be used for the
rotational motors, therefore the liner motion supposition is carried outdone without
the loss of generality.

It is assumed that the parameters m > 0, ¢ > 0, are unknown, constant or slowly
varying. Although the constant ¢ is usually provided by the motor manufacturer,
this information is not accurate. This constant may vary with the motor temperature,
PWM conduction mode or, for some tubular linear motors with permanent magnets
built in the inner part, it may be noticeably lower if the forcer operates near the edge
of the inner part. It is assumed that the load may be modelled as a nonlinear,
memoryless function of the position and the velocity and that this model may be
represented as a linear combination of known nonlinear functions ¢ with unknown
parameters A:

F,(x,v) = AT¢(x,v). (3)

Such models are natural if the load is approximated using any approximation
technique: artificial neural networks, fuzzy modelling, polynomial approximation
and so on. The number of unknown parameters and the approximation basis £ may
be chosen for the particular application.

Remark 1 For the sake of brevity, it is assumed that model (3) is accurate, but it is
also possible to consider an inaccurate approximation with a bounded approxi-
mation error &:

F,(x,v) = AT¢(x,v) +e. (4)

The main consequence of using model (4) or (3) is that under assumption (3) it is
possible to prove the asymptotic stability of the tracking errors system. In case of
the load model (4), one has to introduce a switching control component to obtain
the asymptotic stability, or to accept the stability in the sense of the uniform
ultimate boundedness [10].

To remove the difficulties caused by the unknown control gain ¢, the motion
Eq. (2) is transferred into:

d
pov= i—ATE(x,v), (5)
where:
1
n=", A, =—A. (6)
¢ ¢

The control objective is that the motor position has to follow a smooth, bounded
reference x,(1):
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14 ()] < Xmax- (7)

It is assumed that the derivatives of the reference are bounded as well. It is
required that the tracking error denoted by:

ex =Xg—X (8)
is constrained for any ¢ by a pre-defined, rigorous inequality:
|ex(t)‘ <A, (9)

for any initial conditions that assure |e,(0)| <A,,. It follows from (9) that the
position trajectory will be bounded by a hard constraint:

()] <Ar Ar = Avy + Xar. (10)

3 Quadratic and Barrier Lyapunov Functions

Lyapunov stability theory will be used to construct the stabilizing control for the
discussed problem. For the sake of completeness, some preliminaries are given in
this section.

Definition 1 Let V : R” — R be a continuously differentiable, proper, and positive
definite function defined with respect to the nonlinear system x = f(x,u). Let us
denote V(x,u) = VIf(x,u). V(x) is a control Lyapunov function (CLF) for the
system x = f(x, u) if, for all x # 0, there exists such u that V(x,u) <0. If V(x) =
xT Px for some positive definite P, it is called a quadratic Lyapunov function (QLF).

Definition 2 [5] A Barrier Lyapunov Function (BLF) is a scalar function V(x),
defined with respect to the system x = f(x) on an open region D containing the
origin; that is continuous, positive definite, has continuous first-order partial
derivatives at every point of D, has the property V(x) — oo as x approaches the
boundary of D, and satisfies condition: IM,Vt > OV (x(z)) <M along any system
trajectory starting inside D.

Usually it is assumed that D is a hyper-rectangle defined by D = {x: |x;| <Ay}

Lemma 1 [5] Consider a smooth dynamical system z = f(t,x,w), with the state

variables 7 = [x, W]T. Let V{(x;) be a BLF satisfying Vi(x;) — oo if x; — £A;,
let Q(w) be a QLF. Let V = Z?;T(x> Vi(x;) + Q(w). If the inequality V = %f <0
holds anywhere in the set S = {(x,w) : |x;| <Ay}, then any trajectory that fulfils
the initial constraints Yi|x;(0)| <Ay remains in S for any t.
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In Lemma 1 the state is split into the constrained variables x and the unconstrained
variables w. For each x; a BLF is constructed, while a QLF may be used for w.

It is well known that the selected Lyapunov function heavily influences the
features of the resulting closed loop system. The commonly accepted form of a
single variable BLF corresponding to the interval D = (—A, A) is a logarithmic
BLF [4-7]:

V(x) %log(l_;(l)z>. (11)
A

The motion control with application of such BLFs was investigated in [11]. As
the function (11) does not possess any parameters that may change the shape of the
plot and therefore the resulting system properties, it is interesting and informative to
investigate other possibilities of barrier function selection. In this chapter we
consider BLFs based on trigonometric functions:

V(x) = —tan’ >+ (12)

and

Fig. 1 Plots of a 2tan® &, b & tan(3 (3)°), ¢ log (ﬁ)
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Vix) = A;tan (g (%)2) (13)

The main difference between these Lyapunov functions is their behaviour near
the constraint boundary. As it is shown in Fig. 1, if the scaling factors are ignored,
the function (12) grows up most rapidly, (11) slowly, (13) is the moderate one.
Therefore in the subsequent derivation we concentrate on BLF (13).

4 QLF Control Design

Let us forget for a moment about constraints (9) and design the controller using
QLFs. The adaptive back-stepping scheme [12] will be used to design the con-
troller. The velocity will be the ‘virtual control’ for position tracking. Let us con-
sider the error equation:

ex=2Xq—V (14)
and the desired ‘virtual control’ trajectory v, with the tracking error defined as:

ey, =Vg — V. (15)

The desired ‘virtual control’ v; will be designed to guarantee the required
convergence of the error e,. Considering the following QLF:

Vi =-é? (16)

allows one to conclude that the desired ‘virtual control’ v,:
Va = Xa+ keey, (17)
where k, > 0 is a design parameter, will generate the tracking error dynamics:
ey =Xq — Xg — keey +e, = —ke,+e, (18)
and:
v, = —kxei + eve, (19)
and so will assure stability if v = v,.

During the second stage of the backstepping procedure the velocity error e, is
considered:
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ey, = pig — v = uvg — i+ATE = —i+ATE (20)
where the new variables are defined as:
AT = [wAT], & = [, &), (21)
The derivative of the reference speed is given by:
Va = Xq + ke(—keex +e,), (22)

so, fortunately, it is available for the control algorithm, and hence £; in (21) is a
known function. Parameters A; in (21) are not known, therefore they will be

replaced by adaptive parameters AT = [@i, A7].
The control variable i will be designed using the QLF:

1 1~ ~
Ve Vit bu 4 LATTOA, (23)
where:

A=A — A, (24)
denotes the adaptation error and positive definite I' is the matrix of the design
parameters of appropriate dimensions.

Plugging in (19) and (20) into:
Vz = Vl —+ ewué‘v +Z{r7121 (25)
Allows calculation of the Lyapunov function derivative:

Vo = —k? +ece, + e, (—i+ATE) + ATTTIA,. (26)

The control variable i will be designed to compensate the unnecessary compo-
nents in (26) and to introduce the stabilizing component, so:

i= €x +A\{él +kve\/7 (27)

where k, > 0 is a design parameter. Such control allows the tracking error to be
described by:

ue, = —k,e, — e, — XIT(ZI (28)

and to represent the Lyapunov function derivative as:
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V= kel — kel + A7 (e, +T7'4)). (29)

As ;41 = 7;41, the differential rule describing the adaptation may be used to

guarantee that (29) is non-positive for any, unknown A;. The simplest way is to
cancel the last component in (29) by imposing:

A = e,T¢,. (30)

By using the LaSalle-Yoshizawa theorem [12], (29, 30) guarantees that all errors
ey, ey, Zl are uniformly bounded and e,, e, are regulated to zero. Since the reference
x; is bounded, x is bounded as well. The boundedness of v, follows from the
boundedness of x; and e, in (17). Combining this with (27), we find that the control
is also bounded. Although the boundedness of state variables is proven using QLF,
it is impossible to define the constraints a priori. The maximal value of each state
variable depends on the design parameters and initial conditions.

Remark 2 1t is well known that similar results may be obtained with some other
adaptation rules. For example:

Al :projp(gl,evrfl), (31)

where proj,(*,) is a projection operator assuring that ||x|| < p [12]. Although (31)
allows the maximal values of adaptive parameters to be influenced, it will not
provide a priori constraints for the state variables.

Remark 3 The design parameter k, influences not just the values of e,, but also the
‘virtual control’ v; in (17), and so the error ¢, in (28). Therefore, the maximal value
of the current (27) depends on both design parameters k, and k,, although only &, is
explicitly visible in (27).

Remark 4 State variables may be constrained by the initial value of the Lyapunov
function. As V, <0, V,2(t) <V,(0) along any trajectory of the system (18, 28).

Therefore, 1e2<V,(0), so |e] </2V2(0). Unfortunately, V,(0) =

%ez + % ,ue% + %Z{F 1A, depends on the initial guess of the unknown
t=0
parameters and the obtained constraint is not informative.

Although QLF design allows the influence of the error system dynamics by a
proper selection of design parameters, it will not provide any tool to impose hard
constraints for position or velocity a priori.
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5 BLF Design with Position Constraints

To satisfy the position error constraint (9), the BLF will be applied during the first
stage of back-stepping:

Vi = %tan(kei),k - % (32)
The derivative of the BLF is given by:
Vi = eyé (1 + tan®(ke?)), (33)
hence plugging (18) into (33) gives:
Vi = ex(ta — va+e,)(1+ tan®(ke?)). (34)

At this moment of the design procedure we have two possibilities to select the
desired velocity v,: the nonlinear v,;, which makes the Lyapunov function deriva-
tive a quadratic function of the tracking error:

kye,

ke oy 2 20, 2
T an (i) =V ke, + exe, (14 tan® (key) ), (35)

Vg = Xg+

or linear vy, as in (17), which gives nonlinear V1:
va =X+ ke = Vi = —keel (1 + tan® (ke})) +eyex (1 + tan (key)).  (36)

Both approaches give a theoretical possibility to derive stable control systems,
but it must be noticed that in case of nonlinear v; (35) the negative gain

Oley) = Hmﬁm’ which is responsible for the stability of the tracking error

dynamics:
ex=Xx4—vqite = 7Q(€x)€x + ey, (37)

tends to zero if |e;| — A.y. Therefore, the linear form (36) of v, is selected.
As the constraints are imposed only on the first state variable (the position
tracking error), the control variable i will be designed using the Lyapunov function:

1 lape 4~
Va =V + Eue§+ EA{r—‘Al, (38)

where V| defined in (32) is a BLF. Substitution of (20, 34) allows the calculation of
the Lyapunov function derivative as:
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Vy = ke (1+ tan? (ke2)) + eyey (1 + tan® (ke?))

S (39)
+e,(—i+A]E) +AT A,

The control variable i will be designed to compensate the unnecessary compo-
nents in (39) and to introduce the stabilizing component, so:

i= Zlel +€X(1 + tan? (kef)) + ke, (40)
where k, > 0 is a design parameter. This control gives the velocity tracking error:
pé, = —kye, + AT¢, — e (1+ tan? (ke?)) (41)
and the Lyapunov function derivative fulfils:
Vy = —kee2 (1 + tan® (ke?)) — kye? + AT (evé L+ r-‘?xl). (42)
Either of the adaptation rules (30) or (31) assures that:
Vo< — kel (14 tan®(ke?)) — kel <O. (43)

The following corollary abstracts the main features of the obtained system.

Corollary 1 Consider the closed loop system (18), (41) with any of the adaptation
laws (30) or (31) and the reference position trajectory, under all assumptions for-
mulated above. Consider any trajectory with initial conditions fulfilling
lex(0)| <A.x. Then the following properties hold along this trajectory:

1. The variables e, eV,AlT remain inside a compact set and the tracking error e,
fulfils the constraint |e,(7)] <A...

2. All closed loop signals are bounded.

3. The tracking errors ey, e, converge to zero asymptotically.

Sketch of the proof:

1. V,(0) is bounded and as V» <0, V,(¢) < V»(0) along the considered trajectory.
Lemma 1 yields that |e,(r)| <A,.. Another constraint for the tracking error may

be obtained noticing that » tan (ke?) < V5(0) and thus |ey| < A,, w.

Similarly, we may derive that |e,| < , /%VZ(O) and HAlH < /%, where

Jmin(*) denotes the smallest eigenvalue of the symmetric matrix *.

2. As ex,eV,ZlT are bounded, Kl are bounded also. From (17), (22), the desired
‘virtual control’ and its derivative are bounded as well. Therefore, the functions
¢, are bounded and from (40) the control is bounded.
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3. The tracking error asymptotic convergence may be obtained by demonstrating
that V, is bounded and making use of Barbalat’s lemma [2].

Remark 5 The component tan” (kef) in (40) suggests the control variable increases
if e, — +A,,. Although the inequality |e,| <A., is always fulfilled and the control
is bounded, the maximal value of the control variable depends on all design
parameters (similarly as it was explained in Remark 3) and initial conditions and
requires careful investigation.

6 BLF Design with Position and Velocity Constraints

The hard constraint imposed on the position tracking may cause rapid variations of
the trajectory near the constraint boundary and unacceptable velocity values. The
maximal velocity may be restricted if (a) the tracking error of the desired velocity e,
will be limited by a hard constraint, and (b) the desired velocity v; will be moderate.
The constraints imposed on the velocity tracking error e, may be preserved if a BLF
will be used also during the second stage of the back-stepping design. Therefore,
instead of (38), the Lyapunov function:

T

1
2A2,

ZZ{F*IZI, K=

Va = Vi + 2o tan(Ke?) +

K (44)

will be used, where V; defined in (32) is a BLF and A,, is a constraint imposed on
the tracking error e,. The Lyapunov function derivative may be represented as:

Vy = Vi + e, (1 +tan? (Ke2) ) e, + ATT 1A, (45)
and plugging in (36) and (20) results in:
V, = —kxei (1 + tan? (kef)) + evex(l + tan? (kei)) (46)
+ey(1+tan? (Ke2)) (—i+ATE) + ATT A,

Once again, the control variable i will be designed to compensate the unnec-
essary components in (46) and to introduce the stabilizing component, so:

1 + tan? (keﬁ)

f= ATE, 4o L (k)
1€te 1 +tan2(Ke%)

+ ke, (47)

where k, > 0 is a design parameter. This control gives the velocity tracking error:
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1 + tan? (kef)

ue, = —kye, + Xlrfl - exm (48)
and the Lyapunov function derivative fulfils:
Vo = —keel (1 +tan® (ke?)) — kel (1 +tan*(Key))
+ZIT (ev(l + tan? (Ke%))fl + F_IALl). (49)
As ;X] = —;\1, the differential rule describing the adaptation may be used to

guarantee that (49) is non-positive for any, unknown A;. The simplest way is to
cancel the last component in (49) by selecting:

Ay = e, (1+tan?(Ke2)) T &, (50)
which results in:
V) = —keel (1 +tan? (ke?)) — kye? (14 tan*(Kez)). (51)
Therefore:
V2 <0inS = {(ex,ev,zl) lex| <Aer, o] <Am,,}. (52)

The following corollary summarizes the main features of the obtained system.

Corollary 2 Consider the closed loop system (18), (48) with adaptation laws (50).
Assume there is a trajectory with initial conditions fulfilling |e.(0)] <A,
le,(0)] <A,y. Then the following properties hold along this trajectory:

1. The variables ey, e,, ZIT remain inside a compact set and state variables fulfil the
constraints |e,(7)| <Ay, |e(t)] <A,

2. All closed loop signals are bounded.

3. The tracking errors ey, e, converge to zero asymptotically.

Sketch of the proof:

1. V,(0) is bounded and as V, <0, hence V,(r) < V,(0) along the considered tra-
jectory. Lemma 1 yields that |e,(7)| <A, and |e, ()| <A.,. Another constraint

for the tracking error may be obtained noticing that zl—ktan (keﬁ) < V,(0) and thus

lex] < Aex 220aN 24V (0)), Similarly, ftan(Ke?) < V5(0) and o)

n

ley] < Ay w. Using analogical reasoning, it can be derived that



Adaptive Position Tracking with Hard Constraints ... 39

A< %, where Amin(*) denotes the smallest eigenvalue of the sym-

metric matrix .

2. As ex,ev,ZIT are bounded, A | are also bounded. The desired ‘virtual control’
and its derivative are bounded as well. Therefore the functions &; are bounded
and from (47) the control is bounded.

3. The tracking error asymptotic convergence may be obtained by demonstrating
that V, is bounded and making use of the Barbalat’s lemma [2].

Remark 6 The property (52), and therefore Corollary 2 will hold with other
adaptation rules, corresponding to (31), for example:

;\1 = proj, <21, ev(l + tan? (Kef))l"él), (53)

where proj,(*,-) is a projection operator assuring that ||*|| < p.

7 Feasibility Conditions

The set of design parameters that must be selected by the designer consists of

Aexy Aey, kyy ky, T and initial conditions for adaptive parameters Zl. The constraints
Acx, A, are imposed by the designer to limit the tracking errors, the gains k,, &, are
responsible for tracking error convergence and I is in charge of the adaptation
speed. The Corollary 2 is derived under the feasibility condition that ‘there exists a
trajectory with initial conditions fulfilling |e,(0)| <A,, |e,(0)] <A.,’. This condi-
tion implies that k, and A,, cannot be selected independently. As:

ev(o) = xd(o) + kxgx(o) - V(O)a (54)
A., must be chosen according to the inequality:
|%4(0) + kyex(0) — v(0)] < [x4(0) — v(0)] + kyAex < Aey. (55)

Similarly, as imposing A, allows |x(¢)| to be constrained by the inequality (10),
the choice of A,, provides constraints for the maximal velocity:

V(0] < [xa (1) 4 kvex(1) ]|+ [en(1)] < Iln>a€)(|)'cd(t)| FhBer + Aoy = A, (56)

The designer may be interested in constraining the gap between the desired
position derivative and the actual velocity:
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E(t) = ia(1) — v(t). (57)

E| = [ta — V| = [va = v — keex| = |ey — kees], (58)
it may be bounded by a proper choice of A, and A,,:
|E| < Aoy + kiAey. (59)

Therefore it is evident that a larger k,, which allows the faster convergence of the
tracking error, requires greater maximal velocity and a bigger gap between the
desired position derivative and the actual velocity. Also the maximal value of the
control variable (47) depends on the selected design parameters and must be
checked carefully before implementation in a real drive.

8 Numerical Experiments

The linear actuator with the parameters m = 8 kg, and ¢ = 39 N/A is supposed to
track the desired position provided by the filtered sinusoid:

xalt) = cl{% £{0.3 sin (3;)}} [m, (60)

T2s2 +2Ts+ 1

where 7= 0.1 s and £ denotes the Laplace transform. The desired trajectory is
presented in Fig. 2.
It is assumed that the actuator works against the load described by:

F,(x,v) = Av’sign(v) + B|v| sin(27x) [N]. (61)

with unknown coefficients A and B, hence, according to (21):

Al = 1 [m, A, B]
@ (62)

& = [va,Vsign(v), |v| sin(2nx)].

If it is assumed that none of the motor or load parameters are known, the initial
values of adaptive parameters are selected as:

~

1
Al = P [0.5m,0,0], (63)

while the real values are KIT = é [m,A, B] = 558, 10,6].
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Fig. 2 Desired position trajectory x; and its derivative X,

8.1 Known-Parameter Case

If all parameters A are known exactly, the problem is simplified by taking A 1 =A;
and T~! = 0. The adaptive loop is inactive. The two-dimensional state-space
allows simple comparisons of the system behaviour under all discussed control
strategies. The final Lyapunov functions for the non-adaptive case are:

1 1
V2 = 563 + Eﬂef (64)

for the QLF approach;

T

“oaL (65)

1 1
Vo = ﬁtan(kei) + i,uef, k

for the position constrained BLF approach; and
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1 n T T
Vo = —tan(ke) + —tan(Ke}), k=——>, K=——> 66
2 = pptan(ke) + g tan(Key). 202, 20, (¢6)
for the position and velocity constrained BLF approach.
The control signal is given by:
i=Al¢ +e+he, (67)
i=AT¢ +e (14 tan®(ke?)) + kvey (68)
1 + tan?(ke?
i= AlTél +ex ( X) + ke, (69)

1 + tan?(Ke?)

for the discussed strategies respectively, where e, = x; + ke, — v. The main dif-
ference between the approaches (67-69) lies in the coefficient of e,. The ‘gain’ of e,
1+ tan? (keﬁ)

equals Korp =1, Ky = 1 + tan?(ke?) and K, = T ()

respectively. The

gains are plotted in Fig. 3.

If the position tracking error is the only constrained variable, the control effort
increases illimitably if the error approaches the constraint boundary. If both errors
are restricted, the current increase is moderated if the velocity error is large.

In Fig. 4 the state trajectories of the tracking error system under all discussed
control strategies are compared for the same control gains k;, k,. The trajectories are
plotted on the background of constant-level curves of the Lyapunov function. The
plots illustrate how the barrier Lyapunov function acts to preserve the constraints.

Figure 5 demonstrates the time history under QLF and BLF control starting with
the same initial conditions e,(0) = —0.018, ¢,(0) = —0.04, lying inside the con-
straints |e,| <0.02, |e,| <0.05. It is visible that even in the non-adaptive case the

SRR

L

‘
08 06 04 02 0 02 04 06 08

ex/Aex

K, =1+ tan?(ke?2)

_ 1a tan®(ke})
¥ 71 + tan2(Ke2)

Fig. 3 The ‘gain’ of e, for BLF strategies
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Fig. 4 State trajectories of the tracking error: a the QLF design, b position constrained BLF
design and ¢ position and velocity constrained BLF approach

QLF-based control does not guarantee that the position tracking error will remain
inside the predefined bounds. Therefore the BLF approaches will be investigated
for the adaptive case.

8.2 BLF-Based Adaptive Control with Position Constraints

The command (67) is presented under initial conditions x(0) = —0.019 [m] and
v(0) = —0.09 [m/s], so e (0)=0.019, E(0) =0.09, ¢,(0) = 0.019%, +0.09
according to (54). The control (40) and the adaptive law (30) with I" = diag(1, 10,
1000) were applied with design coefficients k, = 0.1, k, = 1. The influence of the
imposed constraint on the system performance was tested in three cases: A, =
0.04,A,, =0.03 and A, =0.02, close to the initial condition e,(0) = 0.019
(Fig. 6). The asymptotic stability of all errors is observed. The imposed constraint is
preserved in all cases with a sufficient, save distant between the extremal value and
the barrier.

If the constraint gets tighter more rapid movements near the boundary are
observed and thus the maximal ‘virtual control’ tracking error and the ‘velocity gap’
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Fig. 5 Time history under QLF and BLF control

increase. The maximal current increases significantly, which is not surprising.
Because large oscillations of e, are observed, this system requires a careful tuning
of adaptation gains in (30). Therefore, considering all the above, the application of a
velocity constraint that will contribute to current restriction and will damp the
oscillations is highly recommended.

8.3 BLF-Based Adaptive Control with Position and Velocity
Constraints

The control (47) and the adaptive law (50) were applied with design coefficients
k. = 0.1, k, = 1. For the initial conditions we can select any A,, > e,(0) = 0.019
and A,, > e,(0) = 0.019&, — (—0.09) = 0.0919. We select A,, = 0.02 [m] and
A., = 0.2; 0.15; 0.1 [m/s]. As demonstrated in Fig. 7, in all the cases the imposed
bounds are preserved during the transient. Tightening the bound A,, allows to
decrease the ‘velocity gap’ and the maximal current as well.
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8.4 System Performance with Bounded Adaptive Parameters

All systems tested above demonstrate robustness against imperfect reconstruction
of the load. Selection of the adaptive gains /" in (30) was not difficult and the
maximal values of adaptive parameters were reasonable. In spite of this, the system
performance with a priori constraints imposed on adaptive parameters was tested.
The control strategies (27), (40), (47) were applied with constraints A,, = 0.02 [m]
and A,, = 0.1 [m/s] with appropriate adaptive laws (30), (50). The adaptive loop
coefficients were I" = diag(1, 10, 1000) as previously, also the design coefficients k,
and k, remained unchanged. Estimated parameters were bounded to be larger than 0
and smaller than 300 % of their exact value. The results are plotted in Figs. 8, 9 and
10. The adaptive parameters’ bounds are respected and the tracking errors are
asymptotically stable for any applied controller. As in the non-adaptive case, the
QLF design does not assure the position tracking error respects the constraint.
The BLF designed system with position constraints demonstrates rapid changes of
velocity near the constraint boundary accompanied by high values of the current.
To sum up, the worse transient of the position error is observed for the
QLF-designed system and the best transient is obtained for the BLF-designed
system with position and velocity constraints.
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The application of the proposed controller design to a real plant allows the checking
of the robustness against several phenomena that were not consider during the

Fig. 8 Position tracking error e, and ‘virtual control’ tracking error e,

9 Real Plant Experiment
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Fig. 10 Estimates of load parameters A, B (the second and the third component of A 1 multiplied
by 39)

error of quantization during any digital measurement of an analogous signal,
measurement noise and outliers are present in any real drive. The fast part of the
drive dynamics—the current generation—was neglected during the derivation, but,
most importantly, the load model (3) is idealized. Therefore the BLF design was
tested with a real drive.

The electric linear drive (Fig. 11) system includes: TB2510 linear motor, total
weight: m = 8 kg, long-term force 104 N, current-force coefficient ¢ = 39 N/A,
1 um resolution encoder, XTL-230-18 Xenus PWM inverter with built-in current
controller, modular set based on DS1006 dSpace processor card for control and data
acquisition.
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Fig. 11 Linear drive

The load is mostly the friction and pulling forces from the cables. It is very
difficult to propose a realistic model for such resistance force, hence it will be
described by the simplest possible friction model:

F,(v) = AT¢(v) = S - sign(v) +b-v (70)

with unknown parameters S, b for static and Coulomb friction respectively. A very
rough guess for these parameters is 5 N and 25Ns/m respectively. The desired
position trajectory is:

x(t) = Ll{mc{o.:«; sin (2z)}} [m]. (71)

The control strategies (27), (40), (47) with appropriate adaptive laws (30), (49)
were applied with the design coefficients k, = 1; k, = 1, constraints A., = 0.01 [m]
and A,, = 0.05 [m/s]. The initial conditions for the presented plots were ¢,(0) =
0.008 and ¢, (0) = 0.008k, = 0.008. The adaptive loop gains were I" = diag(1, 10,
1000). Estimated parameters A were constrained to be positive and smaller than
300 % of their initial value. The results of experiments are plotted in Figs. 12, 13,
14, 15, 16 and 17.

As is visible in Figs. 12, 13 and 14, the constraints are violated under the QLF
design and respected if the BLF approach is used. If the position tracking constraint
is applied alone, the system requires high control effort (high motor current), while
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Fig. 12 The error system
state-space trajectories:

‘virtual control’ tracking error
e, versus position tracking

error e, is the initial condition

14
x10°

12

10

e, [m]

a-

F—

——mm ek - -

QLF
= BLF x constr.
~ BLF x and v constr.

Fig. 13 The position

tracking error e, time history

0.005----

10) "R N

[w] e

-0.005} 2= ==
-0.01

0.9

0.8

0.7

0.6

0.5

02 03 04

0.1

time [s]

QLF
* BLF x constr.

“BLF x and v constr.

0.1

Fig. 14 The ‘virtual control’
tracking error e, time history

-0.02f - - -

0.04} - - - &2

-0.06

0.8 0.9

0.5 0.6 0.7

time [s]

0.4

0.3

0.2



50 J. Kabzinski et al.
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changing the direction of movement near the constraint boundary (see Fig. 15).
Position and velocity constraints applied together assure the best performance. The
resistance force is changing (because of movement of cables mostly), so no steady
state of the entire system is achieved. The adaptive parameters are continuously
trying to fit to the inexact model (70) (Figs. 16, 17) and this is visible in the
oscillations in the tracking errors (Fig. 13). As a matter of fact, the uniform ultimate
boundedness is achieved (see Remark 1) rather than the asymptotic stability.
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10 Conclusions

A systematic motion controller design procedure based on barrier Lyapunov
functions was described. The method ensures the tracking errors remain inside the
predefined constraints in spite of unknown system parameters and along any tra-
jectory starting inside the constraints. Even if preliminary requirements impose the
bounds for the position tracking error only, it is advantageous to constrain the
velocity tracking error as well. This provides a smoother trajectory and allows the
avoidance of rapid movements near the position-constraint boundary, requiring
high values of the control. Proper choice of control system parameters is easier in
the case of coexisting position and velocity constraints.

The experiment with real linear drives demonstrates that the application of the
proposed approach in real servos is possible and all expected features of the control
system are preserved.

The proposed approach may be easily generalized to include inexact models like
in (4) and cover motion control with many degrees of freedom, particularly control
of robotic manipulators.
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Predictive Position Control of a Two-Mass
System with an Induction Motor in a Wide
Range of Speed Changes

Piotr Serkies and Krzysztof Szabat

Abstract In the chapter issues related to the application of the Model Predictive
Control (MPC) to position control of a drive system with an induction motor
(IM) coupled to a load machine through a long shaft are presented. After a short
introduction the mathematical model of IM is demonstrated. Then, the standard
MPC algorithm is described in detail. Next, the proposed MPC-based position
control structure is introduced. Contrary to the classical cascade structure with
independent position and speed control loops, one MPC controller which regulates
those two variables is designed. An additional fuzzy block allowing adaptation of
MPC parameters is used. The tested MPC controller cooperates with DTC-SVM
(direct torque control—space vector modulation) strategy of electromagnetic torque
regulation including operation in the field weakening regions. The theoretical
considerations are supported by a variety of simulation and experimental tests.

Keywords Two-mass system - Torsional vibration - Model predictive control -
Induction motor

Nomenclature

Symbols

U Vector of stator voltage,

ig, I, Vectors of stator and rotor currents,
v, V. Vectors of stator and rotor flux,

Wy Amplitude of stator flux,

ON Slip pulsation,

w1, 03 Speed of the motor and load,

m,, mg, my Electromagnetic, shaft and load torque,
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1 Resonant frequency of the system,

far Antiresonant frequency of the system,
/s Nominal value of the stator flux,

Wy Synchronous speed,

Ugmax Supplied voltage,

myx The limitation value of the electromagnetic torque,
my The limitation value of the shaft torque,
™ The limitation value of the speed.
Parameters

Ty Reference time constant,

e, Ty Stator and rotor resistance,

X, X, Xy Reactance of stator, rotor and magnetising,
Db Pair of poles,

T, T, Time constant of the motor and load,

T. Stiffness time constant,

T, Positioning time constant,

Ji, J> Inertia of the motor and load,

Q, Base speed of the system,

M, Nominal electromagnetic torque,

K. Stiffness time constant,

N The prediction horizon,

N, Denotes the control action horizon,

0. R Weighting coefficients matrix, Q@ = diag(q;,9>,.--,4,),
qi---Gn Values of the main diagonal of the matrix.

1 Introduction

One of the main aims of modern drive systems is positioning of industrial actuators.
In order to cope with common requirements, such as precision of control, safety,
response time etc., characteristics of the whole system should be taken into con-
sideration during control structure design. The most popular control scheme for an
electrical drive is a cascade control structure with linear PI controllers [1]. The
torque, speed and position controllers can be clearly distinguished in this scheme. In
such a case controllers can be tuned separately, which simplifies the design pro-
cedure. Also the limitation of the state variables is quite simple. Drawbacks of the
cascade structure are as follows. Firstly, it can be used for a system where dynamics
of the inner loop is fast and position loop is slow—which is not always fulfilled in
electrical drives. Secondly, it is relatively slow to changes of reference input or
rejecting disturbances—this hindrance can be partially eliminated by application of
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additional techniques such as a reference generator. Thirdly, the robustness of
cascade scheme is limited [1].

The structure of the torque control loop strictly depends on the type of the
driving motor. For IM the following methodologies can be used: field-oriented
control, direct torque control, predictive control, sliding-mode control and others
[1-5]. The flux control ensures the possibility of faster speed response in some
specific cases (operation in the so-called field weakening region without full load).
If fast and accurate electromagnetic torque control is assured the dynamics of this
loop can be represented by a first-order lag with a small time constant.

The speed control loop includes the following parts: optimized torque control
loop, mechanical part of the drive, speed sensor and speed controller. For the
special drive system with an extended mechanical part including not only a driving
motor but also the characteristic of the shaft and inertia of the load machine
(two-mass system) the classical structure should be modified. Neglecting the shaft
characteristic can lead to torsional vibrations, which substantially deteriorate the
speed/positioning precision. In extreme cases, they can cause a damage of the drive
and immobilize the machine [6—11]. Different techniques can be used to eliminate
torsional vibrations. The most popular approach relies on inserting additional state
variables to the PI speed controller [6]. Usually, the coefficients of this loop (speed)
can be adjusted based on the poles-placement methodology. Among the popular
approaches there is also RRC (resonance ratio control). Instead of the linear con-
troller a more advanced concept can be applied: sliding-mode, fuzzy, forced
dynamic, adaptive-control or other. It should be stressed that all of the above-
mentioned control methodologies require feedbacks from additional variables of the
two-mass system. The difficulty of limitation of internal state variables is a general
drawback of those schemes.

The outer control loop encompasses the position controller, optimized speed
control loop and position sensor. The following papers provide examples of posi-
tion control schemes for the two-mass system: [12-14]. In [14] two control
structures are proposed. One is based on the Forced Dynamic Control methodology
and the second on Sliding-Mode Control. The authors report good dynamics of both
structures, although the SMC ensures a slightly better properties of the drive. As a
disadvantage of those structures lack of direct limitation of the system state vari-
ables can be mentioned. Papers which describe regulators based on the nominal
reference trajectories have appeared in recent years [15]. They require the appli-
cation of digital filters in order to eliminate the torsional vibrations of the shaft.
However, the results of such approach can be effective only for systems with high
frequency oscillations. Otherwise the decrease of the system dynamics can be
expected. These position control structures are of cascade form, so their disad-
vantages are clearly visible. Thus, other solutions are sought after.

The applications of MPC in electrical drives and power electronics can be
divided into two main frameworks: finite set MPC and continuous MPC [16-22]. In
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the first approach only one or two samples ahead are used in the predictive windows
[18, 19, 22]. There are many examples of applying this method to electromagnetic
torque control. Its applications to speed/position control of drive systems are rare.
In the second approach so-called continuous MPC can be distinguished. This
methodology is usually applied to control of speed/position of electrical drives. The
length of the predictive horizon can be even 30 samples, hence sometimes this
approach is also called long-horizon MPC [16, 17]. One of the main advantages of
MPC is the fact that the limitation of the internal state variable can be directly
incorporated in the control algorithm. Also the dynamics of the system depends on
the operation point and it is changeable. In the literature there are examples of
applications of MPC to two-mass systems. In [16] the speed control using MPC is
demonstrated in simulation and experimental studies. Besides, the possibilities of
limitation of the internal state variables are shown. In [23] the CNC tools are
controlled. The application of the MPC to position control of a drive system with an
elastic joint is reported in [17]. Different aspects are investigated, for instance: the
length of the prediction horizon, robustness etc. For experimental realization an
off-line version of the MPC, which requires less computational effort, is selected.

In the presented chapter a control structure based on the long horizon MPC
dedicated for position control of a two mass system with an induction motor is
considered. Contrary to the classical cascade scheme, one MPC controller substi-
tutes for two control loops: speed and position. The on-line MPC algorithm allows
to change the controller parameters during work. The presented position MPC
controller is connected with the field weakening algorithm of the IM motor.
Operation in the field weakening region allows to shorten the response time of the
drive system in some cases. Furthermore, an additional fuzzy system is changing
the MPC parameter on-line which improves the property of control structure.

The application of the MPC approach to control the position of IM, considering
the possibility of the flux weakening operation is the main contribution of the
presented chapter. Furthermore, application aspects of the on-line MPC algorithm
are investigated. A critical review showing the properties of such implementations
is included in the paper.

The chapter is divided into 5 sections. After an introduction the mathematical
model of the drive system and description of the control structure are provided.
Then, in the third section the MPC design methodology is presented in detail. In the
fourth section a brief description of the laboratory stand and the experimental and
simulation results are presented. Finally, the conclusions are formulated.

2 Mathematical Model of the Drive

First, the mathematical model of the induction motor using the space vector in per
unit system (in a-p coordinates) is introduced. The IM is described by the following
equations based on the commonly-used simplifications [1, 24]:
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The two-mass inertia-shaft-free model is described by the following equations in
per unit values [6]:
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The above-mentioned time constants T, T,, T.. and T, can be determined on the
basis of the nominal values of the drive system [6]:
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The resonant and anti-resonant frequency of the system (2) can be calculated

using the following equations:
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The schematic diagram of a two-mass system is shown in Fig. 1.

The value of the resonant frequency depends on the type of the drive and can
vary from a few hertz in a paper machine section, through dozens of hertz in a
rolling-mill drive, and can exceed a few hundred hertz in a modern servo-drive.

Fig. 1 The ideal diagram of m, o, my m, w, my
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Table 1 Mechanical TIs]  |720s] | Tels] friHzl | far Hz]
parameters
0.085  [0.095 00022  |16.02 11.01

The value of the antiresonant frequency can be even ten times lower than the
resonant one in a dryer, but usually the difference is much smaller (smaller than
two) [6, 25]. The main parameters of the analyzed system are presented in Table 1.

3 Control Structure

3.1 General Structure

The block diagram of the considered control structure is presented in Fig. 2. It
consists of a predictive position controller, Kalman filter which estimates
mechanical variables, optimized torque control loop, fuzzy system, field-weakening
algorithm and electrical drive system. The predictive controller generates a refer-
ence value for the electromagnetic torque controlled in the direct torque control
structure with a space vector modulator. The values of the constraints of the
electromagnetic and shaft torques depend on the current value of the flux.
Additionally, on the basis of the selected state variables the fuzzy system returns the
limitation of the load speed.

The proposed control structure requires information about mechanical state
variables of the system (motor speed, shaft torque) as well as disturbance (load
torque). In a typical drive system only the motor speed is measured, whereas the
rest of the states have to be estimated. There are different methods which can be
used to reconstruct the variables of the system, such as Luenberger observer,
Kalman filter, neural networks or fuzzy systems [26—28]. In this chapter the Kalman
filter is applied according to [17] (the estimated variables are indicated by the dash
sign ” in Fig. 2).

3.2 Torque Control Structure with Field Weakening
Algorithm

Direct Torque Control with Space Vector Modulation DTC-SVM (Fig. 3), used for
the induction motor drive control, can be classified as a constant flux control
method [1]. In this case stator flux amplitude estimated on the basis on (6) is
stabilized.
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where: the dash sign *—estimated value, ¢ = l—x,zw/(xyxr).

Rotor flux can be reconstructed using one of the different estimators [1, 29, 30].
Motor torque is usually estimated using (7) defined in the stationary reference
frame:
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e = lpsﬁim - lrbsacisﬁ : (7)

The principle of the operation of the described control method is based on the
analysis of the induction motor equations written in the coordinate system rotating
with the stator flux vector velocity (v = wy,, P = ¥ ¥, = 0), ie.

dy
sx — Ty 'sx T, L 8
u Folge + Ty 2 (8)
Usy = Tylgy + Oy )

The torque Eq. (7) in this coordinate system can be written as follows:

. . V=V, =0,y decup. 1
me = lnbsxls)’ - l//sylfx ‘_) m, = rf‘ps”‘vy' (10)
s

A possibility of the stator flux amplitude control using u,, component results
from Eq. (8). A factor wy,¥,, appears in (9) allows decoupling of the electro-
magnetic torque loop (10) using u,, component.

The field-weakening algorithm changes the flux reference value according to:
Y if o <oy

s

lpgef — nom . 11
"bs— if w1 > w; (1)
1

In the field-weakening region the maximal available torque of induction motor is
decreasing. For that reason, there is a need to apply adaptation of the limitation of
the electromagnetic torque. In present work a simple limitation algorithm which
includes reduction of system currents and voltages [31, 32] is applied.

2
max - épb Msmax‘//s _pbwllﬁs
¢ T2 rs

m (12)

The limitation value of the shaft torque results from the geometry and material of
the mechanical connection. Usually, it is much bigger than the maximal value of the
electromagnetic torque. However, the ratio of the limitation of the shaft to elec-
tromagnetic torques influences the system property significantly. Better dynamics
can be achieved when the value of this ratio is smaller than one. The optimal value
of limitations of the shaft torque can be set using the following formula:

max
m

T2 max
13
s — T] + T2 me ( )
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3.3 Fuzzy Adaptation System

In the control structure a simple mechanism for the system speed limitation can be
implemented in order to improve the quality of the positioning system:

o™ =
1.5 if

This adaptation mechanism operates in the field-weakening region where the
available value of the electromagnetic torque is limited. To ensure the proper
operation of the drive, formula (14) should be active when the estimated value of
the load torque is smaller than available electromagnetic torque of the system.

As an alternative solution to (14), a fuzzy Mamdani-type system is proposed.
The block diagram of fuzzy system is shown in Fig. 4a.

The used fuzzy system has two inputs and is based on fifteen rules. In order to
decrease the computational complexity the singleton defuzzification strategy is
utilised. The position error has the most significant influence on the properties of
the system. Therefore, this input is divided into five trapezoidal-type fuzzy mem-
bership functions (Fig. 4b). The second input is an estimated load torque. The
universe of discourse of this variable is divided into three fuzzy sets. The location
of the output singletons is shown in Fig. 4d. The main goal of the system is to
constrain the speed in the meaner (manner?) to minimise the settling time as well as
overshoot of the position transients. In Fig. 5 the resulting surface of the fuzzy
system is presented.

The application of the fuzzy logic allows to change the limitation value in a
sophisticated non-linear way which improves the performance of the drive.

o — oc‘ <0.3

14
o — oc‘ > 0.3 (14)

(a) Fuzzy system (b) | - - . - e
m l| §] > ~II| ||r ]'lll |I| "l |I|'I ‘II |Ir
I'. II| , | I|I | |II II|
a \ s i T _ﬁm I XI I|| 11
a/d \ / T T |I| II|| |I III |I|I IIII |III II|
% E i JAEA
M.(C) - ) (d) input (o"?-cx)
' s M B
input m output @™

Fig. 4 Proposed fuzzy system: a block diagram, b, ¢ input membership functions, d output
membership function
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Fig. 5 Resulting relationship between load torque, difference of position and limitation of speed

3.4 Predictive Control

In the linear model predictive control, an explicit model of the plant is used to
predict the effect of future actions of the manipulated variables on the process
output. In the recent literature, the following linear discrete-time state-space model
is typically employed:

x(k+1) = Ax(k) + Bu(k) (15)
y(k) = Cx(k)
where x(t) € R", u(t) € R™, y(t) € RP denote the system state, input and output
vectors, respectively. A € R™™", B € R™™ C € RP™" are matrices describing the
dynamics of the plant, k~—is a discrete time constant.
At each time step k, the MPC algorithm solves the following optimization
problem [33]:

No—1
{Z yk+z\kak+z|k + Z “E+i|kR“k+ik} (16)
i=0

uminguk+i|kgumax 1_0»17 ey C 1
Xmin < Xk + ik < Xmax i=0,1,..,N
yminSyk+i\k§ymax i:071a 7N

. (17)
Xktit 1k = AXky i +Bukys, 120,

Yerik = Cxyqip 120,
X = x(k),
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where Q = 0 and R > 0 are the weighting matrices, N, N, denote the prediction and
control horizon, respectively, and #,in, #max> Ymin, aNd Ymax are the input and output
constraints of the system. The following inequality holds in the system N. < N.

Equations (16) and (17) can be written in the matrix form using quadratic
programming notation (QP) [33]:

J(U,y(k)) = Y'QY + U'RU (18)

where X and U are the predictive vectors of the state variables and controls:

y(k|k) Au(k|k)
Y(k) = : Uk = : (19)
y(k+N|k) Au(k+ N, — 1]k)
The matrices Q and R have the following form:
Q 0 0 R 0 0
Q=1f0o . o[s5R=J0 . 0 (20)
0 0 Q 0 0 R

Finally, the problem of optimal control using quadratic programming is formulated

(QP):

V(x(k)) = x(k) Tx(k) + min (AUTHU + 247 (k)FU)
subject to (21)
GU <W + Ex(k)

where: U = [u'(k),...,u'(k + N, + I)]' € R®, s = mN,, is the control vector (for the
optimization process). Matrices of and H, F, T, A and B are defined as follows:

H=B"QB+R (22)
F=ATQB (23)
T =ATQA (24)

e T

A=[CA CA* ... CAM ... CAV] (25)
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T 0 17
CB . 0
B=| cav .. B (26)
[ CAM B ... SN N CAB ]

The implementation of an MPC controller requires solving (16) and (17) on-line
for a given X in a receding horizon fashion. This means that, at time k, only the first
element uy* of the optimal input sequence is applied to the plant and the remaining
future control actions u;*, .. ., un.—* are discarded. At the next time step the whole
procedure is repeated for the new measured or estimated output y(k + 1). Let AU*
be the sequence minimizing (18). The on-line MPC algorithm can be implemented
in a few steps as presented below:

On-line MPC algorithm Consider the optimization problem:

1. At time k, measure (or estimate) the current system output y(k)

T
2. Solve (18) o obtain AU* = [AufT, ..., AwT,

3. Apply uj = Au; — uj_, to the plant
4. Update k < k + I and return to step 1.

3.5 Design of MPC Strategy for Two-Mass Drive System

The model of the mechanical system described by (2) can be presented in the
following state equation:

KN 0 0 }_1] 0 W TLI 0
d | o 0o 0 L W 0 =1
a@ 2 _ l o T, . 2 + 'me+ Ty -my,
dt IUn T T, 0 Mg 0 0
L o 0o 4+ 0 o 0 0
—— L T —— ——
X X B Bg (27>
-0)1_ 1T 0 0 0 (OF}
| 010 0] |
mg| |0 0 1 0 m;
L o | L0 0 0 1 o
N~ ——
y C

In (27) the vector of reference values y is specified for the given input:
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y/=10 0 m o] (28)

For the input vector defined as above the MPC algorithm minimizes the dif-
ference between the reference and the motor and load speed as well as the difference
between the shaft and load torque. The specified cost function relies on the limi-
tation of the control signal, which is a reference value of the electromagnetic torque
as well as the selected internal state variables (shaft torque in the considered case).
Finally, bearing in mind the above-mentioned remarks, the cost function can be
represented in its detailed form:

o (0@ +a:E)?
min { | +aq30m k) — mpl)> |+ X RO (plk)?

p=1 p=0

el > + qa(a(plk) — o (plk))?

e (pll)| < mf ™ p = 0,1, N
|ms(p|k)|§m;nax p=1,..,N
|w1(p‘k)|§wmax p:l,,N

where (p|k), are the predicted variables of the drive system at a future time p based
on the k samples.

4 Results

In order to illustrate the operation and advantages of the presented predictive
regulator the laboratory tests were conducted. The influence of the reference
position value and the position time constant on the ability of the operation in the
field-weakening region were analysed. Parameters of the chosen regulator are
shown in Table 2.

A schematic block diagram of the laboratory set-up is shown in Fig. 6. The
set-up is composed of two induction motors with nominal power of 1.1 and 1.5 kW
respectively. The long shaft which connects two motors has the following param-
eters: length of 600 mm and a diameter of 6 mm. In order to change the moment of
inertia of the drive additional flywheels can be installed on both sides. This allows
to increase the moment of inertia from 2 to 4 times of its nominal values. The
driving motor is powered by a voltage inverter with direct access to the switches of
the power module.

Table 2 Parameters of the N [N, max max T,

ny, 3} r
proposed regulator L 2 |9 |9
21 |3 1.50 | 1.5 420 |15 |5 |5 1 |25

T, is a sampling period of position controller in ms
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Fig. 6 The block diagram of the experimental set-up with IM drives

The speed of the motor is measured by an incremental encoder with a resolution
of 36,000 pulses per/rotation. The current in each phase is measured by LEM
transducers. Additionally, the inverter is equipped with a system that allows to
measure the voltage in the DC buffer. The control algorithm is implemented using
rapid prototyping system—DS1103 based on the digital signal processor. In order
to ensure optimal performance of the control circuit currents (structure
DTC + SVM) the sampling period is set to 100 ps. The Kalman filter is working
with the sampling time equal to 1 ms while the position controller is implemented
with a step of 2.5 ms.

First a comparative study of the predictive position controller as well as the
classical control structure (described in the appendix) are presented. Two values of
the reference position are selected for the tests: 0.5 and 0.001. First the system with
bigger reference value is tested. The obtained transients are shown in Fig. 7.

As can be concluded from transients presented in Fig. 7 both structures ensure
stable operation of the two-mass system. However, there is no direct possibility to
limit the shaft torque in the classical control structure. Therefore, this variable
reaches the level of 1.2 of its nominal value. Contrary to this, the proposed MPC
structure keeps the value of shaft torque within its set limit (0.75). In this particular
case the rising times of both structures are similar. It should be mentioned that
rising time of speed/position in classical structure depends directly on the limitation
of electromagnetic torque.

Then both structures are tested for the small value of reference position. The
transients of the system are shown in Fig. 8.

As can be seen from the presented transients both systems operate correctly also
for a small value of reference position. The torsional vibrations are not evident in
the transients. However, the responses of the system are different. The settling time
of the position in the classical control structure is evidently bigger than in MPC
structure. It results from constant gains of the control structure. The MPC controller
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Fig. 7 Transients of the classical and MPC control structures for big reference value: positions of
the load (a), load speeds (b), shaft torques (c), electromagnetic torques (d)
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Fig. 8 Transients of the classical and MPC control structures for small reference value: positions
of the load (a), load speeds (b), shaft torques (c), electromagnetic torques (d)
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generates the control signal according to specify the cost function and ensure faster
responses. The dynamics of the system is also visible into transients of electro-
magnetic and shaft torques. In the MPC structure they reach bigger values than in
the classical structure.

The main drawbacks of the classical control structure are as follows: there is no
possibility to limit the internal state variables directly (e.g. shaft torque) and
oscillations in steady state are bigger. Also the classical structure ensures constant
dynamics resulting from the location of the system closed-loop poles. Contrary to
this, the MPC methodology has changeable dynamics.

Then the MPC based control structure is investigated in detail. First the influence
of the speed limitation on the drive performance is investigated. Two following
values of the limitations of the speeds are tested: @™ = 1, @™ = 1.5. The lim-
itation value of the shaft torque is set to 0.75 of its nominal value and is constant
during this test. The selected transients of the system are shown in Fig. 9.

As can be seen in Fig. 9, the system with the nominal value of the limitation of
the speed has the biggest rising time of the position without overshoot

0 0.5 t[s] 1 1.5

oMy — g 5 w™®= with adapt.

Fig. 9 Transients of the system with different value of the limitation of the speed: shaft torques
(a), load speeds and its limitation value—dotted lines (b), position of the drive (¢), flux of the IM

(@)
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(Fig. 9c—red line). The speed and shaft torque are kept within the specified
boundary (Fig. 9b). The flux of the IM is constant in this case (Fig. 9d).

Next, the performance of the system with @™ = 1.5 is analyzed (indicated by
blue line in Fig. 9). As can be expected, in this case the position has the smallest
rising time. However, the resulting overshoot cannot be accepted in most industrial
applications (Fig. 9c). This property can be eliminated by extending the value of the
prediction horizon, but this will increase the computational requirements of the
algorithm significantly. The shaft torque and speed constrains are fulfilled. The flux
of the IM is decreasing dynamically (Fig. 9d) during the work with the speed over
nominal value.

The overshoot of the position can be eliminated by applying the fuzzy system
ensuring changeable value of the speed limitation. The transients of this system are
indicated by a green line in Fig. 9. This system possesses the shortest settling time.
There is no overshoot in the position of the drive. The flux of the IM is changeable
as presented in Fig. 9d.

In order to show the advantages of the control structure with the fuzzy adaptation
system the subsequent tests are planned. The system with different values of the
load toque is considered, namely with zero, positive and negative load torque. The

(a) 1 (b) 1—
< 05 3 05
S 0 ~ 8 0 T
£ 05 \/ g '0-‘{ VC\ Ve
-
1
0 025 05 075 1 125 15 0 025 05 075 1 125 15
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— 15 — 15
=) =)
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3 0 \/ 3 o S—
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Fig. 10 The transients of the system without (a, ¢, e) and with (b, d, f) fuzzy adaptation for
different value of the load torque: a, b shaft torque; ¢, d speeds of the system; e, f transients of the
load machine
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system without adaptation is also tested as a reference point. The transients of the
system are demonstrated in Fig. 10.

As can be concluded from the transients demonstrated in Fig. 10 both systems
are working correctly. Still, the control structure with the fuzzy block ensures better
dynamics. It has the shortest rising time of the position in all analysed cases. Also
there is no overshoot in the position transients. Contrary to it, the system without
adaptation block cannot ensure zero overshoot for the negative load torque.

Then the computational complexity of the considered on-line algorithm is
investigated. In this case the levels of the speed limitation are set as follows:
@™ = 0.6, ®™* =1, and the case where ™ depends on the fuzzy adaptation
system. The system transients are shown in Fig. 11.

As can be concluded from the presented transients, the drive system is working
correctly. The limitations of the state variables are kept in every case. The flux of
the IM is regulated dynamically in the system with changeable limitation of the
speed (Fig. 11c). As can be expected, this system ensures the shortest settling time
of the speed. The realization time of each control algorithm is presented in Fig. 11e.
The application of the changeable limitation does not increase the computational
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Fig. 11 The transients of the system with different values of the limitation of the speed: position
(a), load speeds and its limitation value—dotted lines (b), flux of IM (c), shaft torque (d),
execution time (e) and electromagnetic torque (f)
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complexity of the algorithm in the analyzed cases. The realization time is even
smaller than in other cases.

5 Conclusions

In the chapter an MPC-based position control structure of the drive system with an
induction motor and a flexible connection is presented. The proposed control
structure allows to operate in the field-weakening region. An additional fuzzy
system is proposed to ensure the optimal value of the limitation of the system state
variables. The following concluding remarks can be formulated on the basis on the
presented tests:

— Contrary to the classical cascade control structure with speed and position
controllers in the proposed MPC algorithm only one controller is applied.

— The MPC allows to limit not only the control signal but also all state variables of
the system. This feature is not directly evident in the classical control structure.

— The torsional vibrations of the two-mass system are suppressed. The limitations
of the system state variables are kept in the control structure with MPC
algorithm.

— The operation in field-weakening region increases the dynamics of the drive in
all considered cases.

— Application of the fuzzy adaptation system enables to regulate the limitation of
the system speed in a non-linear way which further improves the properties of
the drive—the overshoot is eliminated from the load position.

— The computational complexity of the fuzzy system is not significant compared
to MPC algorithm.

The future works will be devoted to the design of an MPC position controller
which directly controls the switches of the inverter.

Acknowledgments This research work is supported by National Science Centre (Poland) under
grant Adaptive fuzzy control of the complex drive system with changeable parameters
UMO-2011/03/B/ST7/02517 (2012-2015).

Appendix

The classical structure consists of the optimized torque control loop and two
additional controllers: a PI speed controller supported by two additional feedbacks
used in order to suppress torsional vibrations effectively [6] and a supervisory
P position controller. The parameters of the PI controller and additional feedbacks
are set with the help of the methodology presented in [6] using the following
equations:
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The gain of the position controller is set according to the following equation:

T,

K =
PP 2T0w

(31)

where: Ty,—equivalent time constant of the speed control loop.
The block diagram of the considered control structure is shown in Fig. 12.
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Selected Methods for a Robust Control
of Direct Drive with a Multi-mass
Mechanical Load

Stefan Brock, Dominik Luczak, Tomasz Pajchrowski
and Krzysztof Zawirski

Abstract Mechanical vibrations represent one of the key issues in the development
of direct drives with a complex mechanical structure, i.e., with non-stiff connections
between motor and driven mechanisms and with variable moments of inertia.
A solution for motion control in relation to a direct drive, with highly dynamic
performance, coupled with multi-mass mechanical load is proposed in the chapter.
Due to high resonance frequencies that are difficult to be actively damped by the
control system, an original solution is proposed, which is based on damping the
highest resonance frequencies with a specially selected and tuned filter, leaving the
damping of the lowest frequencies to the control system. In the first part of this
chapter, the identification method is presented, along with robust notch filters,
which are tuned for the whole range of parameter variability. Due to variable
moment of inertia, two robust control methods are proposed in the second and third
parts of this chapter: one is based on an adaptive neural speed controller, while the
other is based on a terminal sliding mode control (SMC). The online learning neural
speed controller is based on the resilient back propagation (RPROP) algorithm.
A modified terminal sliding control law is proposed for a system with delays and
unmodelled dynamics. The advantages of both solutions are verified on the basis of
experiment investigations.

Keywords Vibration damping - Tunable filter - Neural controller - Online
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1 Introduction

The direct drive is a mechanical solution, in which an electric motor is connected
with the operating machine without any mechanical gear. A special construction of
the motor is required, which enables the drive system operation with a low rota-
tional speed of about 100 rpm, in general, and often even less. The increase in
industrial requirements, which can be observed over many years, has required the
application of more and more precise solutions, especially in the industrial drives of
robots and technological machines, e.g., paper machines, rolling machines or other
servo drives. The lack of mechanical gear offers numerous advantages, e.g., an
elimination of backlashes introduced by the gear, which improves the static accu-
racy of the operation and dynamic properties of the drive, as well as increases drive
system efficiency (an elimination of losses in the gear) and reliability (a smaller
amount of mechanical elements). The aforementioned advantages in direct drives
require the application of proper regulation algorithms in the control system.

Mechanical systems with reduced rigidity are characterized by undesired
vibrations, which are associated with mechanical resonance phenomena. These
unwanted oscillations represent one of the major problems within the control of
mechanical systems with limited stiffness [1, 2]. The degradation of parts’
parameters and breakdowns, as well as machine and equipment faults, may be
caused by the occurrence of oscillations. The elimination of vibration in the system
may significantly extend the lifespan of the mechanical system, resulting in an
avoidance of the problems associated with accidents and damage. One of the ways
of eliminating vibrations is the application of a properly tuned digital filter in the
control system, whose role is to prevent the excitation of oscillations [3]. The
proper selection of the structure of digital filters allows for minimizing the influence
of the limited stiffness in the mechanical system, such that the dynamic and static
properties of the drive remain excellent. The task of properly avoiding vibration is
particularly challenging for systems with variable parameters, where the oscillation
frequency is also variable. In these situations, it is necessary to identify the
parameters of the operating machine.

In the direct drive, the moment of inertia in an operating machine is many times
higher than the moment of inertia in the motor itself; therefore, large changes in the
moment of inertia in the machine can have a significant influence on operating
conditions in the drive system. Robustness and adaptability to parameter variation
and load disturbances in a highly dynamic and accurate trajectory tracking system
are prerequisites for fulfilment of the application requirements.

Methods of computational intelligence, artificial neural networks (ANNs) in
particular, are utilized in the implementation of adaptive control structures.

Different concepts of the adaptive neural controller are presented. Both offline
learning, based on data from simulations, and online learning during system
operation are used. Recently, controllers with online learned neural networks have
especially been the focus of many studies [4, 5].
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One of the methods to achieve robustness is sliding mode control (SMC) [6, 7].
However, SMC creates some problems in practical applications due to chattering
effects, such as high frequency oscillation of the motor torque, additional
mechanical stresses and noise during an operation [8, 9]. An interesting solution is
terminal SMC, ensuring a finite duration of transient processes [10]. Unfortunately,
such an approach cannot be directly used in the real drive system [11].

This chapter is divided into six sections. In Sect. 2, an example of a direct drive,
with emphasis upon the general structure the control system, is presented. The study
in Sect. 3 shows that the application of a digital signals analysis to the frequency
domain allows for the correct identification of the frequency of vibrations in the
drive systems, which contain a complex mechanical structure for various parame-
ters of the machine. As a result of the single identification procedure, the amplitude
of frequency response is obtained for the mechanical part of the drive for the
selected moment of inertia in the machine. In Sect. 4, an improved solution of the
neural speed controller and proposed ANN structure are discussed. The modified
RPROP algorithm of the online ANN training is presented. The theoretical analysis
is validated by the experiment results. The modified algorithm of a terminal sliding
mode controller is discussed in Sect. 5. The modifications of the sliding surface and
the control laws, which allow the implementation in a real system, are presented.
Proper operation of the controller is tested by a simulation exercise. Section 6
contains the conclusions summarizing the presented studies.

2 Laboratory Stand

The structure of the laboratory stand is presented in Fig. 1. The system consists of
three main parts: a motor with a load construction, a pulse-width modulation
(PWM) converter and a control algorithm, which is implemented in a digital signal
processor (DSP). The data of the investigated drive are presented in the appendix.
The set of metal plates fixed to the arm, which are mounted on the motor shaft,
enables change to the moment of inertia. The disc brake, with four adjustable brake
pads, is fixed to the motor shaft. This adjustable brake may be used to model dry
friction, typically for cutting processes [12].

The sampling time of the control algorithm, which runs in the floating point
DSP, is set to 100 pus. An incremental optical encoder provides information about
the rotor position. Drive speed is calculated by the differentiation of the rotor
position with respect to time. It is very important to filter the speed signal ade-
quately in order to exclude the mechanical resonance amplification. A digital
biquadratic multi-band filter is designed and tested [3].

Field-oriented control of currents along the d-axis and g-axis is performed by
applying a robust proportional-integral control algorithm. The closed current con-
trol loop is much faster than mechanical dynamics.
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Fig. 1 Block diagram of a laboratory stand with a vector-controlled PMSM direct drive

3 Filter Tuned to Several System Frequency Responses

3.1 Model of an Electrical Drive Control System

A block diagram of the drive with the control system is presented in Fig. 2. The
structure of the control system consists of a cascade connection between the current
controller and the speed controller. The mechanism is driven by a low-speed
permanent-magnet synchronous motor (PMSM) (up to 2.5 rev/s), which is designed
to operate with no mechanical gear. The motor is powered by a PWM transistor
inverter. A typical vector control structure for the PMSM is assumed, with
appropriate transformations of phase currents from a three-phase A-B-C coordinate
frame to a d-q system, with inverse transformation of the reference voltages.

l.load
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) i
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Wy
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Fig. 2 Drive control scheme
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According to the most common control strategy for a PMSM, the reference current
along the d-axis is equal to zero (i%§' = 0), while the g-axis reference current (iﬁff) is

fed by the speed controller. The operating machine is presented as a multi-mass
system with flexible connections. Such a system is characterized by many
mechanical resonance frequencies, which negatively affect the quality of regulation,
or may lead to an unstable operation of the system. The high mechanical resonance
frequency signal components are transmitted by the control system. Therefore, the
application of an appropriately tuned anti-resonance filter allows for attenuating the
selected frequency components [3]. As a result, the feedback signal is filtered (cws,)
and does not excite the system into oscillation. The filter is tuned after an identi-
fication procedure of the system. The sampling time is equal to 7, = 100 ps. The
position sensor (512,000 pulses/rev) is installed on the motor shaft. Due to the lack
of direct measurement, the speed signal is substituted with a differentiated and
digitally filtered measurement signal from the shaft rotation angle. In the control
system, an Analog Devices” SHARC signal processor is utilized, equipped with a
motion coprocessor and an appropriate set of 14-bit digital-analogue converters.
A low-pass measurement filter with a cut-off frequency equal to 100 Hz and
damping at 40 dB/dec is utilized only for the measurements’ registration.

The current control loop may be depicted as a first-order inertial element with
time constant 7., = 0.3 ms, combined with transport delay t,, = 0.2 ms. The
torque constant is equal to kr = 17.5 Nm/A. The end of the bandpass of the
current/torque control system is approximately equal to 530 Hz. Therefore, iden-
tification of the system is performed in the range of 50-500 Hz.

3.2 Model of the Mechanical Part

The mechanical part of the drive can be described by an MIMO system in the form
of state space equations [2] or an equivalent matrix of transfer functions (Fig. 3)
[13]. State space representation can be derived from the knowledge of the system’s
exact mechanical construction and equations of motion. When the mechanical
system is complex and hard to describe by equations of motion, the use of transfer
functions can be sufficient for the synthesis of the control system.

It is assumed that the poles are equal for each of the transfer functions. If the
poles of the transfer functions H, ;(s), H, »(s), H»1(s) and H; »(s) are the same, then

Fig. 3 MIMO scheme of the T r-r—-————_—= -
mechanical part with a L »H,,(s) l
transfer function description I i I )
L
| H Z,I(Y) >
| |
I
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Fig. 4 Kinematic elastic and Jy, J,
damped two-mass system : k :
VAV > >
6, 0,

the resonance frequencies are also identical. From the point of view of the
anti-resonance filter synthesis, information about the parameters of one of four
transfer functions is sufficient for proper filter synthesis. Transfer function H, ;(s) is
chosen due to the availability of measurement signals (motor torque and motor
speed), allowing identification of its parameters.

For example, let us consider the two-mass system presented in Fig. 4. This
example justifies the poles’ equality in the four remaining transfer functions. The
system is described by motion equations in matrix notation

Ju O 1[0y b —b|[0y k —k|[0n]  [Tu

[0 JLHéL]—'—{—b b H@L ok e |n] @Y
where the torsional torque equal to T = k(0p — 0p) is assumed, while k is the
elasticity constant, 0y and 0 are the respective positions on the motor and load

side, and b is the damping constant. The general mathematical notation of the
system in the state space is presented by:

x() = Ax() + Bu(?) (32)
y(t) = Cx(t) + Du(t)’ '
where x is the state variables vector, u is the input vector, y is the output vector, A is
the state matrix, B is the input matrix, C is the output matrix and D is the feed-
forward matrix.
For the described case, the following state variables are assumed to be wy =
Om, wp = 0r, Ty; as a result, the description in the state space assumes the formula
(D is the zero matrix):

. b b 1 1
Ou Th e | | oM R
ol =] 2 _» 1 oL | + 1o —1| | ™
. Ji JL Ji Ji T;
Ts k —k 0 Ts
P A x B (3.3)
[(0)]
{1 0 0} M
(0)]
Y lo 1 o) |
~—| T
C

The derivatives of subsequent state variables are defined by the formula:
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_ Tbe(U)Mf(UL)fTS

oy = i
. Ts + b(wy—op)—T,
oy, = Ttbow=o T, (3.4)

TS = k(wM — CUL)

It is possible to pass from the MIMO system, as defined in the state space, to the
system description by using the transfer function matrix, with the application of the
relation H(s) = C(sI — A)"'B + D. Interconnections between subsequent inputs
and outputs of the system are presented in Fig. 3. Taking into account formula (3.3)
and the conversion relationship, the following transfer function matrix is obtained:

L{ou} L{oum}

L{ow} u Y
H(s)= C(sI —A) 'B+D = | M) 20 {Hl’l(S) Hl,z(s)}

LTy}  L{T.} 21(s)  Haa(s)

L{o} L{oL}
Jis* +bs+k k+bs
S((JM +JL)k+ (JM +JL)bs +]MJL52) S((JM +JL)](+ (JM +]L)bS+JMJLSZ)

k+bs Jus> +bs+k
s((Iu +J)k + (I +J1)bs +JMJLA‘2) s((Um +JI)k+ (Iu +JL)I7.Y+JMJLS2)

(3.5)

The denominator is identical in each of the four functions. The transfer function
matrix (3.5) is then transformed to:

1 P H20as + 02, 02 1 2 arWars + 0F, %
H(S) _ (I +J0)s s +200s+ 02 wl, Iy +J1)s s2+ QC,f:),s +? wl, (3 6)
1 2 @ars + 0%, OF 1 RI$? + 20 0urs + 0%, F

(In+J)ss>+20L o5+ 02 w2, (Uu+J)s  sS+2Los+02  of

ar

using the relations:

— [Iutd — |k
Oy = IndL k, wg = T
b b

g — JutJr b { —
r .IMJL 2(/),- ) ar ZJLw,,, ?

R=17./Iu

(3.7)

where o, and w,, are respectively angular resonance and anti-resonance frequen-
cies, {, and (, are respectively the damping coefficient for resonance and
anti-resonance frequencies, and R is the inertia ratio. Formula (3.6) allows for
proper synthesis of the anti-resonance filter.

3.3 Synthesis of a Fixed Anti-resonance Filter Based
on the Identification of the Mechanical Part of Drive

The identification of H; ;(s) is performed due to the measurement accessibility of
the motor torque (proportional to the reference current along the g-axis) and motor
speed (sensor on the motor side). Generally, all identification methods are divided
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into two main groups of identification algorithms: parametric [14] and
non-parametric. The selection of model structure and fitting algorithm is required
for the application of the parametric approach. However, a parametric model is not
necessary for the proper tuning of the digital anti-resonance filter used in the control
system shown in Fig. 2. Therefore, non-parametric identification in the frequency
domain is applied. The system is identified in open loop. Additionally, the dynamic
of the current closed loop is neglected because it has no influence on resonance
frequency components in the range of identification frequencies. The reference
current along the g-axis is used as the excitation input using a chirp signal. A chirp
signal is a cosine wave with linear frequency modulation. The frequency is linearly
changed from f,i, to finax in the time equal to 7y, (see the top of Fig. 5).
Therefore, this signal allows for the excitation of resonance components in the
required range of frequencies. Excitation and response signals in the time and
frequency domain is shown in Fig. 5. The frequency amplitude response of drive
Gigent 18 calculated on the basis of a discrete Fourier transform of the input and
output signal. The number of filter sections and their parameters is determined after
the identification procedure, which is equal to the number of frequencies recognized
as resonant. The location of the filter in the control system is presented in Fig. 2.
The filter is marked as an anti-resonant filter, whose input is, in this particular case,
g, while the output is wg,. In this case, both the structure and parameters of the
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Fig. 5 Drive response to the excitation with a chirp signal: time response (fop) and frequency
response (bottom)
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Fig. 6 Frequency response family: gain (fop) and magnitude (bottom)

filter are determined by human intervention on the basis of data obtained during the
identification procedure.

Separate identification is performed for three configurations of load machine.
Each modification of the mechanical part of the drive results in a change of system
frequency response. The amplitude frequency response family of the drive in dif-
ferent cases is shown in Fig. 6. Therefore, for each case, a separate anti-resonance
filter is required. Instead of preparing three filters, only one fixed anti-resonance
filter is prepared (Fig. 7) for the whole family of frequency responses. The filter
consists of four sections: (1) a low-pass filter approximation of inverse Chebyshev
parameters [15]: a, =3 dB, a, = 3.8 dB, f, = 76 Hz, f, = 80.88 Hz, fo = f,; (2) a
notch filter [15]: f, = 200 Hz, f,;am = 180 Hz; (3) another notch filter: £, = 280 Hz,
Sfwiamn = 200 Hz; and (4) another low pass filter: a, =3 dB, a,=20 dB,
Jf» =200 Hz, f, = 200 Hz, f, = 400 Hz.

Magnitude (dB)

-60 1 1 1 1 1 1 I !
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Fig. 7 Frequency response of the fixed anti-resonance filter tuned on the basis of the frequency
response family of the drive
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4 Online Trained Neural Speed Controller

4.1 Structure and Training Algorithm

The changes in the moment of inertia influence the parameters of the mechanical
resonance frequencies, which essentially complicates their damping. In such cases,
the adaptive controllers, based on ANNs that are trained online, can be good
solutions. In order to solve this issue an anti-resonance filter with fixed, properly
tuned frequency characteristics is proposed and an adaptive neural controller is
applied. Such an approach provides a compromise effect of higher frequency tor-
sional vibration damping at changing values of these frequencies. The neural
controller structure is shown in Fig. 8. The following signals have been chosen as
network inputs: the reference speed value, the present and previous samples of
filtered speed signals, and the current value of the control error. These input signals
are delivered to the three-neuron hidden layer with a non-linear activation function.

The output signal ifff is computed by one output neuron with a linear activation
function.

Besides the selection of the ANN structure, there are two different issues during
neural controller synthesis: the determination of the network error signal and the
training rule. For the ANN speed controller, the network error value is related to the

speed control error according to the following formula [5]:

1 1
E =5 (s = wr,)’= 5€ (4.1)
Due to the assumed “online” training mode of the ANN, the selection of an
appropriately fast and efficient training method becomes an important issue. The
chosen method is the RPROP algorithm, described in [16]. Its basic advantage, in
comparison to the widely applied error backpropagation method, is the fact that,
instead of the accurate value of the error function gradient, only its sign is required.

Fig. 8 Structure of Training
non-linear PID-2DOF ! algorithm
controller
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The value of weight w;; of the connection between i-th neuron, in a given layer, and
Jj-th neuron, in the preceding layer, is modified in each step of the ANN training,
according to equation [16]:

OE(w(k))

Awi(k) = —n;(k) - sgn< g ) = —n;(k) -sgn(S;(k)). (4.2)

In the RPROP method, for each weight coefficient, corresponding training fac-
tors 7;; is defined. The training factors are also updated in every algorithm step:

min(a ) nij(k - l)v nmax) if Sij(k) ’ Sij (k - 1) >0
nij(k) = max(b ’ nij(k - 1); nmin) if Sij<k) ’ Sl(k - 1) <0 . (43)
(k= 1) other cases

An analysis of the results of many simulations and experimental tests for dif-
ferent conditions of the controller and the drive system operation leads to the
conclusion that formula (4.3), in the original RPROP algorithm, should be rede-
fined. A stable online training process, under conditions of measured real feedback
signals with some disturbances, is obtained when a tolerant band AS is used instead
of a zero value, under the conditions of the training factors’ update (4.4) [5].

min(a : le(k - 1)a nmux) if Slj(k) ) Slj(k - 1) > AS
nij(k) = ¢ max(b - my(k — 1), mp) if - Sii(k) - Sk — 1) < — AS . (4.4)
nij(k — 1) it —AS<S;(k) - Si(k—1)<AS

One of the RPROP algorithm advantages is eliminated by the modification
resulting from the introduction of a “tolerant band” into formula (4.4), since the
value of the error function gradient is required when considering the non-zero value
of AS, which is present in the inequalities. This modification implies the substi-
tution of the comparator, described by Eq. (4.3), with a comparator with hysteresis,
according to (4.4), where the hysteresis width is the value of AS.

In such a comparator, it is necessary to determine not only the sign of the error
function gradient, but also to calculate its value. Fortunately, the value of AS is
selected empirically on the basis of tests, which allows the use if roughly estimated
gradient values in (4.4) only. In [17], a modified and improved ANN training
algorithm is applied, assuring the improvement of the control properties. For this
purpose, the formula’s error backpropagation method is utilized.

In order to avoid neural network overtraining, a particularly small limit value of
the error ex(k) should be assumed so that the network weights are not modified
when |ei (k)| < e (k) (when the training process is stopped). The training is con-
tinued when |ex(k)| > ex(k). This modified training rule is defined as:
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() — 4 (k) - sgn(Sy(k)) if (k)] > ex(k)
Aw;;(k) { 0 ¢ |e’;<k)|§ex(k). (4.5)

4.2 Experiment Results

Efficiency of the applied fixed filter may be evaluated by comparison of step
response waveforms in the speed control system with and without an anti-resonance
filter, as presented in Figs. 9 and 10. Unacceptable oscillations in the rotational
speed, leading to stability loss, are displayed by the system without a filter (Fig. 9).
These oscillations are eliminated by the introduction of an anti-resonance filter,
which can be observed in the waveform in Fig. 10. Nevertheless, a small pulsation
in the motor speed is still observed after a step change in load signal i;. The process
of controller adaptation, i.e., the ANN training process, which, after two periods of
reference, changes to provide a successful effect, is well-depicted in Fig. 10.

The basic goal of the adaptive neural speed controller application is obtaining
good and invariable control properties despite changes in the mechanism moment
of inertia. This property may be noticed by an analysis of waveforms in the
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Table 1 Quality indexes for the neural network controller
Quality index Unit Jmin Jmax
Response time (10-90 %) ms 56.4 59.5
Settling time (5 %) ms 97.4 94.2
Settling time after step change of load (5 %) ms 109.3 68.4

reference speed, measured speed and g-axis current during controller responses,
which lead to a step change in the reference speed and load torque step changes, as
presented in Figs. 11 and 12. The experimental waveforms are registered for the
largest (Fig. 11) and the smallest (Fig. 12) value in the moment of inertia,
demonstrating almost identical properties, which are confirmed by the quality
indexes collected in Table 1. These quality indexes should be read as follows:
response time (10-90 %), settling time (5 %), and settling time after a step change
in load (5 %). The speed signal during the reference speed step change increases
rapidly, while the reference value is achieved with no overshot from either value of
inertia; whereas, after load torque step changes, the small dynamic error in speed
control is quickly removed, as are the extreme values in the moment of inertia. The
application of this controller is fully substantiated by the obtained results.
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5 Terminal SMC of a Direct Drive with a Multi-mass
Mechanical Load

5.1 Concept of the Terminal SMC

Let us assume that a second order system, described by Eq. (5.1), is considered:

dv
., — X2

(&’ (5.1)
& =@ +b(x) utd(x.0),

where x = [x; xz]T is the system state vector and u is the scalar control input.
Functions f(x), b(x) are smooth and known, while component d(x, f) represent
uncertainties and disturbances, thereby satisfying:

|d(x,7)| <D. (5.2)

In the case of the classical SMC, the control signal switching surface is defined
as:

GZXZ+)L')C1 :O, (53)

where 1 > 0 defines the decay rate of generalized error G.

The control task is to bring the state vector to the origin. If the initial value of the
state vector is x(0) = [x;(0) O]T, then, in the sliding mode, the system will tend to a
steady state, according to the equation:

X1 = X1 (0) . eiit. (54)

The system, therefore, tends asymptotically to a steady state with a time constant
of 1/ and reaches it after an infinitely long time.
In [10], a new formula for switching surface is proposed:

c=x,4+4-x" =0, (5.5)
where p and g are positive odd integers, which satisfy the following condition:

g < p. Considering the acceptable range of values of the state variables, Eq. (5.5)
may be written in a modified form:

o=xy+ 2 |x|"" - sgn(x;) = 0. (5.6)
A sufficient condition of the sliding mode is to ensure that, for the full variation

range for parameters and possible disturbances, the derivative of the Lyapunov
function V(x) = 107 satisfies the relationship:
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d 1 d do
—VX)==-—6*=".g< —1n- 5.7
V) =50t = o< — -], (57)
where # > 0 is a constant.

The proposed control law is expressed by the formula:

u=—b"'(x)- (f(x) + A Z X1 7l - sgn(x;)+L- Sgn(a)). (5.8)

Let x; > 0. After substituting control law (5.8) in the equations of object (5.1), the

derivative of the generalized error (5.6) can be written as:

do _dx
dr  dr

4

+;L'€’.Xﬂl - X2
p

=f<x)+b(x)-u+ar(x,z)H.g.)i(‘.x2 (5.9)

=d(x,1) — L-sgn(o).

Condition (5.7) is thus fulfilled when the amplitude of the switching part is selected,
such that:

L>|d(x,t)|+7n. (5.10)
In the sliding mode, the system will tend to a steady state according to equation:
Xy = —A- X (5.11)

Finite time #, is taken to travel x(0) to origin (0, 0) as follows:

P 1-4
=T r=q 1 (0)] 7. (5.12)

5.2 Elimination of Singularities in the Control Law

In a real control system, it is possible that x, # 0 and x; = 0. This condition does
not occur in an ideal sliding mode, described by Eq. (5.6), but can occur in the
phase of reaching the sliding surface or during the sliding motion, which is a result
of discretization errors associated with the measurements of variables. In this case,

qa_ . . .
the value of the control law component A % - |x1}"""-x2 tends to infinity. This may

cause oscillations and instability in the control system. To eliminate this singularity,
a modified switching surface is proposed [11]
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1

C= o |P/4-sgn(x2) +x1 = 0. (5.13)

During the sliding mode, Eq. (5.13) is equivalent to Eq. (5.6). The modification
used in (5.13), however, allows for the introduction of control law:

u=—b'(x)- (f(x) + i g |xz|27§ -sgn(xp) +L- sgn(a)). (5.14)

A similar analysis of the stability of the sliding mode, as in (5.9), leads to the equation:

de 1 p p1 dxo
TR AT
1 _
= DT W e d ) b (519
1 p _
:W~5-x§/4 . (d(x,t) — L-sgn(0)).

When g < p < 2q and L is selected in accordance with formula (5.10), condition
(5.15) is satisfied. Control law (5.14) eliminates the singularity that occurs in
control law (5.8), thereby offering the same sliding trajectory.

5.3 Modification of the Sliding Surface

The sliding surface described by Egs. (5.6) or (5.13) does not limit the scope of the
state variables. However, in practical drive applications, it is necessary, for
example, to limit the speed by which the actuator system accelerates. Therefore, it is
proposed to modify the sliding surface according to the relationship:

{ Xz + x5 - sgn(x) if - \x1|Q/p > xhpax
o=

- bl sgn(n) 4y A A o |97 <

(5.16)

The fulfilment of the condition for sliding mode ¢ = 0 on the sliding surface, as
defined by Eq. (5.16), provides the motion with speed £x5'** away from the origin.
The switching point is determined at the intersection of characteristics. When
moving at constant speed x3** - sgn(x;), control law (5.14) is reduced to the fol-
lowing formula:

u=—b"'(x)-(f(x)+L-sgn(c)). (5.17)

In the control systems of the electric drive, it is necessary to take into account the
delay introduced by the blocks of discrete control algorithms, whose delay is caused
by the filtering of measurement signals, with an equivalent delay in the force or
torque closed-loop control. This delay in the control loop limits the allowable gain.
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For the sliding motion along the surface, as defined by Eq. (5.6), the speed gain can
be determined according to the following formula:
b q/p
o, g b

— = . 5.18
oxy p |l (5-18)

For x; values close to zero, expression (5.18) tends to infinity. In a closed control
loop with delays, such a large speed gain leads to vibrations. Therefore, it is
proposed to limit the velocity gain for small values of x;. The modified sliding
surface, therefore, has the following formula:

X2 +x2max . sgn(xl) if xrznax < min()uz . ‘Xl |, - |x1‘4/17)
o= g5 balsgn(o) ta i 2 u [ <min(h - ulg®) o (5.19)
X2+ A - x1 if - |x1|§min(}bl. |xl|q/P7x2max)

The value of the slope of the linear part of sliding surface /; is chosen in order to
eliminate vibration for small values of variable x;. In this interval, the control law
has the formula:

u=—b"'(x) (f(x)+ 4 x2+L sgn(0)). (5.20)

Figure 13 presents the components of the sliding surface described by
Eq. (5.19). The top part of Fig. 13 illustrates the surfaces for the range of motion in
the drive from 25 rad to 0, while the bottom shows the zoom in the vicinity of the
origin.

Fig. 13 Components of the
sliding surface: non-linear
surface (solid line), speed
limit (dotted line) and
rectilinear final part (grey
line)
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5.4 Elimination of Chattering in the Control Signal

The control law described by Egs. (5.14, 5.17, 5.20) comprises the component,
which is dependent on the sign of generalized error 6. During the sliding motion,
this component switches with a infinitely high frequency, ensuring the movement of
the state vector object along the sliding surface. In any real system, the frequency of
these switches is limited by the delays that occur in objects, which may lead to the
loss of the possibility to keep the state vector at the given surface [18]. The
application of a fast alternating control signal also stimulates unmodelled vibration
modes of the object, which is disadvantageous from the viewpoint of motion
accuracy and durability of the device. When implementing the sliding mode con-
trol, the discontinuous control law is often replaced by a continuous approximation.
For example, a saturation function is defined according to the following equation:

5 it <o
Sat(“){sgn(a) it o] > ® (5:21)

Function sat() defines the band of width @ on both switching surfaces sides,
wherein the discrete component control law is replaced by the component pro-
portional to the generalized error. The studies presented in [18] do not show any
significant advantages, which are suggested in the literature on non-linear
approximation function sgn() in comparison to function sat(). It should be noted
that, when replacing sgn() with function sat(), a finite gain is introduced into the
control system. From the point of view of stability, it is important that the cumu-
lative gain in the closed-loop control is defined by the width of band approximation
® and sliding surface slope /; [18].

Conditions for switching between different segments of the sliding surface (5.19)
and corresponding control laws (5.14, 5.17, 5.20) provide a bumpless change in the
structure of the control system, but only if there is a perfect sliding motion when the
state vector is on the defined sliding surface. However, replacing relay function sgn() in
the control law with continuous approximation sat() causes the state vector to move at
distance 0 < 6 < @ from the sliding surface. In this case, the switching control struc-
tures involves large step change in the control signal, which is undesirable in practice.
Therefore, a partial reduction of this effect, by dynamically changing the width of the
approximation of the maximum value from ®™ to minimum ®™" is proposed.

The maximum value of width ® is taken when changing the sliding surface
(5.19), after which it is exponentially reduced, according to Eq. (5.22), to the
minimum value, thereby guaranteeing the proper elimination of chattering in the
control signal:

d = (Dmin + (q)max _ (I)min) . e—l/T(p (522)

The rate of change in width approximation, determined by T, is selected
experimentally.
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5.5 Simulation Tests

Identified parameters of the laboratory stand were used for the synthesis of the
simulation model of the drive. This model takes into account the following phe-
nomena: the discrete character of the speed and position controllers, the equivalent
model of a torque control loop, which includes delay and inertia, the complex
multi-mass structure of the mechanical load, and the quantized measurement of the
angular position of the motor shaft. The speed, calculated on the basis of a discrete
measurement position, was subjected to digital filtering to eliminate the influence of
the mechanical load resonances.

To verify the appropriateness of the presented theoretical analysis, a set of
simulation tests was carried out. A sliding mode position controller for direct drive
was designed. Position 6 and drive speed @ were assumed as state vectors of the
object, as described by Eq. (5.23)

ao_

j’ ; ) (5.23)
Lo T oLy,

dt J J 1

where the estimated moment in system inertia J is the geometric mean of the
variation range of the moment of inertia in the drive:

J = y/Jmax_jmin (5.24)

and lAcf is the estimated viscous friction coefficient, equal to half of the maximum
coefficient of friction in the drive. Component d describes the influence of load
torque, as well as the equivalent effect of the variability moment of inertia and
friction in the assumed range. The method of determining D variability of com-
ponent d is presented in [12]. The control signal is the reference current in g-axis
", which is proportional to torque command Tj".

All tests were carried out using the same scenario: a step change in position from
the specified initial value 8 - 7 radians to zero. Speed limitation during the drive
operation was assumed as equal to £10 rad/s.

In the first stage of the study, the case of the smallest moment of inertia was
analysed. Due to the largest gain in the object, this case determined the range of the
stable operation of the drive. Control law was implemented according to Eq. (5.8).
Saturation function sat() was applied and the selected sliding surface was described
in a similar way to formula (5.16). The test results are shown in Fig. 14.

Given that, in the real implementation of the sliding mode controller, there are
cases in which the measured position is equal to zero, while the speed is non-zero,
control law (5.8) introduces the control signals of a large amplitude and high
switching frequency. This status is unacceptable in practice. It should be noted that
increasing the width of function sat() leads to a deterioration in the quality of
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Fig. 14 Base terminal SMC
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tracking the sliding surface, while chattering occurs during the standstill of the
drive.

In the second stage of the research, modified control law (5.14) was applied,
which eliminated the mathematical singularity points. Satisfactory results were
obtained for this case, whose waveforms are shown in Fig. 15. However, closer
analysis revealed the appearance of oscillations around the origin. They were
caused by a velocity gain that was too high near the location of the error, which was
equal to zero. Due to the delays in the object, such a gain led to a loss of stability. In
a direct drive system with a complex, multi-mass mechanical structure, such
oscillations of the torque command may lead to the excitation of high frequency
vibrations, which will adversely affect the quality of control and stability of the
mechanism. Therefore, it is advised to eliminate them. In the third stage of the
study, modified sliding surface (5.19) was applied, along with appropriately
switching the control law in the different phases of motion (5.14, 5.17, 5.20). The
test results for the lowest assumed inertia drive are shown in Fig. 16.

For such designed control systems, there are no vibrations in the reference
current, while the settling time is only slightly longer in relation to the basic
terminal sliding motion.
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In the second part of the simulation study, the robustness of the designed control
system was tested. Tests were carried out for the unbalanced load and the maximum
moment of inertia.

Unbalanced load carried the gravity load torque in the case of medium inertia.
The test results are given in Fig. 17. The system behaved properly, while the speed
and position waveforms were similar to those in the case of low inertia, as shown in
Fig. 16. The apparent difference only occurred during the phase of constant speed
movement, since function sat() was applied to the motion control law instead of the
function of sgn(), meaning that the state vector did not exactly slip on the set sliding
surface.

The last presented tests were made for the case of the maximum moment of
inertia; the waveforms are shown in Fig. 18.

For comparison, aggregated phase trajectories of all tests are plotted in Fig. 19.
Significant differences only appeared in the phase of acceleration, which was not
covered by a sliding motion. The motion phase with constant speed deviations were
visible due to a gravity torque in the case of medium inertia.

The braking phase is clearly visible: the trajectory was initially non-linear, then
rectilinear in the final part. In the course of the motion phase with constant speed, it
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Fig. 18 Maximum inertia I
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can be seen that the deviation from the set speed decreased. This was the result of
modifying the applied width of linear function sat() according to Eq. (5.22).

6 Conclusions

As a result of the proposed synthesis of a fixed anti-resonance filter, a family of
frequency characteristics was gathered for a range of possible changes in the
moment of inertia. Further analysis of the characteristics family allowed for the
definition of a set of common resonant frequencies and their changes for different
operation parameters of the drive. In the final stage, a filter with a fixed structure
and fixed parameters was derived, taking into account all identified mechanical
resonance frequencies.
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The advantages of the proposed concept of a neural speed controller trained
online, which are automatic tuning and the ability to adapt to the variable param-
eters of the object, have been confirmed. It transpired that the controller was not
only tuned to the changes of the object parameters, but also influenced by the
reference signal or load torque during all transient processes, in order to minimize
the speed control error. The pointed modifications of the original RPROP training
algorithm are essential for the operation of a proper system. The proposed original
modifications may demonstrate its usefulness in different ANN applications as well.
Very good static and dynamic properties of the speed controller may be success-
fully implemented using the presented ANN in industrial drive systems.

The chapter presents the implementation of a modified terminal sliding mode
control method, which is applied to a direct drive. Given the conditions for the
stable operation of the control system of an object with delays, it was necessary to
apply a continuous approximation of a discontinuous component control law, while
replacing the non-linear sliding surface of the rectilinear segment of constant slope
in the vicinity of the zero position error.

The presented conclusions are based on the critical evaluation of the terminal
sliding control method and its application in drives with a complex mechanical
structure. From the scope of the sliding control methods, better properties can be
found, for example, with a variable sliding surface method [6] and a method with a
reference model [18]. However, it is noted that, in the scope of the terminal sliding
control, further work should be published that is focused, for example, on elimi-
nating the chattering without the need for a continuous approximation of discon-
tinuous functions in the control law [7].

The useful properties of the presented methods have allowed for the consider-
ation of their implementation in industrial drives.

Appendix

Data of investigated drive

Parameters of PMSM Unit Value
Minimum moment of inertia kg m? 0.75
Maximum moment of inertia kg m? 5.83
Torque constant Nm/A 17.5
Rated load torque Nm 50
Rated value of speed rev/s 241
Rated current in q axis A 2.85
Rated voltage \% 310
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Part 11
Electric Drives and Fault-Tolerant Control



Fault-Diagnosis
and Fault-Tolerant-Control in Industrial
Processes and Electrical Drives

Teresa Orlowska-Kowalska, Czestaw T. Kowalski
and Mateusz Dybkowski

Abstract This chapter presents a discussion of general methods applied in
fault-diagnosis and fault-tolerant control systems. First the data-driven methods and
model-based schemes are shortly addressed. Next the main fault-detection and
fault-diagnosis methods for controlled plants are characterized. In the following part
of the chapter fault-tolerant-control methods, using passive and active concepts, are
described and evaluated. At the end, the above methods are discussed from the
point of view of electric drives. The main faults occurring in AC motor drives are
listed and characterized. Some issues related to fault-tolerant-control of electrical
drives are illustrated and discussed.

Keywords Fault diagnosis - Fault-tolerant-control - Industrial process - Electrical
drives

1 Introduction

The performance of machines and equipment of technological systems degrades as
a result of aging and wear, which decreases performance reliability and increases
the potential for different faults. Actuator faults reduce the performance of control
systems and may even cause a complete breakdown of the system. Erroneous
sensor readings are the reason for operating points that are far from the optimal
ones. Wear reduces the efficiency and quality of a production line. In many fault
situations, the system operation has to be stopped to avoid damage to machinery
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and humans. As a consequence, the detection and the handling of faults play an
increasing role in modern technology, where many highly automated components
interact in a complex way such that a fault in a single component may cause the
malfunction of the whole system. Due to the simultaneously increasing economic
demands and the requirements of the system safety and reliability, the correct
diagnosis or prognosis of abnormal condition plays an important role in the
maintenance of industrial systems. Early detection and diagnosis of process faults
while the plant is still operating in a controllable region can help avoid abnormal
event progression and reduce productivity loss. Thus recently the process moni-
toring and diagnostic methods have been receiving considerably increasing
attention.

Two types of process monitoring and fault diagnosis methods have been
developed during the past several decades, namely data-driven methods [1] and
model-based schemes [2, 3].

In the data-driven approach the necessary process information can be extracted
directly from huge amounts of the recorded process data. Thus the multivariate
statistical process monitoring methods, which utilize input and output information
of the process, are very popular nowadays in process monitoring and fault diag-
nosis, particularly principal component analysis and partial least squares [1, 4].

On the contrary, the model-based schemes require a priori physical and math-
ematical knowledge of the process. After the development of the process model
based on the physical principles, the well-established model-based techniques can
be successfully applied. Due to various operational requirements and constraints of
particular industrial processes, the design of model-based process monitoring and
fault diagnosis systems has been a remarkable research topic during the past several
decades. Methods of modern systems theory show the systematic use of mathe-
matical process and signal models, identification and estimation methods and
methods of computational intelligence. With these methods it is possible to develop
advanced tools of fault detection and diagnosis. The goals of these methods are, for
example:

— early detection of small faults with abrupt or incipient behavior;

— diagnosis of faults in actuators, processes, components and sensors; fault
detection in closed loops;

— supervision of processes in transient states;

— process condition-based maintenance and repair;

— deep quality control of assembled products in manufacturing;

— teleservices like remote fault detection and diagnosis;

— basis for fault management;

— basis for fault-tolerant and reconfigurable systems.

Based on the physical and mathematical knowledge of different industrial pro-
cesses, the model-based techniques have been successfully applied on plenty of
processes for automatic control systems, industrial electronics, etc. [3, 5, 6]. Thanks
to well established model-based fault diagnosis techniques, numerous approaches
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with successful industrial applications have been also developed in last two decades
in power electronics and AC motor drives [7-10].

2 Fault Detection and Fault Diagnosis Methods

2.1 General Ideas

Damage preventing can be realized using different actions, like: protection,
equipment redundancy or analytical redundancy and technical diagnosis methods.
The protection systems belong to classical methods of automatic supervision and
monitoring of industrial processes. They consist in limit (or threshold) checking of
some important variables. The alarms raised due to limit values crossing cause an
automatic action of protection systems. In many cases this is sufficient to prevent
larger failures or damages. This method works well in steady state of the process or
if the monitored variables does not depend on the operating point. However, faults
are detected rather late and a detailed fault diagnosis is mostly not possible with this
simple method. The advantage of the classical limit-value-based supervision
methods is their simplicity and reliability for steady-state operation. However, these
methods are effective only for a rather large sudden fault or a long-lasting gradually
increasing fault [6]. The general view of such system is illustrated in Fig. 1.

The reliability of the industrial processes can be also obtained using the
equipment redundancy which, however, raises significant costs and requires
extension of control, measuring and supervising equipment. Such solutions are
applied only in critical industrial processes or installations. The other method of
system reliability increasing is application of analytic redundancy, which is based
on an additional diagnostic information obtained (calculated) using plants’ math-
ematical models and methods of control theory, signal processing and mathematical
modeling.

Y
SWITCH TO PROTECTION PROTECTION
—— SAFESTATE [ SYSTEM LEVEL SUPERVISORY
LEVEL
OPERATOR - SIGNAL MONITORING
ALARM EVALUATION [——] LEVEL
FAULT SIGNALS
_____________ MEASUREMENTS
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Fig. 1 A classical automatic supervision and monitoring system [6]
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As it is seen from Fig. 2, analytical redundancy methods can be divided into
different categories, depending on the method of obtaining information on the state
variables [5, 6]:

— methods based on expert (heuristic) knowledge,
— methods based on mathematical models,
— methods based on data analysis.

Fault management and damage preventing can be realized nowadays using
advanced methods of automatic supervision and technical diagnostics, e.g. fault
detection and fault diagnosis methods, which use modern systems theory methods,
control theory, mathematical models and signal models of the processes, identifi-
cation, estimation methods, computational intelligence and informatics. Technical
diagnostics is nowadays widely developed in different research centers and consists
in technical state recognition of the objects (equipment, machinery, processes)
based on actually accessible information [3, 5, 6].

The main tasks of the diagnostics are [5]:

— diagnosis, e.g. actions designed to specify the actual technical conditions of the
object;

— genesis, e.g. recognition of previous (past) states of the object (seeking for
failure reason);

— prognosis (prediction) of future states of the object (elaboration of failure pre-
dicted development).

According to [6], three stages of object technical state testing can be determined:

— fault detection, e.g. detection of the failure in the controlled plant and time of the
detection;

— fault isolation, e.g. determination of the type, location and time of the failure;

— fault identification, e.g. determination of the fault size and its evolution in time.

COMPARATIVE RELATIONS

OF VARIABLES
MATHEMATICAL- -
MODELS-BASED | LUENBERGER

METHODS OBSERVER / KALMAN
FILTER

EXPERT KNOWLEDGE-
BASED METHODS STATE ESTIMATION

SIGNAL-MODELS-BASED
METHODS

el

ARTIFICIAL
INTELLIGENCE-
BASED METHODS

EQUIPMENT
REDUNDANCY

DETECTION AND ISOLATION
OF FAULTED OBJECT

ANALYTICAL
REDUNDANCY

MULTIDIMENSIONAL
STATISTICAL METHODS

Y
BAYESIAN
NETWORK-BASED
METHODS

Fig. 2 General classification of fault detection and isolation methods [6]
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All these advanced methods of fault detection and diagnosis, used to detect the
already incipient faults and to diagnose their origins are also called condition
monitoring. Monitoring of the system operation is realized in real-time and consists
in diagnostic signals (process variables) acquisition and processing as well as
recognition of abnormal behavior of the system (alarm signaling). Condition
monitoring is realized on-line by a computer-based diagnosis system. If the mon-
itoring is extended to the whole object (process) operation and includes actions
designed to assure a proper state of the object after fault occurrence, such func-
tionality is called supervision. In Fig. 3 a general scheme of the system realizing
supervision, fault detection and diagnostics is presented. This system enables the
performance of the following tasks:

— early detection of incipient or abrupt faults,

— diagnosis of faults in the processes or process parts and their manipulating
devices (actuators) and measurement equipment (sensors),

— detection of faults in closed-loops of the control systems,

— supervision of processes in transient states.

Such a condition monitoring and supervision system has three levels of action:

— monitoring of the object operation (set of alarms),
— protection of the plant in critical states (automatic protection system),
— fault diagnosis.

In Fig. 3 additional types of action, called fault management, are presented, they
can be activated by the supervision system depending on the fault kind, e.g.
stopping of the object, change of operation mode, reconfiguration of the structure,
maintenance or repair [6].
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Fig. 3 The general scheme of the supervising, fault detection and diagnosis system [6]
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2.2 Basic Fault Detection Methods

Fault detection and fault diagnosis, in general, are based on diagnostic signals
measured by sensors or on process variables and states observed by a human
operator. The automatic processing of measured signals requires analytical
knowledge, while the evaluation of observed variables needs human expert
knowledge, which is called heuristic knowledge [3, 5, 6].

Analytical knowledge consists of different methods, from simple rules defining
limit values of measured signals to complex methods of signal analysis, such as:
spectral analysis, filtration, state and parameter estimation, mathematical models,
etc.

Heuristic knowledge includes human observation and inspection, heuristic
specific values in the form of noises, vibration, colors, smells, temperature, wear
and tear, etc. Also the process history (e.g. previous failures), experience with
maintenance and repair operations, statistical data achieved from similar processes
or objects, constitutes additional sources of heuristic information.

Thus signals and variables measured and observed together with analytical and
heuristic knowledge enable the isolation of fault symptoms and next the proper fault
diagnosis. This diagnosis process is illustrated in Fig. 4.

Taking into account the way of generating symptoms, two main fault detection
methods can be distinguished:

— process-model-based fault detection methods (comparative methods);
— signal-model-based fault detection methods (direct methods).

Process-model-based methods, called sometimes comparative methods, are
based on dependencies between different measurable signals, e.g. on mathematical
models of the process which operates in parallel with the diagnosed object. The
basic structure of the process-model-based fault-detection system is illustrated in
Fig. 5 [6].

Based on the measured input signals U and output signals Y, the detection
methods generate residuals r, parameter estimates O or state estimate X, which are
called features. By comparison with normal features (nominal values), changes of
features are detected, leading to analytical symptoms s. In the simplest solution, the
diagnostic signal is calculated as a difference between output signals measured in
the object and those obtained from the model (residuum r). It the object operates
normally (“healthy” object), this value oscillates around zero. For a faulted object
this value is much greater, which confirms the fault. However, the best results are
obtained for dynamic process models and diagnostic signals generated based on
state or parameter estimation methods, which could contain fault symptoms.

Different mathematical models can be applied in process-mode-based methods,
such as: state estimators or observers, Kalman filters, parity equations [2, 3, 5, 6].
Comparative methods are closely connected with redundancy methods, and because
mathematical models have an analytical form, this type of redundancy is called
analytical redundancy. When residuum is obtained by comparison of the measured
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signals with those obtained from neural or fuzzy models, which are qualitative or
qualitative-quantitative models, the informatics redundancy is used, which is con-
sidered as a special type of analytical redundancy [2, 3, 6].

Process-model-based fault diagnosis methods are very sensitive to the adequacy
of the used models and to measurement noises. Under on-line implementation they
also require high computing power. Complexity of different objects, such as
electrical machines, drives for tools machinery and industrial robots, etc., the need
for knowledge of many parameters, difficulty in identification, are the reason for
serious problems with the credibility of analytical models. Inaccurate models would
provide false diagnostic information and patterns, which would result in false
alarms generation.
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Signal-model-based fault detection methods rely on the analysis and inspection
of selected physical variables which are characteristic for a given object and thus
are sometimes called direct methods. In the simplest solutions the limits of credi-
bility or limit values (thresholds) are checked. In other solutions more advanced
signal analysis methods, such as: Fourier analysis, correlation analysis, spectral
analysis, stochastic parameter analysis, wavelet analysis, HOS analysis are applied,
depending on the type of the analyzed signals (periodic, stochastic, non-stationary)
[6, 7, 11, 12]. The general scheme of the diagnostic procedure conducted with
signal-model-based fault detection methods is presented in Fig. 6.
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The above methods are relatively simple, as they do not need a mathematical
model of the process. However, their drawbacks result from limited diagnostic
information concluded in single signals and from ambiguity of signal parameters’
change (e.g. for nonstationary signals), which significantly makes difficult to
determine the relations between faults and their symptoms.

Therefore nowadays one can observe a growing interest in application of arti-
ficial intelligence methods (neural networks, fuzzy logic and neuro-fuzzy networks)
is observed in fault monitoring and diagnosis [13—15]. These methods enable
replacement of analytical models by qualitative or qualitative-quantitative models in
the diagnosis of technological processes, however in case of such objects like
machines and different equipment they are an interesting tool in diagnostic infor-
mation processing.

3 Fault-Tolerant-Control Systems

About 20 years ago, together with the Fault Detection and Diagnosis
(FDD) methods, also the Fault Tolerant Control (FTC) was developed [5, 16—18].
The FTC aims to ensure the continuous system functionality, even after fault
occurrence. FTC systems possess the ability to detect component failures auto-
matically, using suitable FDD methods. They are capable of maintaining overall
system stability and acceptable performance as long as the controlled system can be
safely stopped for maintenance or repair. In other words, a closed-loop control
system which can tolerate component malfunctions, while maintaining desirable
performance and stability properties is said to be a Fault Tolerant Control System
(FTCS) [5, 16, 18]. The general scheme of the FTC system is presented in Fig. 7.

The FDD system constitutes a part of the FTC system (Fig. 7) and is responsible
for providing the supervision system with information about the location and
severity of any fault. The supervision system can take a suitable action and can
reconfigure the sensor set and/or actuators to isolate the faults, and tune or adapt the
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Fig. 7 The general scheme of FTC system with supervision subsystem
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controller to accommodate the fault effects [5, 16, 18], according to the possibilities
and strategies listed in the scheme shown in Fig. 8.

As it was said in the previous section, the hardware (equipment) redundancy, is
attractive from the viewpoint of full system functionality after fault occurrence, but
it raises significant costs and requires duplication of control, measuring and even
actuator equipment. Such solutions are applied only in critical industrial processes
or installations.

FTC systems based on software (analytic) redundancy are generally divided into
two classes: passive and active. Passive FTCs are based on robust controller design
techniques and aim at designing a single, robust controller that makes the
closed-loop system insensitive to unexpected faults. Under faulty conditions a
process continues operation with the same structure and parameters of the controller
[16-18]. The general scheme of passive FTC is presented in Fig. 9.
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Fig. 9 The scheme of a passive FTC system
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This approach does not require on-line faults detection and is therefore com-
putationally more attractive. The controller design for passive FTC is based on
advanced control techniques, such as: adaptive theory, predictive control concepts
or artificial intelligence methods.

The applicability of passive FTC is very limited due to its serious disadvantages
[17]:

— a very selective subset of possible faults can be considered in the design of a
passive FTC system; usually those faults that do not have a significant effect on
the system operation of the system can be treated in this way, while only under
such condition the controller robustness to faults can be achieved;

— an increased robustness to certain faults can be achieved at the expense of
decreased nominal performance of the system. Since faults happen rather rarely,
it is not reasonable to significantly degrade the fault-free performance of the
system only to achieve some insensitivity to a restricted class of faults.

Still, passive FTCs have some advantages too. One of them is the fact that a
fixed controller has relatively reasonable hardware and software requirements.
Another advantage is lower complexity compared to active FTC systems [5, 17,
18].

In contrast to passive methods, the active FTC systems are based on controller
reconfiguration or selection of a few predesigned controllers. This technique
requires a fault detection and diagnosis (FDD) system that realizes the task of
detecting and localizing the faults if they occur in the system. The structure of an
active FTC system with a FDD unit is presented in Fig. 10.

The FDD part uses input-output measurement from the system to detect and
localize the faults. The estimated faults are subsequently passed to a reconfiguration
mechanism that changes the parameters and/or the structure of the controller in
order to achieve an acceptable post-fault system performance. Active FTC systems
use dedicated detectors or special state or parameter observers [5, 16—18] to identify
failure condition. The choice of the proper topology and fault tolerant control
algorithm depends on the system requirements and used components.
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Fig. 10 The scheme of active FTCS
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Designing such a system is a complicated and complex issue because of the need
to ensure its stable operation after a component failure, while maintaining full or
partial functionality at the required performance level of the whole process. To
ensure the proper work of complex systems, it is necessary to take into account the
diagnostic techniques, which within a reasonable period of time will allow to detect
a failure and to ensure appropriate reaction of the control structure.

Depending on the way the post-fault controller is formed, active FTC methods
are further subdivided into projection-based methods and on-line redesign methods
[17]. In the projection based methods, the post-fault controller is selected from a set
of the off-line predesigned controllers. Each controller from the set is designed for a
particular failure situation and is switched on by the reconfiguration mechanism
when the corresponding fault pattern has been diagnosed by the FDD system. Thus,
in this solution only a limited class of the system faults can be taken into account.
On the contrary, the on-line redesign methods require the on-line computation of
the controller parameters, which can be treated as a reconfigurable control, or
recalculation of both the structure and the parameters of the controller, which is
called as a restructurable control. Comparing the obtainable post-fault system
performances, the on-line redesign methods are superior to the passive methods and
the off-line projection-based methods. However, computationally they are the most
complicated and expensive methods, as they often require on-line optimization.

One of the most important issues when designing active FTC systems is the
integration between the FDD part and the FTC part. Most approaches are based on
an independent design of these two parts, with the assumption that the other one is
perfect. It means that many FDD algorithms do not consider the closed-loop
operation of the system and, vice versa, many FTC methods assume that fault
estimates realized by the FDD scheme are perfect. In practice such assumptions do
not guarantee proper post-fault performance or even can lead to instability of the
system. For making the integration of FDD and FTC parts possible, one should first
investigate what information from the FDD is needed by the FTC, as well as what
information can actually be provided by the FDD scheme. Imprecise information
from the FDD that is incorrectly interpreted by the FTC scheme might lead to a
complete loss of the system stability. This last issue is especially important in
high-dynamic systems, like drives, robots, aircrafts etc. [5, 16-18].

4 Fault Classification in Electrical Drives

Vector controlled AC motor drives are now widely used in industrial applications
for speed and torque regulation due to their high performance [19]. In such systems
AC motors are supplied from voltage-source inverters with pulse width modulation
(PWM) or space vector modulation (SVM). These inverters mostly use power
switches based on the insulated-gate bipolar transistors (IGBTs), due to their
well-known advantages, such as high efficiency, high switching frequency and
relatively short-circuit current handling ability. The modern AC motor drives,
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operating in closed-loop speed or position system, are equipped with advanced
digital control systems. In Fig. 11, the schematic diagram of such a modern elec-
trical drive is presented, where besides chosen sensors of electrical and mechanical
variables, state estimators or state observers were introduced, they illustrate the
software redundancy in the system. So according to the previous sections, this drive
can be analyzed as a type of FTC system.

Inverter-fed AC motors are sensitive to different faults occurring at the static
converter, at the motor itself and at the control system stage. All these faults lead to
the interruption of the drive system operation and unprogrammed maintenance
brakes. Unplanned drive stops could lead to high financial losses, so the devel-
opment of reliable monitoring and fast fault detection methods as well as
fault-tolerant control strategies applied in the drive system are a current demand of
the industry [13, 19].

Electrical drive systems are subject to different faults whose consequences sig-
nificantly depend on the fault location [13, 20]. In Fig. 12 basic faults occurring in
the drive system are listed and illustrated.

Among various types of failures in electric motor drive applications, power
converter faults make up about 80 % [21, 22]. There are many kinds of faults in
power converters such as a power semiconductor device (21 %), solder (13 %),
DC-link capacitor (30 %), printed circuit boards (PCB) (26 %), sensor, etc. [21].
Thus power device modules failures compose 34 % of power converter faults. All
these faults result in a drive performance deterioration or even an unplanned
stoppage of the drive system.

The power device faults can be divided into two cases: short-circuit faults and
open-switch faults. A short-circuit fault can occur due to several reasons, such as
the wrong gate voltage, overvoltage, avalanche stress, or temperature overshoot.
Short-circuit faults are difficult to handle because of an abnormal over-current
which can cause serious damage to other parts is produced within a very short time.
In addition, the period between the fault initiation and failure is very short.
Therefore, most diagnostic methods of a short-circuit fault are based on hardware
circuits which use high integrated transistor drivers turning off an affected transistor
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Fig. 11 The schematic diagram of the modern electrical drive robust to sensor faults
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before its permanent damage. Indeed, a drive performance is significantly reduced
after turning off the switch, but a high current does not flow through a converter and
therefore further rapidly progressive inverter faults can be avoided.

An open-switch fault occurs due to the lifting of a bonding wire caused by
thermal cycling. An extremely high collector current may also cause open-switch
faults. The open-switch fault leads to a current distortion. It can cause secondary
problems in other components through induced noise and vibrations. The
open-switch fault does not cause serious damages, compared to short-circuit faults,
but it does degrade the performance of overall converter systems. This type of
switch failure should be detected and compensated, as it causes big stator current
values and high transients in electromagnetic torque which could damage the drive
[21, 23]. Therefore, the diagnostic methods of power device faults are needed to
improve the reliability of the converter system. Hence, fault-tolerant control
(FTC) techniques, which combine transistor fault diagnostic methods, hardware
redundancy and post-fault control algorithms that allow simultaneous electric drive
operation, are developed, recently [23-26].

The most frequently used approaches are based on the analysis of easily
accessible signals, like current or voltage, thus the methods of an open-circuit fault
detection can be classified as current- or voltage-based ones [28, 30, 32]. In
accordance with these techniques, a fault diagnosis is carried out in order to conduct
a remedial action, which is normally based on a power converter circuits recon-
figuration as well as changes in a main drive control algorithm. Correct failure
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detection and its localization, robustness against false alarms and the fast failure
diagnosis allow to perform an appropriate remedial action that brings back a partial
or full drive functionality. A detailed survey of methods that are dedicated to
transistor failures diagnosis has been presented in many works [23-26].

The second group of damages, which occur in electric drive, are AC/DC rectifier
semiconductor faults and a DC bus link failures. The problems connected with the
faults of AC/DC rectifier are similar to those in DC/AC voltage inverters, so the
methods of detection are similar. However, there are only few works that deal with
power switch fault diagnosis in the AC/DC rectifiers [27]. Moreover, most of the
fault diagnostic methods, which are known form literature, are not validated in the
vector-controlled sensorless control structures.

In most power converter applications, the electrolytic capacitors are predomi-
nantly used in DC-links because of their low cost. However, they have some
undesirable properties such as sensitivity to temperature, frequency and low relia-
bility resulting in their finite lifetime and high failure rate due to a wear-out
degradation failure. In [21] a brief overview of the condition monitoring methods
for electrolytic capacitors is given, such as: on-line estimation of equivalent series
resistance method or off-line method based on capacitor model.

Among different failures of drive systems, electrical and mechanical faults of AC
motors constitute a significant part [20]. Electrical faults are connected with the
stator windings of the induction motor and permanent-magnet motors, and with
rotor squirrel-cage of the induction motor (broken rotor bars or rings). The stator
winding failures occur due to insulation stresses, inter-turn short circuits or even
short-circuits of phase windings. In the case of PMSM rotor faults are connected
mainly with deterioration of permanent magnets performance or their mechanical
displacements or vibrations. Mechanical faults in the electrical motors are con-
nected with the quality of mechanical connection between the driving motor and a
load machine. It could be: rotor eccentricity, misalignment or bearings, clutch or
gear failures. The statistical research realized by different research centers show that
bearings faults are close to 40 % of all IM faults, while stator winding faults
constitutes about 38 % and rotor faults—about 10 %.

The faults detection of AC motors rely on the analysis of two easily measured
signals: phase current and mechanical vibrations [7, 28-32]. They can be prepro-
cessed to obtain other diagnostic signals, such as: magnitude of the stator current
space vector, estimated electromagnetic torque, transient active or reactive power,
internal variables in closed-loop control structures [28, 30, 31]. The extension of the
diagnostic signals number enables more accurate fault isolation, using different
signal analysis methods, such as: Fast Fourier Transform (FFT), Short Time Fourier
Transform (STFT), wavelet analysis, Higher Order Transforms (HOTS), etc. [7, 28,
32]. The fault diagnostics and fault differentiation based on extracted fault symp-
toms is done using different methods, such as: multidimensional statistical methods,
state estimators and observers, artificial intelligence methods (see Fig. 2) [13-15,
29, 33].
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The last source of failures in drive systems are sensors faults. In the electrical
drive systems the current and voltage sensors are necessary for the proper work of
the control algorithms [19]. Those sensors are very sensitive to various damages [5,
34]. A drive system and estimation techniques can work stably without information
from a stator voltage sensor, but cannot work properly without signals from stator
current sensors [19, 34, 35]. This signal is used to the non-measurable state variable
reconstruction (like stator or rotor fluxes in AC motor drives) and in the internal
current control loops. Similarly, the measurement of the rotor speed is required for
external speed or position control loops in adjustable drive systems. The speed is
measured using mechanical sensors (mainly encoders), which are also very sensi-
tive to the actual drive and environment conditions and can be destroyed. The
topology of the drive must be changed if the speed sensor is broken [10, 34-36]. In
most cases a speed sensorless operation, which requires suitable speed estimators or
observers, is applied [10, 36, 37].

In the case of electrical drives monitoring, the fast fault detection and isolation is
very important, as different failures, described above, usually cause high current
asymmetry and overshoots as well as electromagnetic torque oscillations. Thus not
only localization but also compensation of the failure should be realized immedi-
ately. It is illustrated in Fig. 13.

The electromagnetic time constants of the drive system are much smaller than
the mechanical time constant, thus phase motor currents are generally used as
diagnostic signals. Based on [6, 38] it can be stated, that the process of isolating the
damaged element of the drive system, (t; * t,) is generally the longest of the three
shown in Fig. 12. It results mainly from the need to take into account the phe-
nomena of commutation in the electric circuits of the drive. Isolation of the faulted
circuit at the wrong time can result not only in lengthening the time of the assumed
functionality of the drive, but, moreover, the destruction of other elements of the
system [38]. The time dedicated to fault localization (t; + t,) should not exceed one
stator current period in case of power converter failures. Similarly the fault com-
pensation time interval (t, + t3) should not take more than two stator current
periods. In the time t3 the drive operates with some functionality according to the
assumed post-fault control strategy.

£ Fault Detection -] Isolating the

- and Identification --- damaged element Fault Compensation

to t t2 tz t[ms]

Fig. 13 The sequence of actions in FTC drives
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Modern control strategies of the drive systems, like adaptive, predictive or
sliding-mode control algorithms should ensure the reliable and safe operation in
case of occurrence of the motor or even the power converter failures. However,
usually under semiconductor faults the reorganization of the internal structure of the
power converter and its control (modulation method). Faults of the sensors can have
different effects in the complex drive system, however, their occurrence makes it
necessary to amend the topology of the drive control structure completely. Thus,
drive systems with the described functionalities, resulting from FTC concepts,
recently are called safe systems or fault-tolerant drives (systems robust to failures)
[6, 9, 10, 26, 35, 36, 38].

As it was said in the previous section, the goal of the fault-tolerant system is the
continued stable operation of the drive (while maintaining its full or partial func-
tionality) or its safe stoppage, depending on the failure type or guaranteed safety
level. Depending on the solution chosen for the FTC of the adjustable electrical
drive, different strategies can be distinguished, according those listed in Fig. 9. Due
to the nature of adjustable drive systems, one should choose such a method of the
failure compensation which maintains the basic characteristics of the functionality
of the drive. Usually, the use of the software redundancy does not preserve the
previous functionality of the drive. Software tools allow to specify the type, extent
and location of the damage. Therefore, in most cases, because of the advantages of
knowledge on the fault location, the active strategies of FTC are applied in drive
systems. To restore functionality of the faulted drive is necessary to use the
dynamic hardware redundancy.

To implement the above FTC strategies in electrical drives it is necessary to
apply certain mathematical methods, like algorithmic ones (e.g. advanced analysis
methods of diagnostic signals, state and parameter estimators and observers) or
artificial intelligence methods (neural networks, fuzzy logic, neuro-fuzzy network
etc.). For example, when the drive operates in the vector control structure with a
speed sensor, in the event of its failure, the fault-tolerant structure should switch to
the new control strategy based on the speed estimator or observer. Further, in the
case of more than one current sensor failure, the vector controlled structure should
be switched to the scalar control strategy (as lack of the current signals destroys the
current control loops and simultaneously makes impossible the estimation of
internal state variables of the AC motor). Obviously, changing the control strategy
of the AC motor from vector to scalar control will result in a deterioration of the
drive operation but guarantees the operation stability and security of users as well as
the technological process.

Therefore, nowadays the advanced adjustable drive systems should be equipped
with diagnostic features to prevent damages and sudden switch-offs of complex
industrial installations. Thus, the incipient fault detection of all basic components of
the modern converter-fed recently has become one of the basic requirements which
will be addressed in the following chapters of this monograph.
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5 Summary

Recently the rapid development of research in the diagnosis of industrial processes
is observed, which is undoubtedly a consequence of the increasing interest in
industrial applications of diagnostic systems. It results from potentially large eco-
nomic benefits that can bring the implementation of such systems and the emer-
gence of new solutions, industrial automation systems, enabling the use of
advanced control and diagnostic techniques. Also in the field of electric drive
systems issues of monitoring and fault diagnosis starts include not only the
so-called critical high-power drives but also drives of low and medium power. This
mainly concerns the converter-fed drives, with advanced control strategies.

In this chapter a discussion of the main faults occurred in AC motor drives and
solutions of fault-tolerant control problems is presented from the viewpoint of
general theory of fault diagnosis, fault detection and fault compensation methods
developed for industrial processes applications.
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IGBT Open-Circuit Fault Diagnostic
Methods for SVM-VSI Vector-Controlled
Induction Motor Drives

Piotr Sobanski and Teresa Orlowska-Kowalska

Abstract In this chapter a two-level three-phase voltage inverter fed induction
motor drive is considered and a discussion of IGBTSs open-circuit faults diagnostic
methods based on voltage and flux vector hodographs analysis is presented. These
techniques have been validated for the drives with Direct Torque Control and Direct
Rotor Field Oriented Control strategies. Additionally, a speed of the diagnosis has
been considered and the post-fault strategy has been addressed.

Keywords Induction motor drives -« Vector control - Transistor faults - Fault
detection

1 Introduction

Faults of power electronics in electrical motor drives can significantly disturb a
control process, resulting in drive functionality decrease. There are many kinds of
faults in power converters such as: defects of a power semiconductor device,
DC-link capacitor, printed circuit board (PCB), solder, sensor, etc. All these faults,
which can lead to the interruption of the drive system operation and
un-programmed maintenance brakes. Unplanned drive stops could lead to high
financial losses, so the development of reliable monitoring and fast fault detection
methods as well as fault-tolerant control strategies is a current demand of the
industry. Therefore, diagnostic procedures and new control techniques, that allow a
fault detection and localization as well as simultaneous electric drive operation after
fault occurrences are developed recently. These techniques are known as
fault-tolerant control methods, and integrate failures diagnosis algorithms and
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hardware or software redundancy that allows correct drive operation under its faulty
condition. The effectiveness of fault detection and its localization techniques,
robustness against false alarms as well as fast diagnosis have an important influence
on applicability of an appropriate remedial action. Semiconductor and soldering
failures in power device modules compose 34 % of power converter failures [1].

The power device fault can be divided into two cases: a short-circuit fault and an
open-switch fault. A short-circuit fault can occur due to several reasons, such as the
wrong gate voltage, overvoltage, avalanche stress, or temperature overshoot. The
short-circuit faults are difficult to handle because an abnormal over-current which
can cause serious damage to other parts is produced within a very short time. In
addition, the period between the fault initiation and failure is very short. Therefore,
most diagnostic methods of a short-circuit fault are based on hardware circuits.

An open-switch fault occurs due to lifting a bonding wire caused by thermal
cycling. An extremely high collector current may also cause open-switch faults.
The open-switch fault leads to a current distortion. It can cause secondary problems
in other components through induced noise and vibrations. The open-switch fault
does not cause serious damages, compared to short-circuit faults, but does degrade
the performance of overall converter systems. Therefore, diagnostic methods of
power device faults are needed to improve the reliability of the converter system.

This chapter deals with selected open-circuit IGBT fault diagnostic methods that
are dedicated for three-phase two-level voltage-inverter-fed vector controlled
induction motor drive systems. The presented techniques are based on transient
analysis of stator voltage and stator flux space vector hodographs in a stationary
reference frame and do not require application of extra sensors. The diagnostic
algorithm is based on software solutions and ensures to detect and localize single
and multiple IGBT failures in a time shorter than one period of a stator current
fundamental harmonic, regardless a drive operation point. The presented schemes
of the diagnostic systems can be easily applicable in the vector-controlled electric
drives that use voltage space vector modulation (SVM) algorithms. To maintain
high drive performance for a post-fault action, a reconfigurable inverter topology is
applied. The selected experimental results are presented in this chapter.

2 A Short Overview of IGBT Diagnostic Methods

Due to the demand for the drive manufacturing cost reduction, a vast majority of the
detection methods for the transistor open-circuit failures are designed so that their
implementation does not require an additional hardware. The idea of the fault
detection relies on calculation and standardization of errors between the reference
and estimated or measured variables [2-7]. As a consequence of the switch
open-circuit failures inverter voltages are incorrectly estimated which results in a
wrong flux [7] and stator currents calculation [4]. In the case of these methods,
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diagnostic variables are achieved calculating the average values of the errors.
Further, they are compared with a “fault threshold” whose overstepping indicates
the transistor defect. The faulted transistors are localized analyzing signs of the
diagnostic variables.

A vast majority of the diagnostic techniques that concern the transistor
open-circuit failures is based on the analysis of the estimated or measured variables
in the stationary coordinate system o—f [8—16]. For this purpose, in most cases, the
stator phase currents are processed, namely the Park’s transformation is used to
obtain the current vector amplitude and phase. Further, the faulty transistor is
identified by taking information about the position of the current vector in o—f
system at the instant of immediately when the current vector stops its rotational
movement [14]. To eliminate the load dependence, this approach has been
improved by using stator or rotor flux signals for the faults diagnosis [16]. In
accordance with the direct field oriented control or the direct torque control methods
the flux is stabilized at a constant value and therefore as opposed to the faulty mode
under the healthy drive operations its amplitude is not affected.

3 Analysis of IGBT Faults Influence on the Drive System
Operation

Considering the three-phase two level voltage inverter, whose a circuit topology is
presented in Fig. la, output voltages usy, Ucy, Ucy are produced using eight
switching configurations, as shown in Fig. 2. A vector representation of the inverter
voltages are presented in Fig. 1b.

Single transistor open-circuit failures cause unidirectional voltage in one of the
inverter phases resulting in significant electromagnetic torque ripples because of the
currents distortions. These deformations are characteristic for the faults of particular
transistor. This fact is visible comparing current vector hodographs with a healthy
and faulted drive. In steady states, under the healthy motor drive operations, the

(a) (b) 8
*e T T3 T5 Us(010) o l ............. L U2(110)

4 A U0 11) /Uy (000) SN=1%, U;(100)
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2 C . SN=4 SN=6 ;
T4 T6 J T2 J
I~ I~ UcN| UBN |UAN
@ '@ Us(00 1) " Ug(101)

Fig. 1 Three-phase voltage source inverter: circuit topology (a) and voltage space vectors (b)
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Fig. 3 Hodographs of the stator current vector for the transistor open-circuit faults in the inverter
for the drive which operates at a different angular motor speed (omechl, ..., @mech4)

hodographs have a circular shape, whereas for the single open-circuit failure is
semicircular, as shown in Fig. 3.

As aresult of the fault, the drive performance is decreased. Compared to the healthy
vectors UO, ..., U7, the faulted ones UOF, e U7 are different in respect of their
amplitudes and phases, as shown in Fig. 4 [17]. For instance, T1 open-circuit failure
results in the magnitude of U2¥ and U6 reducing to (1/+/3) Upc but the vectors phase
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is shifted by an angle +n/6, respectively. Additionally, the amplitude of U1¥ is equal
to zero and that is the reason why the o component of the inverter reference voltage
vector U,s increases. Hence, this vector is located for a longer time in the first sector
SN = 1 in a— system. Further, the flux of the machine depends on the stator voltage
and it cannot be controlled in the case when the faulty states of the inverter vectors are
applied because of voltage malfunctions. As a result, the amplitude of the stator or
rotor flux vector decreases in some part of the a—f system, which is shown in Fig. 5.
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Fig. 5 Hodographs of the rotor flux vector for the transistor open-circuit faults in the inverter for
the drive which operates with different angular motor speeds (omechl, ..., omech4)

The specific behavior of the reference voltage as well as flux vector is used for the
transistor open-circuit diagnosis.

In order to formulate the transistor failure diagnostic algorithms, the sectors of
the a—f system are defined according to the following formula (1):

SNyy = E@%) (1)

where SNy, means a number of the sector containing the reference voltage or
estimated flux vector, which position in the o—f8 system is defined by an angle y,,.
A function E(x) returns an integer value of x.

4 Description of Chosen Diagnostic Methods
of Open-Circuit IGBT Faults in VSI-Fed Induction
Motor Drive

4.1 A Method Based on the Analysis of Stator Voltage
Vector Transient

In accordance with the first transistor open-circuit fault diagnostic method (M1) the

presence time f,, of the reference voltage vector in the sectors of the o—f3 plane is
calculated [8] as follows:
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1,
Mnorm = KA{ly (2>

where fynorm means the normalized diagnostic signal, @, is an angular speed of the
motor, Timer i8S @ period of the timer block used in a diagnostic system, which a
block diagram is presented in Fig. 6, a = 1/Timer-

The fault diagnostic system consists of the timer that is activated when the
reference voltage vector moves to another sector on the o—f3 plane, so the value of
the SNy changes. Next, the value of timer output signal 7, is proportional to a
duration when the reference voltage vector is located in each sector. In order to
normalize the diagnostic variable a division of #,; by the signal proportional to the
drive speed is applied resulting in #yy,,,,» Which is approximately equal to 1 during
the drive healthy operation. Transistor faults are detected when the signal |ty
achieves a fault threshold T = 1.15. For the faulted switch localization the rule
base taking into account direction of the motor rotation is used, in accordance with
Table 1. The output signals of comparators kI and k2 carry the information about
the rotation direction or speed sign as well as the fault threshold exceeding,
respectively. For example, if the transistor fault occurs under motor operation with
the positive speed (kI = 1), the diagnostic signal |fyz,0,m| value is greater than 1.15
(k2 = 1) and the reference voltage vector is located in the first sector of the a—f
plane (SNy = 1), then the fault of T1 switch is detected. Similarly, if the drive
operates with the negative direction (k/ = 0) and the fault threshold is observed
(k2 =1) when the reference voltage vector is described in the sixth sector
(SNy = 6) of the stationary reference frame, the failure of T1 is established.

4.2 A Method Based on the Analysis of Stator Flux Vector
Transient

In accordance with the widely used vector control algorithms, namely DRFOC or
DTC, an amplitude of the rotor or stator flux is regulated so that it has an
approximately constant value which is equal to the reference one. However, under

=
WOm NORMA;;ZATION : t Mnorm 'm‘ | tMﬂorm | N k 2 ,
(D) o RULE £

BASE
(Table 1)

Fig. 6 Schematic diagram of the switch fault diagnostic system for the method M1
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Table 1 Open-switch faul} kil k2 SNy Faulted transistor
S)'/mptor.ns patte'rns for the first 1 1 | T1
diagnosis technique M1
0 1 6
1 1 2 T2
0 1 1
1 1 3 T3
0 1 2
1 1 4 T4
0 1 3
1 1 5 T5
0 1 4
1 1 6 T6
0 1 5

the inverter faulty condition, in the period of the flux rotational movement in the
a—f system, the absolute value of the estimated flux vector decreases below the
nominal value y,., when the reference inverter voltages cannot be obtained. This
behavior is used to formulate the second transistor open-circuit fault diagnostic
method (M2). In accordance with this method, the local minimums of the rotor or
stator flux amplitude are monitored. If the flux amplitude is less than the fault
threshold value y,,, in the case when the local minimum is observed, the infor-
mation about the position of the flux vector, that is defined by the angle y,, in the
o—f system, allows to detect the faulty switch [16, 17].

The algorithm simplification follows from the definition of the flux vector
location, using partition of the a—f plane into six sectors SN,,. The rule base of the
fault diagnostic system, whose block diagram is shown in Fig. 7, is presented in
Table 2. For example, if a value of the local minimum of the flux amplitude is less
than the fault threshold v, that means kI = 1, the angular drive speed is positive
(k2 = 1) and SN,, = 1, then the fault of T1 is detected (d = 1).

Fig. 7 Block diagram of the

transistor failures diagnostic Yy I]? ETﬁEﬁ%ﬁF I\V;I > &l
system for the method M2 oc v < >
(v TRANSISTOR
FAULTS d
DIAGNOSTIC |
vy | SECTOR NUMBER [SMV. RULES
SN CALCULATION (Table 2)

WO k2
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Table 2 Transistor open-circuit fault symptoms patterns for the second diagnosis method M2

194 k2 Sector SN,, in which the local minimum of y is observed Faulty switch
1 1 1 T1

1 0 6

1 1 2 T2

1 0 1

1 1 3 T3

1 0 2

1 1 4 T4

1 0 3

1 1 5 T5

1 0 4

1 1 6 T6

1 0 5
5 A Descriptive Analysis of Selected Diagnostic Methods

of Open-Circuit IGBT Faults in VSI-Fed Induction
Motor Drive

5.1 A Short Description of the Testing Methodology
and the Laboratory Set-up

The analyzed transistor open-circuit fault diagnostic methods have been tested by
experimental research, whose selected results are presented in this section. First, the
robustness of these algorithms against the occurrence of false alarms during normal
motor drive operations was proved. For this purpose, plenty of various tests under
constant reference motor speed values and rapid load changes were carried out.
Additionally, a similar research taking into account the drive performance under
changeable motor speed as well as load variations was done. All these tests resulted
in the fault threshold definition for each considered transistor open-circuit fault
diagnostic algorithms. In order to prove the effectiveness of the diagnostic tech-
niques the transistor defects were emulated during the constant reference motor
speed. Next, the research was extended into the analysis of the diagnostic methods
correctness under transistor faults occurring during the linear motor speed changes.
Finally, the speed of the faults diagnosis was compared for each method, consid-
ering a failure instance referred to the phase of the current. In all figures, magenta
dashed, vertical lines mark the instance of the single switch open-circuit faults and
the moment of the faulted transistor detection is marked as a blue dotted line. For
the rating diagnosis speed of the proposed algorithms a variable 7, was defined as a
part of the stator current period 7; which is measured before the transistor defect
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emulation. Additionally, the speed n of the drive, phase currents i;4 5 ¢ and selected
diagnostic variables, are presented in the figures with the respective analyzed
method. In the case of M1, time-domain waveforms of the signal |fys0,| and the
variable SNy, which denotes the sector number, that described the position of the
reference voltage vector in the stationary coordinate system, is shown.
Supplementary, transients of the rotor w, or stator y, flux absolute value and the
flux vector position that is described by the sector number SNy are presented.

The research was conducted using a laboratory set-up (see Fig. 8) built of
2.2 kW induction machine connected by a stiff shaft to the DC motor which was
used as a load machine controlled by changing armature current. Nominal
parameters of the induction motor are shown in Appendix 1, Table 3. The drive
control as well as diagnostic algorithm were implemented using the dSPACE
DS1103 rapid prototyping system with the sampling period 7Ty = 100 ps. The phase
currents and DC-link voltage measurements were made using LA 55-P and LV
25-P transducers, respectively. An incremental encoder (36,000 imp./rev.) was used
for speed measurements. The switch open-circuit failures were emulated removing
command transistor gate signals.

(a) isaB.C

o, DS1103 Upe
N
LOAD MACHINE H
POWER POWER
CONVERTER CONVERTER

Fig. 8 Experimental set-up: a schematic diagram (a), a photo of the induction motor drive (b) DC
motor supplier (c) the fiber-optic modules of the inverter (d)
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5.2 Method Robustness Against the False Alarms

In Fig. 9 chosen experimental results that demonstrate the diagnostic methods
robustness against the false alarms are presented. For this purpose, the drives were
tested under various speed conditions and rapid load changes. These tests resulted
in the determination of the transistor fault thresholds: 77 = 1.15 for the M1 method
(for both control structures: DRFOC and DTC), and v, = 0.86 and vy, = 0.95
for the M2 method, for DRFOC and DTC strategies respectively. It means, that the
values of the diagnostic variables do not exceed these thresholds during healthy
drive operations. The main advantage of this approach is that it does not require any
knowledge about diagnostic signals corresponding to the faulty inverter mode.
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Fig. 9 Experimental results regarding the fault threshold adjusted to the time-domain waveforms
of the speed n (a, f), stator currents izy g c (b, f), electromagnetic torque m, (¢, g), diagnostic
variables related to the 1st method |fyz,0,,,| (d, h) and the absolute value of the stator y or rotor w,
flux of the machine (e, i) for the DTC-SVM and DRFOC
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5.3 Verification of the Transistor Open-Circuit Fault
Diagnostic Methods

In Fig. 10a—e the experimental results related to the transistor T3 open-circuit
failure, which occurred during the constant reference drive speed n,., = 720 rpm
and the load m; = 7.2 Nm in the DTC-SVM controlled drive, are shown (Fig. 10a).
At the instant of ¢ = 0.046 s the fault was simulated and shortly after that, at time
t = 0.50 s, the diagnostic signal, which corresponds to the method M1 crossed the
fault threshold 77 (Fig. 10c). At the same time, the reference voltage vector was
located in the 3rd sector of the o—f plane, so the faulted switch was recognized
correctly (Fig. 10e). The fault resulting in the stator flux disturbances, which were
processed. Shortly after that, the local minimum of the time-domain waveform of
the flux was observed when the estimated stator flux was in the 3rd sector of the
stationary system (Fig. 10d, e). Taking into consideration the previously formulated
diagnostic rules of the M2 method, the fault of T3 was detected. Similar results
were obtained for the fault of transistor T6 in the drive with DRFOC (Fig. 10f—j).
As can be seen, the diagnostic rules were fulfilled for the both diagnostic methods,
the transistor T6 fault was detected, namely the method M1 gave the information
about the fault at # = 0.047 s but the method M2 at the instant of 7 = 0.053 s. In the
case of both electric drives (with DTC and DRFOC), the fault localization time was
shorter than one period 7; of the current fundamental (Fig. 10b, g).

The presented results correspond to the drive operation with the constant speed
and semi-loaded motor. Next results are obtained during the drive performance with
the full load and the motor speed that was linearly changed, namely increased or
decreased. It is reasonable to verify both diagnostic methods because they are based
on the signals whose frequency is changing depending on the reference speed of the
motor. First, the faults were simulated for the fully-loaded motor. The chosen
results are presented in Figs. 11 and 12. These results correspond to the fault of T3
(Figs. 11 and 12f—j) and T6 (Fig. 12a—e). Due to the diagnostic signal normaliza-
tion the method M1 is effective even when faults occur during the reference speed is
changed. For the healthy motor drive operation the signal |fys,,,.,| is approximately
equal to one, despite the fact that the voltage frequency increases. The flux error
does not depend significantly on the motor speed or load, therefore the diagnostic
signal normalization is not necessary. The following examples proved that the
diagnostic method M2 gives correct results for the drive with DTC or DRFOC as
well.

Figure 13 shows experimental results that have been achieved under the fault of
the transistor T6 and no-loaded motor drive operations. Alike as in the previously
presented cases, the method based on reference voltage vector analysis is charac-
terized by faster transistor failure diagnosis than the flux-based techniques.
Furthermore, both algorithms allows to localize the faulted transistor in the time
shorter than one current fundamental period which allows to change the control
algorithm sufficiently fast to compensate the negative fault influence on the drive
performance without interruption of the motor operation.
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Fig. 10 Experimental results regarding the fault of transistor in the inverter phase B with the
time-domain waveforms of the speed n (a, f), stator currents is4 g (b, f), diagnostic variables
related to the M1 method |£ys,0,m| (¢, &), and the absolute value of the stator v or rotor y, flux of
the machine (d, h) and position of the reference voltage SNy, or flux SNy vector in the a—f3 system
(e, i) for the DTC-SVM and DRFOC

Figure 14 presents summarized results of the test which shows the relationship
between the failure instant, defined by the phase angle y; of the current i,4, and the
speed of the T1 open-circuit fault diagnosis. This research was conducted under
constant reference speed 7,,, = 720 rpm and the load m; = 7.2 Nm. These condi-
tions correspond to a half of the nominal values. The achieved results showed that
the speed of the transistor fault diagnosis #, depends on the fault instant described
by y;. It is clear that depending on rotational speed direction of the reference voltage
or flux vector the diagnosis speed increases after these vectors leave the sector of
the a—f plane which is crucial for the failure diagnosis. When the vectors move in
this sectors the time 7, decreases. Due to the phase shift between the voltage or flux
and the current vector, in the case of T1 fault, the fastest fault diagnosis is observed
around the angle y; = n/3.
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Fig. 11 Experimental results regarding the fault of transistors in the inverter phase B with the
time-domain waveforms of the speed n, which is linearly increased (a, f), stator currents ii4 s ¢ (b,
g), diagnostic variables related to the 1st method |£47,0,m| (€, h), and the absolute value of the stator
w, or rotor y, flux of the machine (d, i) and position of the reference voltage SNy or flux SNy
vector in the a—f system (e, j) for the DTC-SVM and DRFOC-SVM

The achieved results proved that for the both fault monitoring techniques the
diagnostic time is shorter than one period of the current fundamental harmonic.
Additionally, the first method (M1) is faster than the second one (M2) in every case.

6 Post-fault Control of the Drive System

The transistor open-circuit fault diagnostic methods are applied in the fault-tolerant
control systems in order to carry out the remedial action, which brings back partial
or full motor drive functionality. For this purpose, the redundant converter
topologies, the survey of which was presented in [18], are developed. As a matter of
fact, only full hardware redundancy, such as using an additional converter leg,
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Fig. 12 Experimental results regarding the fault of transistors in the inverter phase B with the
time-domain waveforms of the speed n, which is linearly decreased (a, f), stator currents i;4 5 ¢ (b,
g), diagnostic variables related to the 1st method |£yz,0,m| (€, h), and the absolute value of the stator
w, or rotor y, flux of the machine (d, i) and position of the reference voltage SNy or flux SNy
vector in the a—f system (e, j) for the DTC-SVM and DRFOC-SVM

guarantees maintaining high drive performance. Nevertheless, in view of their high
manufacturing cost, these solutions are recommended for use in safety-critical drive
applications.

Another approach is based on four-switch three-phase inverter topologies. In
accordance with this, a phase of the machine that is connected to the faulty inverter
leg, is connected to a DC bus mid-point [19-23] or is separated from the inverter
and the neutral point of the motor is connected to the mid-point of the capacitor
input filter of the inverter [24—26]. The main drawback of the second solution is the
requirement of access to a motor neutral point, that is not assured in most motor
drives applications. Furthermore, a long post-fault drive operation has to be avoided
because the current in the healthy phases significantly increases. In accordance with
the first solution, a maximum speed of the drive, that operates with the nominal
torque, is limited to a half of the nominal value. Additionally, flying capacitors
problem occurs and must be considered in the voltage modulation strategy [12—-14].
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Fig. 13 Experimental results regarding the fault of transistors in the inverter phase B with the
time-domain waveforms of the speed n, which is linearly decreased (a, f), stator currents ix4 5 ¢ (b,
), diagnostic variables related to the 1st method [ta,0rm| (¢, h), and the absolute value of the stator
w, or rotor y, flux of the machine (d, i) and position of the reference voltage SNy or flux SNy
vector in the a—f system (e, j) for the DTC-SVM and DRFOC-SVM
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A choice of the inverter topology for the post-fault operation should be justified by
a required safety level of the motor drive applications and its acceptable manu-
facturing cost.

7 Summary

This chapter presents two simple transistor open-circuit fault diagnostic methods
which have been applied in DTC-SVM as well as DRFOC-SVM induction motor
drive systems. The concept of the fault diagnostic techniques consists in the
analysis of the vector hodographs of easy assessable signals, so the additional
hardware installation is not required for the methods implementation. The main
advantage of the proposed schemes of diagnosis result from the accurate diagnostic
signals selection which guaranties the methods load independence of the load. Both
methods ensure the correct transistor open-circuit fault diagnosis in a time shorter
than one period of the stator current fundamental harmonic regardless of the drive
operation point. The great merit of the methods is their full robustness against false
alarms and a simple hardware implementation. The presented techniques can be
realized using microprocessor systems in the fault-tolerant motor drive systems.

Acknowledgment This work was supported by the National Science Centre Poland, under
project 2013/09/B/ST7/04199 (2014-2017).

Appendix 1

See Table 3.

Table 3 Rated data of the

Quantity Symbol Value
tested induction motor

Power Py 2.2 kW

Torque my 14.6 Nm

Speed ny 1440 rpm

Voltage uy 400 V

Current iy 45 A
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Speed and Current Sensor
Fault-Tolerant-Control of the Induction
Motor Drive

Mateusz Dybkowski, Kamil Klimkowski
and Teresa Orlowska-Kowalska

Abstract In this chapter a rotor speed and stator current sensors faults detection
systems for a vector controlled induction motor drive are described and tested.
Different active algorithms are discussed, their advantages and disadvantages are
demonstrated from the drive safety point of view. Another problem, presented in
this chapter, is focused on the fault detection time. Simulation results show that the
proposed detection systems can be used in fault tolerant control algorithms. The
simulation studies are confirmed through a variety of experimental tests.

Keywords Induction motor drives - Speed sensor fault - Current sensor fault -
Fault detection - Fault-tolerant-control

1 Introduction

For the proper work of the modern vector controlled induction motor drive system
the mechanical and electrical variables sensors are necessary [1]. Some signals,
used in the internal control structure of the drive system (such as stator and/or rotor
flux, electromagnetic torque, rotor speed) can be estimated by different simulators
[1], observers [2], Kalman Filters or neural networks [3, 4]. Those estimation
systems and control algorithms cannot work stably when the sensors are broken.
The advanced vector control structures of Induction Motor (IM) drives should be
equipped with diagnostic features to prevent damages and sudden switch-offs of
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complex industrial installations. Thus the incipient fault detection has recently
become one of the basic requirements for modern IM drive systems [1, 4].

During last few years, fault-tolerant control systems (FTC) [1] became a very
active research field for many research groups [4, 5]. The FTC aims to ensure the
continuous system functionality, even after fault occurrence. Therefore, the FTC
should be able to detect and identify faults and to cancel their effects or to attenuate
them to an acceptable level.

In this chapter the rotor speed and stator current sensors faults detection systems
for vector controlled induction motor drive system are described and tested.
Different active algorithms are discussed, their advantages and disadvantages are
demonstrated from the safety point of view. Another problem, presented in this
chapter, is focused on the fault detection time. Selected simulation and experimental
results have been presented in this work.

2 A Short Review of Existing Diagnostic Methods
of Sensor Faults in Induction Motor Drives

The fault tolerant control (FTC) has attracted lot of attention during the last
20 years in most industrial applications, such as: flight control, electric machines,
power plants, computer networks and refineries. One of the most researched areas
concerns fault diagnosis in induction motor drives. The main source of failure in
these systems may be due to the machine, converter or faulty operation of mea-
surement sensors. Studies show that proper and stable operation of the drive
strongly relies on the efficiency of the measurement sensors. Measurements can be
corrupted not only due to total sensor failure but also due to connection problems or
some hardware or software malfunction [3, 6]. In vector-controlled drives, speed,
current and voltage sensors are required to provide high performance and system
efficiency. Therefore, sensor fault-tolerant control is an extremely important area of
investigation for IM drives [7].

The proper choice of the fault tolerant control algorithm and topology depends
on the drive system requirements and used components. To ensure the proper work
of complex systems, it is necessary to take account of diagnostic techniques, that
within a reasonable period of time will allow to detect a failure and an appropriate
response of the control structure. There are several methods for sensor FDI (Fig. 1)
that depend on hardware redundancy, analytical redundancy, or both of them [4, 5,
&, 91.

The general idea of methods based on the hardware redundancy, is based on
continuous measurement of the respective state variable using two or more addi-
tional sensors. Any difference in compared readings from the other sensors indi-
cates fault occurrence. These methods, because of their simplicity, are most
commonly used in industrial applications [4, 5]. The main disadvantage of these
solutions, presented in the papers [5, 8] is the high cost of this complex system with
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Fig. 1 Fault detection and identification methods [5]

additional redundant sensors. Hardware redundancy is a very expensive and
cumbersome solution [7]. The use of additional components increases the com-
plexity of the whole system and raises challenges in diagnosis. Also, the use of a
hardware redundancy approach is limited due to cost constraints. Moreover, the
additional components and sensing elements affect the design process of the
mathematical model and introduce uncertainties into the system. In the case of the
rotor speed sensor, the redundancy is not always acceptable because of lack of
sufficient space (usually one sensor per mechanical shaft). A stator current sensor is
very simple in practical implementation and can be mounted in each type of drive.
In the case of voltage measurement there are two basic approaches to the calculation
of the needed voltage of components: usage of one sensor in a DC-link of a
frequency converter and the other solution is based on three (or even two) phase
voltage sensors.

Methods based on the software redundancy do not use additional sensors, but are
based on the relations between the measured and analytically calculated values of
the state variables. The most commonly used fault detection and isolation
(FDI) methods are knowledge-based fault-model methods [8], such as observer
methods [6, 9] or parity space approach [6, 10]. Once the faulty sensor is detected,
the FTC will try to accurately restore the readings from missing sensors using the
remaining healthy sensor outputs. So reconfiguration strategies are generally
developed using the redundancy of system state variables to restore missing data [1,
8, 11-14].

Residuals generated between the estimated and measured system outputs can be
evaluated for fault detection using various methods. In [12], state variable observers
are designed for this purpose and used to identify and isolate the faulty sensor. In
[15], a bank of three rotor flux observers and a switching mechanism are presented
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to identify the faulty sensor [16, 17]. Because three different observers are used in
this method, the proposed solution demands more design efforts and is much more
difficult in real-time implementation. In [9], to isolate all the sensor faults an
adaptive current observer with rotor resistance estimation is used. This method is
not robust to random system noise. In [18], a similar solution is presented and based
on current and flux observer with estimation of stator and rotor resistances using a
single current sensor.

In [3] and [10] an example of space parity approach is presented. The fault
indicator generation is based on outputs of the sensor at the previous sampling
acquisition periods. This approach was modified by [7]. The derived analytic
algorithm is then enhanced against noise measurements [10]. The innovative FDI
algorithm was proposed in [3], a parity space approach is used to identify and
isolate the faulty sensor. The presented algorithm does not require the knowledge of
the system model and is therefore independent of system model complexity.
Reconfiguration of the control system is not possible as no estimation is performed.
In [19], the fault diagnosis and reconfiguration strategy are based on the extended
Kalman filter and a reduced number of adaptive observers. None of these methods
work in the case of multiple sensor failures.

In [20-23], an additional decision block is used, which depending on the
information about sensor faults (current and rotor speed) is able to change the
control topology. In [20] and [23], the control reorganization is carried out by a
fuzzy decision unit which ensures smooth transition from the encoder based to the
sensorless control [7]. In [24], and [25], a neural network/fuzzy logic technique is
used to identify and isolate the faulty sensor. The implementation of such a tech-
nique is difficult and also it cannot be used for non-complex applications. In [26],
fuzzy logic is used to detect the faulty speed sensor. In [27] and [28], fault-tolerant
control is based on maximum-likelihood voting (MLV) that uses the actual speed
and estimated speed (obtained using the Extended Kalman Filter and Luenberger
observer). The main problem connected with software redundancy approach is
strong sensitivity to electric parameters characterizing the induction motor model
variations. Basic difficulties may be caused by e.g. stator and rotor heating, mag-
netic saturation or the skin effect. Therefore, uncertainty and parameter variations
can deteriorate the control algorithm and may accidentally enable the FDI unit in
the healthy state of a drive.

In [12] an FDI unit that employs an adaptive fuzzy scheduling observer is
proposed. Due to the used single observer structure, the proposed solution can
easily be implemented in real-time systems. In [7] a new current and speed sensor
fault detection, isolation, and compensation technique is proposed. A logic-based
detection mechanism in the o—f reference frame is proposed to make the drive fault
tolerant against current sensor failures. The speed sensor fault detection is based on
MRAS type estimation technique. A survey on different types of faults in variable
speed drives is reported in [29].

Despite these existing research efforts, the detection of sensors faults in an
electric motor drives with induction motors remains a challenging problem [30, 31].
There is a strong necessity for continuous development of model and expert
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knowledge based diagnostic system. The increasing requirements of real-time
monitoring systems raise additional difficulties due to the limited computation
power capabilities and memory. Therefore the further research of FTC systems
should consider using less hardware demanding approaches while maintaining
desirable results.

The goal of the presented research is to explore methods that utilize the
embedded analytical algorithms for the detection and isolation of faulted sensors,
even in the presence of failures in the monitored drive system. In order to
accomplish the required level of safety and performance within a sensor network in
induction motor drives, further research of fault identification methods is needed to
overcome the following challenges:

— possibly the quickest or even instant detector response in the occurrence of
faulted scenario,

— simple to implement algorithm,

— certain identification and localization of faulted sensor without mistaken isola-
tion of a properly functioning component,

— identification of other sensors failures even in the case of already determined
presence of failures in the monitored system,

— independent detection algorithm not affecting other diagnostic systems already
installed in a drive (i.e. induction motor, frequency inverter or other measure-
ment sensors FDI units),

— universal approaches which may be used in a wide range of motor drive types.

The main contribution of this chapter is designing and real-time validation of a
different current and speed sensors faults detection systems for a vector controlled
induction motor drive system. Contrary to the commonly used approach in power
electronics and electrical drives, where only one type of the fault is analysed, in the
chapter different faults scenarios are described. The proposed systems guarantee
stable operation of the drive during faulted conditions. Those systems are based on
simple signals from the internal control structure and estimated speed and rotor flux.

3 Analysis and Compensation of the Selected Speed
and Current Sensor Faults in a Vector-Controlled
Induction Motor Drive

3.1 A Short Description of the Analyzed Drive System

In the paper a well-known control structure of the induction motor was applied—
the direct field-oriented control DFOC (Fig. 2). During the measurements an
angular velocity the incremental encoder was used (5000 imp./rev.), the DC bus
voltage and the switching states are observed to obtain the stator voltage compo-
nents. Stator current in the course of unfaulty operation is measured using sensors
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in the phases A and B, the third transducer may be used in a fault-tolerant control
system.

In the rotor speed estimation, the MRA estimator is used in a vector control
algorithm and in a diagnostic system. This system was presented in detail in [2].
This estimator is based on two well-known simulators (voltage model and current
model of the rotor flux) transformed to the stator current estimator and to the rotor
flux estimator based on a current model.

In the basis control structure the rotor flux can be calculated from the equation in
[p. u.] system [2]:
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Current estimator used in MRAS®C is obtained by the equation:
d r2 + Pry 1 Lty . Ly .
__3€ — _ m r i€ s \l’l 1€ \Pl 2
i = oy S e T o e @

where w¢—estimated rotor angular speed, ry, 7, [y, (., [,—stator and rotor resis-
tances, stator and rotor leakage inductances, mutual inductance, uy, if, J,—stator

3
.11
£+
-+
enc  Speed current 1{:_?"—4
controller .. controllers
ref 1. SA
), -
5 L
s, Power
JSield weakening Yy
U \fofzags
_.l calculation | ﬂa‘g”‘f
PR 2 I
i Ly
i Failure i
e.. <2 simulator ‘_1;'" B
c
kd ESTIMATOR -
(MRAS) ;
o flags'
Failure
I CONT'ROL |5|mul
O Load Induction
machine motor

Fig. 2 A scheme of direct field oriented control structure for an induction motor drive
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voltage, estimated stator current and rotor flux vectors respectively, ¢ = 1 — lﬁl /L,
TN =1 / 27rfsN-

Both the stator current estimator (2) and the rotor flux model (1) are adjusted by
the estimated rotor speed [2]:

wfn = Kp (ei.ulylr'*[)’ - eiAﬁ\Pi'Of) +K1/ (E,‘”Tiﬁ - el‘x/flylr":x) dt, (3)

where €y = Iy — zfu g—error between the estimated and measured stator current.

For some sensor faults, it is possible to guarantee the proper operation of the
vector controlled drive. For this purpose, the whole control structure should be
properly designed and adjusted. The control hardware redundancy should be
installed in its structure. Fault accommodation strategies for electric motor drives
can be divided into:

— state variable estimation,
— sensor redundancy,
— control accommodation—topology change.

3.2 The Influence of the Speed Sensor on the DRFOC Drive
System Operation

On the basis of reports, it can be observed that the effects of speed sensor failure, in
vector-controlled induction motor drives, are most visible in the error between
measure and estimated speed and in the estimated electromagnetic torque (or stator
current components) [3, 27, 29]. So monitoring those signals can be useful from the
diagnostic point of view. The speed sensor faults can be obtained by the equation
[3, 4]:

wenc = (1 - V)wma (4)

where w*"“—measured rotor speed, w,,—real rotor speed, y—constant coefficient.
For different values of the coefficient ), the measured rotor speed can be:

e intermittent—partial damage of the speed sensor consisting in a partial failure of
individual pulses from the encoder——1 <y <1;

e intermittent—partial damage of the speed sensor consisting in a cyclic
interruption of specific pulses from the encoder—y = [0, 1];

e zero—total failure of the speed sensor—y = 1, o] = 0;

o with offset—y = const € (—1,1);
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Fig. 3 A scheme of the simplified structure of the incremental encoder

The number of pulses of the sensor can be limited as a result of blocking holes in
sensor’s ring and the periodic interruptions of the measurement signal occur due to
the damage of the electronics or connecting cables (Fig. 3).

Drive is started from zero to the nominal speed (at # =3 s drive is loaded
m, = m,y). The speed sensor fault occurred at # = 2 s. It is visible that after the
speed sensor faults in the DFOC algorithm abnormal behaviours of the system are
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Fig. 4 Transients of measured and estimated speed, rotor flux hodograph, stator current

components and electromagnetic torque for a total failure of the encoder in a vector control
structure
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observed. In this control algorithm, reference signals are limited [current iy, limit is
set to 1.2 in (p. u.)]. For the total failure of the speed sensor, the real and estimated
speeds of the drive are increasing (Fig. 4).

The interruption in the speed control loop caused also the increase of the elec-
tromagnetic torque. For partial loss of individual pulses and for cyclic interruption
of specific pulses of the speed sensor, speed oscillation is visible. In both cases
drives are stable.

After the speed sensor faults, the stator current component iy, is not constant.
Oscillations on this variable are visible, the amplitude depends on fault types.
Similar results can be obtained for the DTC-SVM algorithm [30, 31]. In this case,
the symptoms are visible in the electromagnetic torque and stator flux vector
(Figs. 5 and 6).

3.3 Detectors of Speed Sensor Faults in the DRFOC
Structure

In the Fault Tolerant Control systems, abnormal behaviours of sensors must be
detected and the system must be reconfigured [3, 4, 27, 29]. The main problem in
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Fig. 5 Transients of measured and estimated speed, rotor flux hodograph, stator current
components and electromagnetic torque for a partial loss of individual pulses of the encoder in a
vector control structure
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Fig. 6 Transients of measured and estimated speed, rotor flux hodograph, stator current
components and electromagnetic torque for a cyclic interruption of specific pulses from the
encoder in a vector control structure

this situation is connected with the proper identification of the broken sensor. In this
chapter the chosen methods of the speed sensor fault detection for DRFOC algo-
rithm are presented. Those methods are based on a signal taken from internal
control loops.

For the Direct Field Oriented Control structure the stator current components (s,
and if; ), and the rotor speed (measured and estimated) can be used. In the analysed
detection systems, the estimated value of the rotor speed must be used. Different
techniques can be applied in the reconstruction of this variable [2, 9, 32, 33]. In the
presented systems, the MRAS type flux and speed estimator was used. This esti-
mator was presented in detail in [2].

The rotor speed sensor fault detection algorithm consists of four stages (Fig. 7).
In the first stage the measured and estimated (or reference and estimated) signals are
compared and checked. In the second stage signals are compared with the limits.

If the differences between those signals are bigger than the assumed limit
(chosen arbitrary), a simple logic algorithm (stage 3) can detect the speed sensor
fault, in the following way:
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»5t
Wy

x5t
[DI“ =

Ytault

LINN DIDOT

Fig. 7 A block diagram of the speed sensor fault detector for DRFOC algorithm

|wm - w,e,f’| > €1pFoc

IF THEN 0" ELSE ®,, (5)

vef
lsyf — Iyy| 2 €2pFoc

where ¢iproc = 0.02+0.1 - |@/¢ | —maximum speed error, &proc = 2.0 - ¥ —
maximum current error.

Limits of ¢ depend on the actual value of the reference speed. This solution
provides stable operation of the detector during induction motor parameter varia-
tions and wrong speed and/or flux estimation.

The final stage (stage 4) of the detector consists in the isolation of the fault by
switching to the speed estimator (MRASC® [2]) when a failure has been confirmed.
When the failure is eliminated, the detector can switch the control back to the sensor
mode if it is necessary. In the real system it is not possible.

The main problem in those algorithms is the correct choice of the maximum
speed error and maximum stator current (or torque) error. It is well known, that all
rotor speed observers are more or less sensitive to the induction motor parameters
variations. In the case of an incorrect identification of those parameters, the rotor
speed can be estimated with a steady state error. The first part of the detector (based
on the speed error) cannot properly detect the speed sensor faults. The second part
of this detector (based on the stator current error) guarantees proper operation for
this situation.

As an alternative method for the rotor speed and stator current sensor faults
detection, artificial intelligence can be used. A detector (for speed sensor faults
detection) presented in Fig. 8 is based on an artificial neural network (NN) with
three hidden layers in the configuration 5-11-4-2-1.

In this case the three hidden layers were used. Other solutions (with 2 hidden
layers) can be proposed, but the numbers of neurons in each layer are much bigger
and computation time is longer in this case. In the proposed systems the neurons
with nonlinear activation functions were used. The hidden layer consists of 17
neurons and the output layer of 1 neuron.

On the output of the NN detector there is the signal connected with failures.
Designed neural networks were trained by the Levenberg-Marquardt algorithm,
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Fig. 8 Block diagrams of the speed sensor fault detectors based on the neural network for the
DFOC algorithm

which is one of the most effective ways of learning used in one-way neural net-
works [24, 34]. It combines the convergence of the Gauss-Newton algorithm near
minimum and the method of gradient descent for the greater distance from the
minimum.

The Levenberg-Marquardt (L-M) algorithm performs compromise learning
strategy between the linear model and gradient method approach in each iteration.
Moving the point of seeking optimum weight is acceptable only if it leads to the
reduction of the error [35].

During the learning process the reference speed was changed in the vector
controlled systems. At first, the drive runs at rated speed, which at appropriate time
points was reduced. During the drive operation a total interruption of the speed
sensor loop occurred [34].

The main advantage of the NN detectors is the detection time. For the rotor
speed sensor fault and stator current faults this time is much shorter than for other,
algorithmic, detectors. The main disadvantage is connected with training procedure
and some complications in real time applications. The analysis of the speed sensor
fault detector based on the NN is presented in the next chapter.

3.4 The Compensation Method of Speed Sensor Faults
in the DRFOC Structure

In this part of the chapter the experimental tests of the drive system chosen during
faulted conditions are presented. It was assumed that two described detectors were
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Fig. 9 Transients of the mechanical and estimated speed for a vector controlled drive with: a total
failure of the speed sensor, b failure of individual pulses of the measurement signal, ¢ cyclic
interruption of specific pulses from the encoder

used. After fault detection the system was reconfigured to the sensorless mode with
the MRAS®C estimator. In Fig. 9 the Fault Tolerant Control structure during the
faulted conditions is presented. The system presented in Fig. 7 is used for fault
detection.

After the speed sensor fault, for # = 3 s, detection mechanism changed the
topology of the drive for the sensorless mode. In all cases a fault is detected after
~0.01 s. In addition, short pulses are noticeable in the waveforms of the measured
speed, but they do not significantly affect the performance of the entire control
system. The results were obtained in the laboratory set-up.

Comparative results of the NN detector and algorithmic detector are presented in
Fig. 10. In the sensorless mode the motor drive was able to operate stably. In the
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case of the neural detector, the identification of the sensor fault occurred in a much
shorter period of time. During topology change fluctuations on the state variables
are not visible. In Fig. 11 the comparison of detection time for each system, for two
different speed values (w,, = w,,»y and ®,, = 0.05 ®,,y) in the occurrence of total
interruption of control loop is presented.

After the sensor fault, the detection mechanism based on neural detector almost
immediately changes the topology of the drive to the sensorless mode or switches
the control structure to the redundant current sensor. The detector based on the
algorithmic method was able to detect failure after 0.0005 s, which is also a very
good result. However, the identification time, in this case, depends on drive
operation conditions. The longest time duration occurred for the low speed value
(w,, = 0.05 w,,n) with no load and was 0.01 s.

These differences, between the detection time for both algorithms, are very
slight, however, as it was seen at previous transients, even a small discrepancy may
lead to the interference of state variables. Such conditions in FTC drives are
undesirable and should be eliminated or compensated. The computation time for a
neural detector is much longer than for an algorithmic system.

4 An Analysis and Compensation of Current Sensor
Faults in a Vector-Controlled Induction Motor Drive

4.1 The Influence of Current Sensor Faults on the DRFOC
Drive System Operation

In the electrical drive systems the current and voltage sensors are necessary for the
proper work of vector control algorithms [3, 4]. Those sensors are very sensitive
and can be broken [3, 4, 8]. The drive system and estimation techniques can work
stably without information from the stator voltage sensor, but cannot work properly
without signals from stator current sensors [3, 4, 29]. This signal is used for state
variable reconstruction [2, 36] and in the internal control loop. The general scheme
of the closed—Iloop hall—effect current sensor is presented in Fig. 12.

The current sensor may indicate erroneous measurements due to saturation of the
magnetic core or phase shift signal in the feedback loop. Basic types of damage
current sensor are shown in Table 1.

In Fig. 13 the simulation results for the DRFOC drive system, with a totally
broken current sensor in phase A, are presented. In Figs. 14 and 15 the stator
current transients for the vector controlled induction motor drive system with a gain
error of the current sensor and with noise on the output of the sensor are illustrated.

In those tests the three current sensors were used in a control system. Currents
components Iy, and i;z were calculated from the Eq. (6):
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Fig. 12 The closed—Iloop <
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Table 1 Basic types of faults  ype of the fault Current value
and the value of the output ’ ; ; ;
Variable gain "= (1=,
current sensor s
Phase shift iy' = ig + loffer
Signal limit I = i,
Noise " =i, +n(t)
Lack of signal i"=0
Intermittent signal " =10,1]
O V3L
g = 5 LA — 5 (lsB + lsC) y  Lsp = T (lsB - lsC)- (6)

The current sensor was broken for # = 0.5 s. The symptoms of the current sensor
faults are visible on the current transients. The control structure compensates some
behaviours of the drive after faults.

The total failure of the current sensor is most dangerous for the vector controlled
induction motor drive. For the gain and offset error of the current sensor in phase B,
some oscillations on the measure and estimated (by MRAS®C estimator [2]) speed
are visible. In both cases the drive is stable and can work with a broken sensor.

4.2 Detectors of Current Sensor Faults in the DRFOC
Structure

An algorithm, based on the same idea as the previous one can be proposed for
current sensor faults detection. The proposed stator current sensor fault detection
system is based on observation of the estimated value of the rotor flux. In addition,
a field oriented control structure uses information about the component i, of stator
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Fig. 13 Simulation results for the DRFOC drive system with a totally broken current sensor in
phase B, i =0

current. Figure 16 presents a block diagram of the detector of a current sensor fault
implemented in the structure of the DRFOC control.

These solutions are based on the analysis of the difference between the reference
value of the rotor flux vector and actual (estimated) flux (for DRFOC).
Additionally, in the DRFOC algorithm the difference between the reference and
actual value of the stator current component in x axis is checked. This relationship
can be written as:

|

where &1, &,—maximum error between rotor flux and stator current.

In stage II the signal is sampled and delayed to avoid accidental failure deter-
mination. The results are compared with the value of the permitted limit. If the
value is bigger than threshold, the system generates a logic pulse indicating the
occurrence of a damage. After fault detection, the system is switched to the addi-
tional sensor. Stator current in phase A is calculated according to Eq. (8):

L7 S

|l§;f - isx| >& enla (lB +lC) else iy,

(7)
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IF yguus = TRUE AND i,
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(8)

i'y THEN Fault iz ELSE Fault ig

As aresult, proper operation of the drive is possible in the occurrence of a sensor

fault.

For the current sensor fault detection, a similar idea, based on the NN theory, can
be used. The general scheme of the neural network based detectors for DRFOC is

presented in Fig. 17.

In an NN based detector the three hidden layers were used (as for speed sensor
detection). In the algorithm presented in Fig. 17 the neurons with nonlinear
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Fig. 17 Block diagrams of the current sensor fault detectors based on a neural network for: DFOC

algorithm
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activation functions were used. The hidden layers consist of 19 neurons and the
output layer of 1 neuron (flag of the current fault). Designed neural networks were
trained by Levenberg-Marquardt algorithm.

4.3 The Compensation Method of Current Sensor Faults
in the DRFOC Structure

In this part of the paper selected experimental results of the detection algorithm of
the stator current sensors for the DRFOC drive are presented. The general scheme
of a complete Fault Tolerant Control system (for a current sensor fault) is presented
in Fig. 18. Components o—f3 are obtained by measuring the currents in phases A
and B. Thus, it is possible to determine which sensor has failed. If the component of
the stator current o differs from the measuring signal from phase A, it means that
the first sensor has a failure, otherwise the second sensor—phase B—is faulty.

A current sensor fault is detected in approximately ~0.01 s after a failure
occurred (Fig. 19). The proposed solution for a fault tolerant system, based on the
redundancy of the stator current measurement, allowed the detection of failures and
thereby enabled further operation of the system and the correct estimation of the
speed.

In Fig. 20 the comparative analysis of the two described detectors is presented.
In Fig. 20a the results for an algorithmic detector are presented, while in Fig. 20b

Fig. 18 A block diagram of 3
an FTC system with a current
sensor fault detector

Fault Detection
and Isolation Unit %G

. Power
; ¥ ot madule

Yeauly -
R (2] ’_E éa" % i
11 Isa -
sa 'sp -

abc s Ypur
— —
Load :E: Induction
g machine motor




Speed and Current Sensor Fault-Tolerant-Control ... 161

1.4, ¥ . ——

(a) (b) 14 o
1.2} 1.2} Wy

e 1t ST 1 A E

2 08} 3 0.8 / \ est

=1 o est = enc | )

£ 06 m £ 06} ml . TR

3 04 ) 3 paf . -

0.2 14 SENSOR FAULT | 0.2 Iy SENSOR FAULT
0 02040608 1 121416 18 2 0{] 0204 0608 1 1214 16 18 2
t [s] t [s]

Fig. 19 Transients of the mechanical and estimated speed for faulted operation of phase A stator
current sensor: a total failure of the sensor, b with gain error of the current sensor £40 %

(a) 1.4 : 0.6
1.2 O 0.4
i 1 ~ + S o2
3 g8 / " : g_
o, - ene () L2 e o
£ 06 Oy, m .o
¥ o4l : . x02 \R\ |
02l iy SENSOR FAULT 0.4 J
0 06 f_,‘ SENSOR FAULT
0 02040608 1 12141618 2 09 0.95 1 1.05 11
t[s]
14~ —
(b) ref
1.2¢ Dm
1} 2 -
—_ 5
2 o8 el " =%
=2 ., enc [0) o .
£ 06 O m ___in
3 04 - ! -
0.2 1y SENSOR FAULT |

0502 04 0608 1 1214 16 18 2
t[s]
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A: a neural based detector, b algorithmic detector, w,, = ®,,x

for an NN based detector. In both cases the drive is stable. Faults are detected in a
short period of time. For the NN based detector time detection is shorter, which is
clearly visible on the transients.

5 The Fault Tolerant Control Algorithm with Current
and Speed Sensor Fault Detectors

In this chapter, the selected experimental results of the full Fault Tolerant Control of
the induction motor drive system are presented. It was assumed that algorithms
must be robust to both (speed and current) sensors faults. A general scheme of the
drive systems controlled by the FTDRFOC algorithm is presented in Fig. 22.
Additionally, in the analysed control system, a typical scalar control structure was
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Fig. 23 The fault tolerant control system during faulted condition: scenario 1—fault of the current
sensor in phase A, 2—fault of the current sensor in phase B, 3—speed sensor fault (experimental
results, FT-DFOC)

used as a redundant algorithm. A scheme of this system was presented in Fig. 21. It
is obvious that this structure can be applied in a closed loop (with speed feedback)
or open loop.

The basic structure is always the vector control algorithm. In the case of the
failure of some sensors, control structure topology can be changed to the scalar
control system. The disadvantage of scalar control, presented in Fig. 21, is the lack
of the motor control during dynamical states.

The main advantage of the scalar control algorithms is the fact, that they can
work stably without information from the internal and external signals. This is very
helpful in the safety drives.

Experimental tests were conducted using a laboratory set-up consisting of
1.1 kW induction motor, SVM voltage inverter and an incremental encoder to
measure angular velocity (5000 imp./rev.). The control, detection and speed esti-
mation algorithms were implemented using a Micro Lab Box DS1202 card. The
Fault Tolerant Control (FT-DFOC) drives was tested for the different speeds.

The study involved faults of the speed sensor and the two current sensors during
drive operation. It was assumed (Fig. 23) that after # = 3 s the first current sensor
(in phase A) was broken, after 5 s from the start the second one was destroyed
(phase B). After t = 7 s the rotor speed sensor was broken.

After the first fault detection the system was reconfigured. The redundant current
sensor (in phase C) was used for the stator current components calculation (in the
stationary reference frame). The second fault of the current sensor determined the
change of the control structure. The topology is changed from the vector control
algorithm to the scalar control with the speed control loop. It is obvious that without
information from the current sensors the speed estimation is not possible, so after
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Fig. 24 The fault tolerant control system during faulted condition: scenario 1—speed sensor fault,
2—fault of the current sensor in phase B and 3—fault of the current sensor in phase A, m, = 0.5
m,y (experimental results, FT-DFOC)

the speed sensor fault, the control algorithm must be changed to the scalar control
without feedback.

The second scenario, presented in Fig. 24 and analysed in this section, is based
on the assumption that the rotor speed sensor was broken first. Afterwards the
current sensors were faulted (for # = 5 s in phase B and for # = 7 s in phase A).

After the first fault (speed sensor) the topology of the drive is changed to the
speed sensorless drive. For the rotor speed and flux estimation the MRAS [2]
estimator was used (the same as in the diagnostic system). During the topology
changes small oscillations are visible on the measure and estimated state variables.
During this test the drive was loaded. After three seconds from the first fault, the
current sensor was broken.

The detection system detected a failure and an additional sensor was used.
During the current sensor changes abnormal behaviours are not observed. After the
next fault the drive is switched to the scalar control with an open loop.

6 Summary

In the chapter some issues related to the application of the fault tolerant control
system in the vector control structure of the induction motor drive are presented.
The following remarks can be formulated on the basis of the presented study:

— it is possible to detect the rotor speed sensor using signals from the internal
structure;
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— algorithmic methods are simple in practical implementation but require selection
of threshold coefficients;

— it is possible to use a similar solution for current sensor fault detection, these
methods also depend on the proper choice of special coefficients;

— after detection of the speed sensor fault, the control algorithm could be switched
to the sensorless mode or to the torque control structure (for DTC algorithm);

— two current sensors are necessary to the proper operation of the vector control
system; after two sensor faults, the system must be changed to scalar control
with or without a speed control loop;

— neural networks can be used for the sensor fault detection; the main advantage
of this kind of detectors is the detection time;

— it is possible to detect different types of the selected sensor faults;

— the performance of the system depends on the quality of the state estimators;

— the system works correctly for very small as well as big values of the reference
speed;

— the future works on the topic will be devoted to designing the universal
detection system based on algorithmic or neural systems.

Acknowledgment This work was financed by the National Science Centre Poland under the
project 2013/09/B/ST7/04199 (2014-2017).

Appendix

See Table 2.

Table 2 Motor rated data
and parameters

Pindex N | Uindex N |Iindex N | nindex N |findex N | T index M
1.1 kW 230/380 V| 5.0/29 A | 1380 rpm | 50 Hz 0.188 s

Rs Rr Xs Xr Xm Unit
5.9 4.559 131.1 131.1 123.3 [Q]
0.0776 0.06 1.725 1.725 1.6232 [p.u.]
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Stator Faults Monitoring and Detection
in Vector Controlled Induction Motor
Drives—Comparative Study

Marcin Wolkiewicz, Grzegorz Tarchala, Czestaw T. Kowalski
and Teresa Orlowska-Kowalska

Abstract This chapter deals with the stator winding faults detection in the
induction motor drives working in the closed speed control loops, with the direct
field oriented control—DFOC or with the direct torque control—DTC. In order to
detect the early stage of stator winding inter-turn short-circuits, the analysis of
characteristic components of the stator currents spectra, as well as the control
signals of the DFOC structure, are used for diagnostic purposes. Experimental
results obtained from a specially prepared induction motor working under vector
control are presented.

Keywords Induction motor drives . Stator faults - Fault diagnosis . Fault
detection

1 Introduction

Modern technological processes are characterized by the application of more and
more complicated equipment, also modern AC drives. The electrical motor together
with the load machine as well as supply and control systems are prone to various
failures, independently of the use of elements and materials characterized by high
reliability. Among other failures, electrical faults of the induction motor (IM),
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which is still the most popular electrical motor in industry, constitute close to 50 %
of all motor faults which can be the reason for IM drives breakdowns.

Stator winding faults are one of the most common and comprise about 37 % of
all failures [1-3]. The stator winding damage begins with unnoticeable inter-turn
short circuit, that eventually spreads over the whole winding, causing the main short
circuit. It leads to an emergency stop of the motor and necessity of its immediate
upgrade or repair, that often generates large costs. Also the rotor bars and
squirrel-cage rings constitute close to 13 % of the IM failures and should be
monitored and detected, as disturbances continued for a long time in technological
process cause big economical loses. For this reason the problem of fast fault
detection and location as well as the problem of technical state evaluation is very
significant in the industrial practice.

Nowadays, widely used vector control methods require the rotor or stator flux
vector magnitude and angle to be precisely known, in order to make the proper state
feedbacks and the transformation between stationary and synchronous reference
frames [4]. When the stator or rotor winding damage occurs, the estimation of the
flux vector is erroneous, due to the unsymmetrical resistance of the motor windings.
As a consequence, the operation of the drive can become unstable when the damage
process is uncontrolled and the proper action is not taken by the control system.
According to the above, it is important to detect the early stage of the motor
winding damage and to protect the drive system from abnormal operation.

2 A Short Review of Diagnostic Methods of Stator
Winding Faults in Induction Motors

The stator winding failures of induction motors occur due to insulation stresses,
inter-turn short circuits or even short-circuits of phase windings. Monitoring of the
stator winding state is conducted at present mainly for medium and high-power
drives and consists in periodical testing of an insulation, winding symmetry and
temperature measurements. Online monitoring is applied only for the motors of
high-importance industrial drives. It should be taken into account that even in the
online monitoring procedures, the sensors’ sensitivity is limited and they do not
detect the stator winding failure at its initial stage.

In Fig. 1 the general classification of the methods applied for stator windings
state monitoring is presented. The methods can be divided into two groups:

e insulation systems monitoring methods, which are used for important large
high-voltage machines;

e signal analysis-based fault detection and diagnostic methods, used in
low-voltage machines.
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Fig. 1 Classification of the stator winding monitoring methods of the induction motors

Detection of the inter-turn short circuit under the motor operation is a difficult
task and there are not typical industrial solutions, except for off-line and on-line
methods based on the isolation testing, using the partial discharge analysis [2, 5].
However, these methods are out of the scope of this chapter.

In the case of low-voltage machines, the signal analysis-based methods do not
provide information about insulation aging degree; they are used for the detection
of inter-turn short-circuits in their early stage, before they spread out to a catas-
trophic damage [1].

Short circuits are recognized to be one of the most difficult failures to detect
because the detection makes sense only at the initial stage of the damage; the so
called incipient fault detection. Safety systems applied nowadays in industrial
applications, do not react to the short-circuit of several shorted turns in one phase,
since they cause too small quantitative changes in phase currents. Therefore, other
solutions are searched for, based on measurement and digital diagnostic signal
processing. It allows online monitoring of the machine condition and alarm the user
at the initial stage of the damage [1, 2, 6, 7].

Faults monitoring and diagnosis in open-loop control structures with an induc-
tion motor is widely described in scientific literature, both for the net supply [8] and
voltage-source inverter supply [6, 7, 9]. Most of them use the Motor Current
Signature Analysis (MCSA) method [3, 6, 10]. A review of the MCSA techniques
can be found in [3, 9, 11]. Spectral analysis use of instantaneous active and reactive
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power for the damage diagnosis of net and inverter-fed drives is shown in [12]. In
turn, the negative sequence currents analysis for the drives supplied from inverters
and soft-starters is proposed in [6, 13].

The diagnosis of the stator winding inter-turn short circuits in a closed-loop
system is the least explored topic—mainly because the application of the
closed-loop control structure changes the effects of the damages in relation to the
open-loop controlled motors [14]. In the case of the IM stator winding failures,
working under a vector-controlled system, the change of the motor parameters,
caused by this damage, results in operation disturbances of the whole control
structure (e.g. improper value of estimated flux vector) [8, 9, 15]. Uncontrolled
increase in the damage level can result in the instability of the drive system.

In [16] the detection of the short-circuits of IM operating under the classical
Direct Torque Control with a switching table (DTC-ST) is presented. Two diag-
nostic methods are proposed—one of them uses the classical MCSA method, while
the other one is based on the multiple reference frames theory. Detection of the
short-circuits has also been applied in the Field Oriented Control (FOC) structures.
In [14] a detection and localization method, based on the impedance identification
for multiple motor system under the Indirect FOC (IFOC) structure is proposed.
Neural networks use in the diagnostic process for FOC structure is presented in
[17]. In [18] stator resistance estimation, using the Extended Kalman Filter
(EKF) and the Luenberger observer, is applied in the short-circuits diagnosis. The
use of the double fundamental harmonic frequency, 2f;, appearing in the flux
component of the stator current vector, is introduced in [19]. Artificial neural
networks and the extended wavelet analysis for field-oriented control structures can
be found in [20] and [21]. In both publications the basic diagnostic signal comes
from the vibration sensor. Recently the detection method of stator winding
short-circuits of the induction motor operating in the vector control structure was
reported in [22]. A novel detection algorithm was introduced, based on a spectral
analysis of the internal signals from the control structure: controller outputs and
control path decoupling variables. The superiority of the proposed detection
algorithm over the classical Motor Current Signature Analysis method was
described.

Although numerous solutions are presented in the technical literature, the field of
research related to the monitoring of the stator windings failures is still an open
issue, because many known methods are very sensitive to varying loads, machine
manufacturing imperfections, environmental conditions as well as to the asymmetry
in the motor supplying voltages and distortion of the stator voltages and currents
associated with the PWM converter supply. Under certain operating conditions all
these aspects could cause unreliable operation of the system monitoring the con-
dition of the induction motor drive system.
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3 Basic Vector Control Structures of the Induction Motor
Drive

3.1 A Short Description of the Vector Control Structures

Vector control methods are currently commonly known and became a part of
almost all modern industrial inverters. These methods have been described in detail
in many scientific papers, e.g. in [4]. However, this section describes the two
control structures, taken into account in this chapter: Direct Field Oriented Control
and Direct Torque Control with Space Vector Modulation from the point of view of
the diagnostic methods of the faulted stator windings.

Both control methods are similar and therefore their common block diagram is
shown in Fig. 2. Both methods use PI regulators and in both cases the speed
controller is the superior regulator. Its output is the reference i;, component of the
stator current in the case of the DFOC, and the reference motor torque m, in the
case of the DTC-SVM. Both methods define the reference values of the voltage
components in synchronous frame and these value are then transformed to a sta-
tionary frame. In both methods the Space Vector PWM is used to control the
voltage source inverter, supplying the tested induction motor. The main difference
between the control structures is the type of the reference frame—the DFOC is
oriented with respect to the rotor flux, while the DTC-SVM is oriented with respect
to the stator flux. Therefore, the rotor flux amplitude is stabilized in the case of the
DFOC and its angle is used to make the transformation between the coordinate
frames. The opposite situation takes place in the case of the DTC-SVM—the stator
flux amplitude is kept constant during the operation and the stator flux vector angle
is taken for the transformation.

Both mentioned control structures require the information about non-measurable
IM variables, such as: flux amplitude, its angle and electromagnetic torque. The
type of the applied estimator influences the behavior of the drive system and the
diagnostic algorithms effectiveness during the stator winding faults. In this research,
the classical current-based simulator is used.

3.1.1 Direct Field Oriented Control Structure

Direct Field Oriented Control is a popular control method that allows to obtain very
good dynamics and steady-state operation. It is based on the induction motor
mathematical model expressed in the synchronous frame x-y, rotating with the rotor
flux vector angular velocity (wg = Wy, Ypx = ¥, ¥, = 0). In this reference frame,
the stator voltage equations are as follows:

dis by dy ,
LY Vi Ly 1
a T v T hoourin (1)

Uy = Fylgx + l.fo- Ty
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Fig. 2 Block diagram of vector control structures for induction motor: a common part of the
control methods, b DFOC and DTC-SVM parts of the block diagram

. dig 1 .
Ugy = Tslgy + lio Ty d;y + lﬁw'//rl//r + lxawxjxrlxxa (2)
r

where: u,, u,—stator voltage vector components, i, I,—Sstator current vector
components, y,—rotor flux vector amplitude, wy,—rotor flux vector angular
velocity, r—stator winding resistance, I, = [, + I, I, = 1, + [,,—stator and rotor
winding inductance, /,,—main inductance, I, [,,—stator and rotor winding leak-
age inductance, c—total leakage factor, Ty = 1/(27nf,y)—nominal time constant,
introduced by the per unit system, f;y—nominal frequency.

The above Egs. (1)—(2) prove that the current vector components can be con-
trolled using their corresponding voltage components. However, this control is not



Stator Faults Monitoring and Detection ... 175

decoupled. In order to express the control path coupling, Egs. (1) and (2) can be
expressed in the following form:

. lsa disx l lm dlpr ZSG -
+—T = —Uy ——1 +—60r (Vs 3
fx rs N dr rs Hsx rl, Ndt Ts yrlsy (3)
S—
Je €x
. o diy, 1 L lyo .
_|_ - T _— —_ et )] . 4
Lgy e N ar e Usy Vslr \ﬁrlpr re wrlsx ( )
—— —
5 ey

Four signals appear in Egs. (3) and (4): two control signals f,, f, and two
decoupling signals e,, e,. These four signals will be used in the diagnostic algo-
rithms, presented in next part of the chapter. The decoupling block, and the
decoupling idea is shown in Fig. 2.

This idea for the first control path can be summarized in the following way—if
signal e, is added to the voltage u,, in the mathematical model of the motor, its
subtraction in the control structure should make the control paths (f )’ff - e, 1y, 1/rg,
f + e,) independent. After this modification, the reference value of the f, signal
(taken as the output of the regulator) is equal to its real value and is not influenced
by the e, signal. Second control path is decoupled respectively. More details are
presented in [22].

The decoupled control of the i, component is important since it is used to

control motor torque, according to the expression:
bn /.
m, = l—l//,lsy. (5)
r

In order to control the motor torque precisely, it is necessary to keep the
amplitude of the rotor flux vector on the constant level. It is stabilized at its nominal
value when the speed is lower than its nominal value. In order to control the rotor
flux amplitude, the second component of the stator current i, is used, in accordance
with the following equation:

Loody,
lpr_ETN dr _lmlsx- (6)

3.1.2 Direct Torque Control with Space Vector Modulation

As was mentioned above, the DTC-SVM algorithm is defined in the synchronous
frame x-y, rotating with stator flux vector (wy = Wy, Wy = Yy, P, = 0) [23, 24]. In
this control structure the stator voltage equations become:
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dy,

o = Fslgx + T, : ; 7
u Fslge + TN QU (7)
uSy = rsis)' + wwsww (8)

where: y—stator flux amplitude, w,,—stator flux velocity.
The motor torque in this coordinate frame is equal to:

me = ‘/jsisy (9)

According to Eq. (7), stator flux amplitude can be controlled with the first
component of the voltage vector u,,, and is independent of the second control path.
Therefore, there is no need to define the e, signal. However, the second control path
is coupled and is dependent on the stator flux amplitudes and its velocity changes.
Therefore, this path can be also decoupled. Similarly, according to (4):

. 1 1
Ly = V_ Ugy — V_ wl#s‘//s . (10)
7 LN A

ey

The idea of the decoupling is identical to the methodology given in the previous
chapter. After the decoupling, the torque can be controlled using the u,, component
when the stator flux is stabilized (9)—(10). The block diagram, corresponding to the
above description is presented in Fig. 2.

3.2 Experimental Setup Description

The experimental setup is shown in Fig. 3. The mechanical part of the setup
consists of two induction motors (IMs), connected with a stiff shaft. The first
induction motor is a specially prepared version of an industrial machine, allowing to
model the short circuits of inter turns of each stator phase winding independently. It
is possible to make a short circuit of minimum 1 to maximum 8 short turns in each
phase. The rated data of the motor are given in Appendix, in the Table 1. The
second motor is responsible for the load torque generation. Both induction motors,
of nominal power 1.5 kW are supplied with voltage source inverters (VSI).
The VSI that supplies the tested motor is controlled using the fiber optic wires, the
second one uses its own program to generate the load torque and its reference value
is defined using an analog signal.

There are several measurement devices present in the system: three phase cur-
rents transducers, DC-bus voltage sensor and two incremental encoders to measure
the speed of the shaft (one with 36,000 imp./rev. is used in the control structure of
the tested motor; the second one with 5000 imp./rev. is used by the VSI supplying
the load machine).
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Load - induction motor

The whole control structure is implemented on the rapid prototyping system
dSpace 1103. The program requires the knowledge of the three phase currents,
DC-bus voltage (to calculate stator voltage) and the motor speed. The program
defines the transistor control signals, while the specialized microprocessor based
unit ensures the dead-time and transformation from electrical to fiber optics signals.
The dSpace system defined the desired load torque value as well.
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Fig. 4 Performance of the vector controlled induction motor drives during the stator winding P
fault: a speed, b stator and rotor flux amplitudes, ¢ phase currents for the DFOC, d phase currents
for the DTC-SVM, e electromagnetic torque and components of the stator current vector in
synchronous frame

The diagnostic program is created using the LabView software environment. It
uses three phase currents and the signals from the control structures, obtained from
the dSpace systems: decupling signals and the regulators outputs.

These two systems, from dSpace and National Instruments, are combined
because of the cooperation and previous experience of the authors—it would not be
difficult to create the whole control and diagnostic using only one system or the
industrial available microprocessor.

4 Performance of the Vector Control Structures Under
the Faulty Operation of the Induction Motor Drive

Performance of the vector control methods is shown as a comparative study in
Figs. 4 and 5. The figures show the following steps: start-up of the machine, then
the short circuit of 8 turns in phase A of the machine (after about 4.2 s for the
DFOC and 4.65 s for the DTC-SVM) and finally the nominal load torque appears
(after about 8.7 s for the DFOC and 9 s for the DTC-SVM). Reference values are
disregarded in order to obtain better clarity of the figures—all of the controlled
variables follow their reference values precisely.

The first subfigure (Fig. 4a) shows the speed of the drive—it is stabilized at
0.6 p.u. The speed response is almost the same in the case of both control struc-
tures. After the short circuit appears, the speed decreases slightly and the amplitude
of the oscillations increases. However, this change of the oscillation level is too
small to use it in the diagnostic process. The appearance of the nominal load torque
causes higher fluctuation of the speed and then minor low frequency oscillations—
the oscillations are connected with the operation of the load machine inverter.

The flux amplitude is stabilized on its nominal level (Fig. 4b)—rotor flux in the
case of the DFOC and stator flux in the case of the DTC-SVM. When one of the
fluxes is controlled, the remaining one is estimated closely to its nominal value.
After the short circuit is introduced, quite visible oscillations appear in both con-
trolled and estimated signals. The level of the oscillations is similar for the two
control structures.

Stator currents almost do not change their amplitudes during the short circuit—it
can be seen in Fig. 5c for the DFOC and Fig. 4d for the DTC-SVM. However, they
become unsymmetrical and this phenomenon can be used in order to design the
diagnostic method. After the load torque is generated, the three stator currents grow
to 1 p.u., that means the nominal value.
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Fig. 5 Performance of the vector controlled induction motor drives during the stator winding P
fault: a outputs of the flux and torque regulators, b decoupling signals, ¢ control signals in
synchronous frame

Figure 4e shows the flux- and torque-components of the stator vector current
in the synchronous frames (different for both control structures). In the case of the
DFOC, the components follow their reference values, while in the case of the
DTC-SVM the signals are calculated, and not utilized in the control structure.
However, they can be still used in the diagnostic process. After the fault emerges,
the oscillations in both components increase while their mean values remain
constant. After the load torque appears, the i;, components does not change
significantly. However, the i;, and electromagnetic torque change their values a
lot after the load torque appears (nominal torque is equal to 0.67 in per unit
system).

The oscillations of twice the fundamental frequency, that will be used in the
diagnostic algorithm, can be seen mainly in the control and decoupling signals.
They are shown in Fig. 5. The regulators’ outputs, visible in Fig. 5a, change their
mean values in a very similar way for both control structures, especially in the
case of the f, signal. After the short circuit occurs, large oscillations arise, slightly
lower for the DTC-SVM method. The increase of the second harmonic of these
signals can be one of the fault indicators—this will be described in the next
section of the chapter. Similarly, the decoupling signals (Fig. 5b) have the same
transients for both control structures (there is no e, defined in case of the
DTC-SVM).

Once more, the characteristic fluctuations are visible in the decoupling signals.
As a consequence, the oscillations are present in the #’¢ and u"¥ control signals, as
these signals are calculated directly from the mentioned signals: ey, ey, ;' o fref. The

reference voltage vector components are almost identical for both control structures
in the case of the start-up and during the short circuit. However, they differ slightly
when the load torque is generated. This phenomenon is connected with the fact that
the position of the reference frames for the two control structures is the same when
the load torque (slip speed) is equal to zero. The positions (velocities) of the
x-y reference frames are different in the opposite situation.

AR . I I / ) I(/J
! Symmetrical 22\ Js I,
- 4 T
- Components 9 Bt B =
: Analysis LT | F N
3-Phase Stator Signal Conditioning  Extraction of Stator ~Online Monitoring Inference
Current Acquisition Faults Symptoms

Fig. 6 Diagnostic signal processing using the symmetrical components analysis
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5 Analysis of the Stator Winding Fault Diagnostic
Methods in the Vector-Controlled Converter-Fed
Induction Motor Drive

5.1 A Diagnostic Method Based on Stator Currents

In order to monitor the condition of the induction motor winding, the stator phase
currents can be used, as easy-measurable signals. Analysis shown in previous
sections proves that the quantitative changes of the phase currents are practically
invisible in the case of the several shorted turns. Therefore, the symmetrical
components analysis is proposed for the diagnostic purposes. It allows to extract the
frequency component, in which the changes caused by the incorrect operation of the
motor are visible.

The so-called instantaneous values of the symmetrical components are used in
order to extract the fundamental frequency signals. These values are obtained
replacing the complex variable j with the 90° angle displacement in the time
domain. According to this it is possible to filter, for example using the Fast Fourier
Transform (FFT), only the harmonic characteristic for a specific fault. In this case it
is the fundamental frequency f; of the signal, and the fault monitoring consists in the
observation of this characteristic harmonics’ amplitude changes.

In order to monitor changes of the f; amplitude of the stator currents symmetrical
components, a dedicated functional block has been created in the LabView envi-
ronment. This block extracts the characteristic harmonics and monitors changes of
their amplitudes based on the supply frequency. The diagnostic procedure stages,
proposed for the symmetrical components analysis, are presented in Fig. 6.

The spectral analysis of the positive and negative sequence components is
presented in Fig. 7, for no-load operation in case of 0, 3, 5, and 8 shorted turns in
phase A of the motor working under the closed-loop control structures: DFOC
(Fig. 7a, b) and DTC-SVM (Fig. 7b, d), respectively. In the case of the positive
sequence component /; only the fundamental harmonic of the stator current is
visible—it results from the actual speed of the motor. A short circuit of several turns
in one coil of the motor’s winding does not change the amplitude of the component
in presented frequency range (0—100 Hz). On the other hand, it can be seen that the
f; frequency amplitude of negative sequence component I, increases significantly
during the fault occurrence. A significant increase is visible especially for the
DFOC control drive. However, in the case of the DTC-SVM structure it is also
possible to extract the characteristic frequency after the short circuit of several
turns.

A comparative study of the positive and negative sequence components is shown
in Fig. 8 for both control structures and w,,, = ®,,. In case of the control structures,
the short circuit of several turns does not cause changes of the positive sequence
component I{* in the whole range of the load torque. An insignificant increase
(during the short circuit of 5 and 8 turns) is visible for the nominal load operation.
On the other hand, the negative sequence amplitude I9* grows even for 1 or 2
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Fig. 7 Spectral analysis of: a, b positive sequence component /; and ¢, d negative sequence
components /I, of stator current, w,, = 1 [pu], no load operation

shorted turns. If this component is monitored, it is possible to detect the initial stage
of the damage. Additionally, the load torque does not influence the 19 value in the
case of the damage. The intensity of changes of the analysed component is much
larger in case of the DFOC structure. However, it also possible to detect several
turns in the DTC-SVM structure as well.

Figure 9 shows changes of the positive 1Y (Fig. 9a, b) and negative 19"
(Fig. 9c, d) sequence components for the on-line operation of the drive system.
After the start-up of the motor, the steady-state operation without the load torque is
presented. After about 5-6 s the damage occurs—the short circuit of 8 turns. Large
increase of the 1Y* amplitude is visible for both control structures. The component
1¥9 is practically constant during the fault. After about 9-10 s the nominal load
torque appears. In this case a rapid change of the positive sequence component can
be seen, while the negative component amplitude I$* changes are negligible, which
means that this fault symptom is load torque independent.
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Fig. 8 Comparison of the fundamental frequency amplitudes of: a, b positive sequence
component, ¢, d negative sequence component I, of stator current for w,, = 1 [pu] and different
values of the load torque

5.2 A Diagnostic Method Based on Control Structure
Signals

In order to extend the possibilities of the stator winding damage detection, it is
proposed to use the signals that are available in both control structures. A detailed
analysis is done in this paper for two additional signals—control signal f, and the
stator current vector component i;. The proposed additional signals are analysed
first using the FFT, in order to extract the characteristic symptoms of the stator
winding damage. In the case of the short circuit, some additional harmonics appear
—second harmonic 2f; of the supply voltage, in particular.

Figure 10 shows the consecutive steps of the diagnostic procedure, proposed for
the control structure signals analysis.
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Fig. 10 Diagnostic signal processing using the internal drive structure signals

Spectra of the additional signals f, and i, are presented in Fig. 11 for no-load
operation and short circuit of 0, 3, 5 and 8 shorted turns for the drive operating
under the vector control structures: DFOC (Fig. 11a, ¢) and the DTC-SVM
(Fig. 11b, d), respectively, for w,, = w,,.
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Fig. 11 Spectral analysis of: a, b control signal f; and ¢, d stator current vector component i, for
,, = 1 [pu] and no load

If the stator winding is undamaged, in the analysed frequency range (0-140 Hz),
only the following harmonics are visible: constant component f,;. and the funda-
mental component f; Short circuit of several turns in one coil of the motor winding
causes the increase of the 2f; amplitude. A significant change can be especially seen
for the DFOC structure. However, in the case of the DTC-SVM it is also possible to
detect even few shorted turns.

Figure 12 shows a comparative study of the proposed diagnostic signals from
the DFOC and DTC-SVM structures. For both control structures, the stator winding
damage causes the increase of the 2f; component. Monitoring this component
allows to detect the initial phase of the damage. Additionally, the load torque has
almost no influence on the amplitudes of the analysed signals. Due to the larger
intensity of the component changes, it is easier to detect the shorted turns in case of
the DFOC.
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Fig. 12 Load torque influence on the second harmonic amplitude of: a, b control signal £, and ¢,
d stator current vector component i, for w,, = 1 [pu]

Figure 13 shows the experimental test results for on-line operation of the drive
for 8 shorted turns and changing load torque. After the damage occurs, a sudden
increase of the 2f; component amplitude for both diagnostic signals is observed.
Additionally, it can be observed, that the changes of the component are practically
independent of the load torque. Thus, the changes of the 2f, component are large
enough to detect the damage even in case of changing load torque.
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6 Summary

This chapter deals with the inter-turn short-circuit diagnosis of the stator winding of
the vector controlled induction motor. Two diagnostic methods have been analyzed:
the first one based on the instantaneous values of the symmetrical components of
the stator current, and the second one—based on signals available in the DFOC and
DTC-SVM control structures.

On the basis of experimental tests, conducted for the special induction motor that
allows the short-circuits introduction, working under the vector control, it was
shown that it is possible to monitor this damage type even at its initial stage.

Despite the compensating operation of the closed-loop control structure on the
damage symptoms, they are visible in the negative sequence component 1§ of the
stator current. Additionally, the load torque changes do not influence the value in
case of the damage. Similarly, analyzing changes of the mean values of the
amplitudes of the 2f; component of the internal control signals f iﬁ and 2 of
the DFOC and DTC-SVM structures, it can be stated that they significantly react to
the stator winding damage. Additionally, their dependence on speed and load
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torque values is low. Hence, by monitoring of this component it is possible to detect
the initial phase of the stator winding fault at its to detect the early stage.

Practical realization of the stator winding monitoring requires introduction of
some additional algorithms to the control software of the converted-fed induction
motor drives. However, this implementation should not be a problem in the case of
modern processors.

Acknowledgments This work was supported by the National Science Centre Poland, under
project 2013/09/B/ST7/04199 (2014-2017).

Appendix

See Table 1.

Table 1 Rated parameters of the tested induction motor

Name Symbol SI units Normalized units [p.u.]
Power Pn 1500 [W] 0.621
Torque My 10.16 [Nm] 0.661
Speed Nn 1410 [r/min] 0.94
Stator phase voltage UsN 230 [V] 0.707
Stator current I 3.5 [A] 0.707
Frequency fon 50 [Hz] 1
Stator flux YN 0.999 [Wb] 0.965
Rotor flux YN 0.933 [Wb] 0.901
Pole pairs Pp 2 [-] [-]
Number of rotor bars N; 26 [-] [-]
Number of stator turns N, 312 [-] [-]

in each phase
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Detection and Compensation of Transistor
and Position Sensors Faults in PM
BLDCM Drives

Marcin Skora and Czeslaw T. Kowalski

Abstract During normal operation of a permanent magnet brushless direct current
motor (PM BLDCM) drive some faulty modes can occur as a result of the failures
of the position sensors and transistors of a voltage inverter supplying the motor. In
this chapter the impact of these faults on the PM BLDCM drive system has been
presented. The waveforms and FFT spectra of the stator currents, hodographs of the
stator current space vector in the stationary reference frame following transistor
faults and waveforms of signals determining the actual position of the rotor have
been analysed in the chapter. Simple diagnostic and localization methods to identify
a faulty part of the drive system have been proposed. The post-fault control has
been analysed as well, it enables the drive system to continue its operation despite
the diagnosed faults, because additional hardware circuits are used. This chapter
presents simulation results validated by experimental testes conducted in a labo-
ratory set-up.

Keywords PM BLDC motor - Fault identification - Fault compensation

1 Introduction

Permanent magnet brushless direct current motors (PM BLDCM) are widely used
in industry and in small-power electrical drives (e.g. electric bikes, wheelchairs).
The reason for this are their advantages—Ilow inertia rotors, good cooling and
longer and longer life, resulting from the replacement of a mechanical commutator
with an electronic one. The latter is responsible for appropriate supply of particular
motor bands depending on the position of the rotor angle position. This position can
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be determined in a number of ways—using discrete sensors of rotor position (op-
tical or Hall effect ones), an encoder or sensorless methods. Abnormal operation of
rotor position sensors and the lack of conductivity in the transistors of the supply
system make motor operation impossible. This type of faults is especially incon-
venient in mobile systems because they are stopped as a result. This is why, in
accordance with general research trends newly developed systems are to be fault
tolerant [1]. Hence, fast fault detection and compensation methods are sought after.
In the case of PM BLDC drives, one cannot find numerous literature items devoted
to simultaneous occurrence of both of these problems. Research is usually devoted
to searching for and testing diagnostic methods offering credible and credible fault
symptoms allowing to quickly identify and locate a fault as well as undertake
compensation actions, such as hardware or software reconfiguration, transition to
the sensorless mode or safe drive stoppage.

The consequences of commutation process disorder and transistor faults in the
power electronic controllers as well as the presented detection and identification
methods of faulty elements and fault compensation are discussed below. The
considerations are illustrated with sequences recorded at the laboratory set-up.

2 Short Review of Diagnostic Methods Applied in PM
BLDCM Drives

Detection of selected faults in a PM BLDCM drive can be conducted in a number of
ways, depending on the current drive operation state. Most of the methods
described in the literature focus on detection during drive operation. Another
approach is used in the diagnostic tests conducted before start-up when the motor is
stopped.

Usually detection algorithms are based on the analysis of time waveforms of
phase currents [2] or DC-link current [3]. When the detection speed is not a key
parameter, it is possible to use averaged waveforms from a few current periods [4—
7]. In this case the operation of a detection system is based on an observation that
after the occurrence of various faults a constant component appears in phase cur-
rents waveforms and their amplitude spectrum includes additional even components
and the amplitude odd harmonics grows. Changes occur also near modulation
frequency, in the case of the PWM regulated motors. In the analysis also the density
of energy transferred by the fundamental wave of phase voltage is used [8, 9]. On
the basis of available symptoms decisions can be made using the rule base [3, 6, 8]
or artificial intelligence methods as in [10].

Another approach to overall detection of faults assumes that measurement sig-
nals can be used as input data for appropriately prepared observers [11] or online
identification systems of drive parameters [12—14].

The above presented diagnostic methods belong to the group of methods which
do not use additional sensors and systems, apart from the ones required in an
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non-faulty system. Moreover, these methods are characterised by a uniform way of
proceeding during detections regardless of fault type. However, sometimes it is
worth changing the way of acting so as to detect a specific type of fault in a simple
way. This refers to the faults of rotor position sensors. In an non-faulty drive such
sensors code precisely defined states changing in a specified sequence. Disturbances
in this order allow to detect an anomaly in a simple way [15-17].

During the identification of particular types of faults, one should bear in mind
that symptoms (e.g. phase current waveforms) can be similar in the case of certain
types of faults. Such a situation takes place when a position sensor is permanently
faulty and when two transistors from different phases are faulty. In this case
waveforms are different, e.g. for the reference phase current signals or signals
directly controlling transistors. By contrast when there is no conductivity in both
transistors in one phase the symptoms are similar to disrupted conductivity in one
phase.

The faults considered so far are characterised by sudden occurrence and sig-
nificant waveform changes. Apart from this, an operating drive, and especially a
motor, undergoes exploitation wear. The issues related to e.g. bearing faults,
eccentricity, coil short circuits, demagnetisation of magnets are discussed in sep-
arate publications [18, 19] in which the authors try to detect alarming signals in
drive operation using the spectral analysis, online parameter identification and
change trend setting, etc. It is also assumed that the considered system is properly
made, i.e. the issues of irregular distribution of rotor position sensors, output signal
disturbances of these sensors or the encoder are not considered. More information
can be found in in other publications, e.g. [20, 21].

The diagnostics of the drive system before starting operation (before start-up)
should particularly encompass testing the proper operation of transistors and correct
readings of the rotor position by discrete position sensors. Power stage can be
checked by connection one after another all possible transistor pairs and checking
the current flow. It is a simple method, however, it requires non-faulty current
sensors. The time of such a test and the order of connected pairs must be adjusted to
a particular application, depending if a possible rotor position change is admissible.
Working power transistors and current sensors or voltage comparators allow to
determine the initial rotor position, e.g. using the saturation effect of coil induc-
tiveness [22, 23] to compare it with the position indicated by sensors.

3 Research Object and Laboratory Set-up
3.1 Operation of the PM BLDCM Control System

PM BLDC motors belong to the group of electrically commutated motors which
cannot operate without an appropriate control system. Their topology and principle
of operation have been extensively explained and described in numerous
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Fig. 2 Coding signals waveforms of rotor position (a), reference current shape (b) and transistor
control signals for a positive direction of the rotational speed of motor operation (c)

publications, e.g. [24], this is why the description in this paper will be limited to
minimum. Simulation and experimental research was conducted in a cascade
control system (Fig. 1) with a PI superior speed control and inferior input currents
controls, with P/PI or hysteresis controller. The transistors of the electronic com-
mutator are switched on depending on the rotor position (coded by sensor signals
H,, Hp, Hc) and the reference current signal. The shape of the set current is
determined by dependencies (1) and is shown in Fig. 2. Moreover, it is convenient
to use on position signal of the rotor P, in accordance with (2).

SA :ﬁBﬂHA —HBﬂﬁA
SB:ﬁCnHB—HcﬂﬁB (1)
Sc :HA ﬂHC 7HA mﬁc

P=4H,+2Hp+Hc (2)
where s, (k€{A, B, C})—current flow direction (sign) in phase k, H,—output signal

from the rotor position sensor, treated as a logical value (0/1), P—number coding
the rotor position.
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3.2 Description of the Laboratory Set-up

At the first stage of the research of faulty states and diagnostic methods, simulations
were conducted in the Matlab/Simulink package using the SimPowerSystems
toolbox. Next the tests were repeated on a real object, a laboratory set-up adjusted
to feed small power PM BLDC motors The laboratory set-up consists of a voltage
inverter made by the authors, measurement systems (phase currents, DC-link
voltage and current), the investigated motor, a loading machine and its control
system as well as a DSP processor. The voltage inverter is used as an electronic
commutator and feeds the coils of the tested motor in a classical (block-type) way
with a PWM voltage control on top transistors or a hysteresis control. The control
system was developed in a signal processor DS1103, dSpace GmbH (PowerPC
processor, 400 MHz and additional DSP TMS320F240 from Texas Instruments to
generate PWM signals), and the control software was developed in the C pro-
gramming language. The ControlDesk environment was used in the user control
panel and for waveforms acquisition from the control system, apart from this an
oscilloscope was used for acquisition of selected signals. The user graphic interface
allows to choose a drive operation mode (operation in cascade, torque or open loop
control systems, power stage test), coupling type and current regulator type (the use
of phase currents or DC-link current, with linear P/PI or hysteresis controller), rotor
position signal sources (embedded Hall effect sensors, external sensorless system,
position reproduction in program), type of simulated faults and activation of defect
compensation methods. Measurement transducers, rotor position sensors and the
control system were galvanically isolated from power stage. The load torque is set
using a separately excited DC machine configured for torque operation.

Drive operation during fault situations is obtained without physical destruction
of elements, by a lack of control transistors or adoption of a constant value of the
rotor position signal, independent of sensor indications.

R + | ——
Fiu Ho e T s T4 T3 Ts
oo | PMBLDC Upci— ) 3, 5
fault type Ts
—_— motor = A
W N| | Upc [T 8
. load Ts |+ Ia 5
Wi, ref machine T’ f— I C
- control |14, T T B T
ia, Ig, ic system | T, Ubc: 4 6 2 LI -
- _ £l “mlc
load B
machine

Fig. 3 Topology of the electronic commutator
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Fig. 4 The laboratory set-up

Table 1 Parameters of the tested motor PBL 86-118

Parameter Value Parameter Value
Motor rated speed ny = 3000 rpm Rated voltage Upcn =48V
Rated electromagnetic torque toy = 1.1 Nm Rated current ipcy=11A
Speed reduction gearbox ratio i=30:1 Pole pairs pp=4

The topology of the voltage converter is presented in Fig. 3 and the experimental
set-up in Fig. 4. The PM BLDC motor (with parameters shown in Table 1) is
equipped with a gearbox reducing speed and an incremental encoder with 500
counts per revolution.

4 Analysis of Transistor Faults Diagnostic Methods
in the PM BLDCM Drive

4.1 Symptoms of Transistor Faults

The lack of conductivity of one or more transistors of the PM BLDC motor drive
with a block feeding scheme results in the occurrence of moments of time during
one current period when the current does not flow through motor coils, hence the
generated electromagnetic torque has zero value and the rotational speed decreases.
At the next rotor position when efficient transistors conduct electric current, the
control system can force maximum currents to compensate for the said speed
decrease, in effect the rotor rotational speed can start to oscillate. Phase currents
deformation can be conveniently observed in the form of the hodograph of the
current space vector in the stationary coordinate system a-f (3) (examples are
shown in Fig. 5) or they can undergo a frequency analysis. An example of analysis
using the FFT is shown in Figs. 6 and 7. The basic frequency occurring in them
related to input currents is defined by the (4), which for n = 0.5 ny = 1500 rpm
makes f; = 100 Hz. It is possible to observe that although in an efficient system
currents are not ideally rectangular (there is a relatively large share of even and
triple multiplicities of the frequency f;), after a fault their amplitude significantly
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Fig. 5 Examples of hodographs of the phase current vector for a loaded drive operating at half
rated speed at various operation states: non-faulty system (a), after a fault consisting in lack of
conductivity at transistor TS5 (b), simultaneous lack of conductivity of transistors TS and T6 (c),
damage of the sensor HC—it continues to return the value “0” regardless of the actual rotor
position (d), for a positive direction of the rotational speed (experimental results)
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Fig. 6 Examples of the spectral analysis of phase currents in low frequency area: modules of
amplitude spectra of input currents in an non-faulty system (a) and after fault occurrence—no
conductivity at transistor T5 (b)

grows, the constant component appears (an increase for fp- = 0 Hz) and amplitude
increase for PWM frequency. The largest growths are observed in the phases in
which faults occur. More details and explanations can be found in [5, 25]. In each
case characteristic and significant changes in relation to a non-faulty system
operation are visible. Current decays are visible also in the current feeding the
converter [3, 25], which is the basis for one of the simplest detection methods and
will be discussed in the further part of the paper.

L 21 =172 —1)2 T
P R AP

where g, is any arbitrary variable, in particular current iy in phase k or rotor position
signal H;.
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Fig. 7 Examples of the spectral analysis of phase currents surrounded by the PWM frequency
(description of cases as in Fig. 5)

f=prgg @)

where f; [Hz] is feed frequency (the first harmonic of phase current), n [rpm]—
rotational speed.

4.2 Transistor Faults Detection

While constructing the detection method one should first determine the symptoms
accompanying the fault and adopt detection thresholds whose exceeding will mean
the occurrence of fault. Additionally, to eliminate false alarms, the occurrences of
exceeding thresholds should be permanent, it cannot result only from interferences.
The method presented below is a modified approach of the one presented in [3].
The idea behind it is continuous controlling whether the sum of the measured phase
currents is larger than a certain part of the reference current. If this condition is not
met throughout a significant percentage of the time when the rotor is a in a given
position (a given sector) it is the first symptom of a fault. When the rotor turns to the
next sector, one should check the relations between the reference and measured
currents one more time. When the information about the previous and current rotor
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Table 2 The selection of rules allowing to detect and identify faulty transistors

Pn) — P(n + 1) F; | Faulty transistor Detector F, |P(n) — Pn+1)

Wy, >0 denotation output value w,, <0

4 -6 0 T1 1 1 32
1 T2 2 0

6—2 0 T2 2 1 1—3
1 T3 3 0

2—-3 0 T3 3 1 5—1
1 T4 4 0

31 0 T4 4 1 4 -5
1 TS5 5 0

1—5 0 TS 5 1 6 — 4
1 T6 6 0

5—4 0 T6 6 1 2—6
1 T1 1 0

Other cases: unrecognized problems -1

Presence of sensor fault symptoms rotor -2

position (signal FS = 1)

position sector and the relation between currents in normal and faulty state is
available, one can determine the number of a faulty transistor.

In the current rotor position P(n) (2) the residuum signal 7 (5) is compared with
the threshold iy, (6). If the relation r < iy, is fulfilled by at least time Ty, (7), then
the fault is detected and memorised by attaching tag Fp. In the next rotor position P
(n + I) one should assess is the measured current is still below the value of the
threshold i, set the level of tag F; appropriately and following this choose the right
case from a table such as Table 2. The reliability and speed of the described method
can be established using two parameters: k; (responsible for calculation time for a
given sector P) and g, (responsible for the level used for comparison). Figure 8
presents the waveforms of two phase currents and the rotational speed after the fault
of transistor 75, and Fig. 9 shows a sample waveform of the described signals
during detector operation.

r = |ia| + |ig| + lic/, (5)
ith = ngirefa (6)

2n 1
Tratr = kf = (7)

PpOm N’

where i, (k€{A, B, C})—phase currents, i;—switchover threshold, i,.,—reference
current (the output of the superior speed controller in the cascade control structure),
Tyyu—limiting time for fault detection, g5, k—parameters, N = 6 for a 3-phase
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Fig. 8 Waveforms of phase currents (a, b) and the rotational speed of the gearbox shaft (c,
d) after transistor T2 fault in the cascade speed control system, with phase currents PI type
controllers (a, ¢) or with hysteresis ones (b, d)

motor—number of rotor position sectors per rotation, w,, [rad/s]—mechanical
angular speed.

The simplicity of this method is accompanied by some limitations as well. First
of all it can be used in the detection of a single nonconductive transistor. In the case
of a fault of at least two transistors (or a lack of control—the case of the fault of a
rotor position sensor), the result will show only one of them or there will be
information that this case does not match any of the models collected in Table 2.
Another observed limitation of the detector operation is the fact that the motor must
be loaded to some extent, i.e. the reference current must be larger than the idle run
current. The time from fault occurrence to its identification depends on the adopted
parameters krand g However, sometimes detection and identification do not occur
in the first possible rotor position P in which the fault becomes apparent, but in the
subsequent ones. A remedy for this is a slight decrease in the time parameter k.

4.3 Checking the Transistor Conduction at the Standstill
of the Drive System

Before starting operation transistor switches can be checked by connecting sub-
sequent pairs of transistors to find out in which combinations there is no passage of
current. Due to the low resistance of motor coils, one should use the PWM with a
low filling factor and the test time for each pair should be selected in such a way
that it would not be too long and at the same time it would allow to differentiate
between forced currents and measurement interferences. The indication of
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nonconductive transistors takes place after the comparison of average current in
each tested pair with the limiting value and relevant rules. The condition of suc-
cessful testing is correct operation of current sensors. The detection of their various
faults exceeds the range of this research and was widely described in e.g. [26, 27].

Assuming the order of connections as shown in Table 3 and acting in accor-
dance with the scheme presented in Fig. 10, one can indicate suspicious transistor
switches on the basis of rules collected in Table 4. A sample programme perfor-
mance is presented in Fig. 11.

After this test the rotor can be turned by a certain angle. If there is short-circuit
type of fault in power stage, then the emergency cut off of the power module should
take place and fuses should blow, as a result this type of fault comes down to
diagnosing such faults as lack of transistor conductivity. Another limitation of such
a test are problems with selecting suspicious switches if physically the lack of
conductivity occurs in more than 2-3 switches. This results from a lack of possi-
bility of the passage of current through motor coils. Another inconvenience is a
possible indication of a non-faulty switch as a faulty one in the case of multiple
faults, e.g. if during a test the current does not flow though transistors T, and T3 due

Table 3 Pairs of transistors

> Pair number Transistor no
connected during the test PWM ON
1 Tl T6
2 T1 T2
3 T3 T2
4 T3 T4
5 T5 T4
6 T5 T6

calculate the average
value of the current

O |
START =0
sum=0

turn on next pair of
transistors

Y

pair number=1
TAB(1..6)=0

on the basis of the
table TAB suggest
element to check

>
threshold
value

N

sum = sum +
* lial +lig| +lic|

TAB(pair number)=1
t=t+dt

J increase pair number @

Fig. 10 The scheme of the testing method of transistor switch conductivity before activation

pair
number>6
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Table 4 Faulty transistor detection rules for testing power stage before activation, on the basis of
Table TAB (Fig. 10)

Condition which when fulfilled indicates faulty transistor Transistor no
TAB(1) == 0 AND TAB(2) == T1
TAB(2) == 0 AND TABQ3) == T2
TAB(3) == 0 AND TAB4) == 0 T3
TAB(4) == 0 AND TAB(5) == 0 T4
TAB(5) == 0 AND TAB(6) == TS
TAB(6) == 0 AND TAB(1) == 0 T6

(a) |FAULT siMULATION

(b) [ravLt smuraTion  TESTRESULT

H Lo H w
" T L T L1 T4 T T4
[T ctg" |C*0" [T £ 0 "j'e |T »o Cane IT c*g" |r-o*
@ 0K & 0K & 0K & 0K & 0K & 0K & 0K & 0K
1 K T

bl [B— [ B’ "5‘ |T .'I;. @ i:"m IT - -B’ & 'll;'

= 0K & 0K & 0K ~ 0K COK * 0K C oK

H Lo

7 15 T TS 7 s T2
a0 ¢ [jesat e =n® |-: wEpENir A0 It #0* |r-0*
" DK * QK * DK ~ OK T OK o Ol T« 0K & 0K
“0" = open switch fault 0" = open switch fault 0" = open swilch fault 0" = open switch fault
OK = normal switch OK = healthy switch OK = normal switch Ok = healthy switch
operation operation

Fig. 11 An example faulty transistor detector performance at the standstill: none of transistors are
faulty (a), simulation of lack of conductivity at transistors Ts and T (b)

to their faults, then transistor T, will not conduct current either and hence will be
suspected to be faulty, although it can be working one. The above mentioned
limitations of this method do not seem to be significant because in each case a drive
controller does not allow for further operation and should be repaired or replaced
with working one. One should bear in mind that although a detector indicates
potentially faulty switches, the problem of their lack of conductivity can be caused
by another problem, e.g. no activity of the transistor gate driver.

5 Analysis of Position Sensors Faults Diagnostic Methods
in PM BLDCM Drive

5.1 Symptoms of Position Sensors Faults

The rotor position, necessary for the control system to switch the fed motor phases,
is frequently determined by discrete rotor position sensors which return digital
information (0/1). Thanks to this using only three such sensors in a 3-phase
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PM BLDC motor drive, one can determine the rotor position in increments of up to
60 electrical degrees, i.e. determine in which of the 6 sectors there is the rotor. The
information about the rotor position can be treated as a word consisting of 3 bits
assuming two states. It is important that only 6 out of 8 possible combinations of
words make physical sense. The other two do not have a physical explanation and
do not occur in an efficient drive (these will be different states depending on
whether the sensors are distributed every 60 or 120 electrical degrees).

The sensors can be optical or Hall effect ones, their use slightly increases the cost
of a finished motor and introduces the necessity of connecting additional cables.
Drive performance is influenced by the precision of their location, presence of
interferences in the form of magnetic field disturbances related to the passage of
large, alternating currents round sensors and non-zero width of the hysteresis loop
(Hall effect sensors), impurities (optical sensors) and also interferences influencing
signal wires. Hence it is possible to distinguish accidental changes of signal coding
the rotor position and permanent reading of one of the logical states (high or low),
regardless of their position angle. The reasons for the latter, among others,
encompass no connection or feeding of sensors, mechanical, magnetic or thermal
sensor faults, sensor output damage/exceeding output current in the case of open
collector outputs.

The use of rotor position sensors is not the only hardware solution applied to
determine the rotor position. It is also possible to use absolute or incremental
encoders, resolvers, however, these solutions will be more expensive and difficult to
use in drives with typical parameters. On the other hand, in some types of drives
rotor position sensors are not used, e.g. in PM BLDC high-speed motors in flying
models.

The further part will present considerations related to permanent faults of sensors
distributed every 120 electrical degrees, leading to incorrect indications of the rotor
position. The performance of the rotor position signal (coded as a word) after fault
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Fig. 12 Waveforms of signal P coding the rotor position, simulated for a non-faulty system in
comparison with a system with hypothetical phase A sensors faults (Hy = 0, Hy = 1)
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Fig. 13 The detection method of faulty transistors during the fault of the rotor position sensor
Hc = 0: waveforms of phase currents and wrong combination signal 'S (a) and detector reaction
result (b)—experimental results

occurrence is presented in Fig. 12 while Fig. 13a shows the waveforms of input
currents after the H- = 0 fault occurrence.

5.2 Detection of the Position Sensors Faults

The detection of rotor sensor faults can be performed on the basis of two groups of
symptoms. The first group is the direct control of the correctness of signal indi-
cations from sensors (whether either of the two positions of undefined significance
occurs) and the order of these changes—sector changes cannot follow a random
pattern skipping two intermediate positions. These activities do not require large
calculation power and usually are simple to implement. The other group focuses on
the analysis of the results of using incorrect signals in the controlled drive—the
analysis of phase voltages or currents. An advantage of this approach is a uniform
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way of acting in detection of various types of abnormal drive operation on the basis
of the same set of signals.

The further part of the paper discusses the first approach more extensively [15,
28] due to its easy implementation. The basis of the method of detecting a single
fault in the rotor position sensor is the occurrence of the word coding the rotor
position which does not have any physical interpretation. For sensors distributed
every 120 electrical degrees these are the words “000” and “111”. They are the
indicator of abnormalities. They can be detected using a logical function, e.g.
according to (8). The next content of the word depends on the number of sensor
whose signal is faulty and the direction of the rotational speed, hence it is possible
to develop a table of rules for faulty sensor identification [15, 28]. The faulty
element is determined on the basis of the rotational speed direction and the sub-
sequent coding word on the falling slope of the FS signal (Fig. 14). It should be
noted that this method does not need any information about motor parameters to
work, the only necessary information is the rotational speed direction and possibly
another form of the (8) rule for sensors distributed every 60 electrical degrees. The
method can be successfully applied during drive operation and at low rotational
speed it has a relatively long identification time of the element. The rotational speed
direction can be established on the basis of the actual speed determined using an
encoder on the basis of the set speed or rotor position sensors. In the latter case one
should make sure that the direction detection is correct also after a permanent fault
of one of the sensors [28].
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Fig. 14 Operation of the fault detector of the rotor position sensor (experiment—a, b)
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ﬂEU ﬂHk (8)

ke{A,B.C} ke{A,B.C}

Because faults in both power stage and information from the rotor position have
a significant influence on the phase currents, each detector base on them should
distinguish both fault types to avoid false alarms. For instance, the detector
described in Sect. 4.2 has information about signal FS, hence should such a fault
occur, it shows a special value (assumed value: —2, in accordance with Fig. 13b)
and as a result of detection the procedure of drive reconfiguration is not conducted.

It is possible to consider a justification for fault location because the occurrence
of the FS signal is a sufficient premise to use an alternative way of rotor position
determination. It is also beneficial that all coding signals of the rotor position are of
the same origin to avoid situations in which a signal from a faulty sensor is replaced
by another one, e.g. created by control program (however, without consideration for
the state of the other non-faulty sensors) and then moments of time with the
forbidden coding word (FS = 1) occur again.

6 Post-fault Operation of the Drive System

6.1 Drive Operation After Rotor Position Sensors Fault

A conducted fault detection is the first stage of the operation of a fault tolerant
system [1]. The next stage is the identification of place and damage degree. It is an
important point in situations when similar symptoms occur in various types of
faults. Depending on the type of damaged element one should select a fault com-
pensation method to maintain drive characteristics depending on the requirements
related to operation length and quality after fault occurrence and detection. The best
solution will be such software-hardware topology which will allow to use the drive
without any additional limitations. Technically it is possible, however, it is not
always economically justified, this is why various control algorithms, requiring the
minimum number additional physical systems, are developed.

The identification of a faulty element, whenever possible, should be combined
with the determination of the cause for the fault as this can be crucial for the fault
compensation process. On the other hand limiting the number of additional hard-
ware elements participating in the fault compensation process is important because
each of them can become faulty, stop working and then it will not perform its role.

Another action after the detection and identification of a faulty sensor is software
or hardware reconfiguration to ensure operation resistant to selected faults. The
solutions described in the literature can be divided into the following groups:
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e programmed generation of the missing signal on the basis of two correct signals
and information about the time of transitions between particular states (ZOA
algorithms [29], using FPGA in [16]),

e reproduction of rotor position with sensorless methods (by software) using
available measurements and motor parameters (observers, estimators) [30, 31],

e determination of commutation torques using additional hardware systems (e.g.
comparators) with a possible compensation for the delay time in methods based
on voltage signals or the electromotive force [32],

e use of an incremental or absolute encoder [29].

When selecting a compensation method form the ones mentioned above, one
should pay attention to two issues: the method must be insensitive to the faults of
electronic commutator switching devices and it must allow to start the motor from
the standstill and its operation at low rotational speeds if they are required.

At the beginning, to check the correctness of the concept, the sensorless method
was selected, it determined the rotor position on the basis of filtered interphase
voltages (Fig. 15) and the delay introduced by the filter and the method itself was
compensated in the software. Figure 16 presents an example of drive operation after
detecting abnormalities in the signals coding the rotor position and using an
additional system shown in Fig. 15, in comparison with the operation of drive
devoid of the possibility of fault tolerant operation (Fig. 13a).

It can be observed that the transition to operation in the sensorless system took
place only after completing the detection and identification of the faulty sensor,
however, it is possible to conduct this transition at the moment the FS signal
occurrence (rising slope). Attaching the information about the FS signal occurrence
(a premise for a sensor fault) to the transistor fault detector allows to distinguish
between these two types of faults in a simple way and prevents false alarms as well
as unnecessary transitions to the redundancy system. After a selected time period
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Fig. 15 The system determining substitute coding signals of the rotor position—the simplest form
based on filtered phase-phase voltages—experimental version
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Fig. 16 Sample operation of the drive system after fault detection in the rotor position sensor
Hc = 0 and using substitute rotor position signals: phase currents waveforms (a) and gearbox shaft
speed: referenced, measured and estimated on the basis of H,, Hp, Hc sensors

after the first occurrence of the FS signal it also seems beneficial to check is this
signal still occurs or it only resulted from an accidental interference. Its disap-
pearance then can be used as an opportunity to the determination of rotor position
with sensors. The implementation details of the sensorless system can be found in
[28].

Figure 16 additionally shows the waveform of the output shaft speed (with a
gearbox), estimated on the basis of position sensor states. The correct identification
of the faulty element and its elimination allows to continue using this way of
rotational speed determination.

Another problem to be solved is the start-up procedure which should be changed
after the detection of a faulty sensor. Incorrect indication of the rotor position can
disable correct start-up as a result of the lack of coils feeding or in effect of alternate
coils feeding making the rotor move in opposite directions (rotor vibration between
two neighbouring position sectors). These cases are collated in Fig. 17. A solution
to this would be, e.g. start-up in the sensorless system with an initial phase
rebalancing the rotor to the set position and next feeding coils in an open loop
without coupling until the minimum speed at which the used sensorless method
brings positive results is achieved.



212 M. Skéra and C.T. Kowalski

(b)

(a) 50 . = 50
—_

E ¥ 40

E} a0 30
—

E 20 20
2

AanAAAAN

1] 0.5 1 1.5 2 1] 0.1 0.2 0.3

t[s] t[s]

Fig. 17 Comparison of the transmission shaft rotational speeds for start-up cases: with non-faulty
rotor position sensors (a), successful start-up regardless of a fault H- = 0 (b), unsuccessful start-up
with a fault H¢c = 0 (), start-up in the sensorless system d) (with a long rebalancing stage to the set
position, as described in the text)

6.2 Drive Operation After Transistors Fault
of the Electronic Commutator

After detecting and locating the fault—Ilack of conductivity of selected transistors—
the following actions can be taken:

e ignoring the information about a fault: the simplest and least demanding
approach. Depending on the set rotational speed, moments of inertia and drive
duty, the rotor can still rotate, however, periodical disappearances of the elec-
tromagnetic torque lead to vibrations and in consequence faster wear of bear-
ings. Such ay of acting can also have negative impact on the controlled
manufacturing process or the comfort of vehicle use. It is also possible that the
drive will not have sufficient spare power (torque) and as result of the duty, it
will stop working in a predictable way and react to low value set signals. In the
classical control it is also possible that the rotor will remain motionless
regardless of attempts to start the motor from the standstill,

e change of the control algorithm without any hardware change in block com-
mutation in a way which will ensure the generation of the electromagnetic
torque free from periodical disappearances, with the use of the other non-faulty
power commutator transistors. Such approach can also be used in the case of
3-phase motors [33], however, it has the best possible applications in the case of
multiphase motors [14],

e hardware redundancy ensuring appropriate control signal redirection. It is nec-
essary to have additional branch (or branches) in the converter or the whole
converter module, and also additional switches (transistor, thyristor, relay)
which will allow to reconfigure the hardware [34],

e hardware reconfiguration and changes in the control software: literature analysis
indicates that this approach is very frequently used. In this approach the phase
with a faulty element is disconnected and connected to the neutral power supply
point. Such a structure, including its controlling system, was described, e.g. in
[35, 36]. To develop this system it will be necessary to have additional
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Fig. 18 The proposed topology of the electronic commutator resistant to faults

power-electronic switching devices and be prepared to situations in which some
methods of sensorless commutation will require a special approach and small
changes necessary to determine the rotor position, e.g. [37]. In this kind of
controlling there is the problem of the occurrence of additional electromagnetic
torque oscillations [38]. Another version of this solution assumes that an
additional convertor branch will be connected to the motor neutral point, which
requires the introduction of the star coils point.

On the basis of the above analysis the topology of the electronic commutator and
the control system (Fig. 18) was proposed, it is a combination of the two presented
approaches. Thanks to such configuration it will be possible to compensate for
faults occurring in two converter branches: using the redundant converter branch
and connecting the motor phase with the neutral power supply point. This solution
requires 9 auxiliary connecting devices with their own control system, an additional
transistor half-bridge, which will increase the costs, dimensions and complexity
level of the whole construction. The selection of additional switches (transistor,
thyristor, relay) will depend on the requirements related to time of connection,
possibilities of modulated operation of the switch and controlling.

The requirement of the power supply system with an introduced central point
can be easy to meet in the case of battery powered drives with an even number of
batteries which simultaneously will ensure high stiffness of the central point
potential.

Now the experimental set-up has slightly limited abilities in comparison with the
one proposed in Fig. 18—it is equipped with a switching relay with K¢ and Ky
contacts, which allows to study faulty states with reconfiguration of connections in
phase C. The selection of a switch was dictated by the simplicity of making the
control system and its adjustment, apart from this such a systems seems interesting
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from the scientific point of view. A disadvantage of this system is a relatively long
time activating the used relay.

After the reconfiguration, although the topology of the power supply system is
formally changed, the principle of operation of the PM BLDC motor remains
unchanged. Hence it will still be necessary to appropriately feed coils depending on
the rotor angular position. The difficulty is that the available voltage vectors have
changed, i.e. using four switches one has to force currents in three phases.
Moreover the available voltage vectors can change their length, because during the
operation the equality of voltages Upc;, Upc, does not always occur on the con-
densers constituting the central point. Another problem in some applications can be
additional oscillations of the electromagnetic torque occurring during commutation
and in some sectors of the rotor position. It should be noted that the phase con-
nected to the neutral point is fed by lower voltage, which results in decreasing the
maximum rotational speed of the motor and limiting the electromagnetic torque.

If work in the reconfigured system is to last longer than the time necessary to
ensure safe completion of the work by a machine/vehicle operator or the additional
electromagnetic torque pulsation is not a critical problem, then it is enough to
continue operation in the previous control system with regard for input currents
regulation using the linear regulator P (PI) or with a hysteresis. Otherwise it is
necessary to conduct a detailed analysis of the feeding conditions in various rotor
positions and to adjust the control system to them [36, 38].

Sample waveforms of input currents during the diagnostic process are presented
in Fig. 19. The use of regulators with a hysteresis allows for a more accurate control
of currents, in particular during faulty states it does not allow to exceed the set
limits by phase currents.

If the detection system finds lack of conductivity of the electronic commutator
transistors in the standstill and there is a need to perform a start-up, then the
controllers feeding system of the top transistors (i.e. Ty, T3, Ts) can be limitation, it
is built using bootstrap charged capacitors. The reason why is that in a particular
case condensers will be unloaded or they will unload during the first motor feed
stroke before the rotor shifts to the next position allowing recharging. Such a
situation happens when one of the top transistors is connected for a (too) long time.

40 — )

[
0 0.1 0.z 0.3 0.4 0.5
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Fig. 19 Waveforms of phase currents (a) and the rotational speed of the gearbox shaft (b), after
the occurrence and diagnosing the transistor T, fault and starting system reconfiguration activity
combined with shifting to hysteresis current control
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Fig. 20 Start-up procedure in the inverter system with reduced topology: measured and estimated
rotational speed of the transmission shaft (a), voltages of condensers constituting the neutral power
supply point (b), input currents waveforms and the coded rotor position (c)

Then a solution can be increasing the capacity of these capacitors, using an isolated
feeder or programmed limitation of the signal duty cycle in PWM, e.g. up to 99 %,
and in the hysteresis control connecting a different combination of transistors from
time to time. Before the start-up one can prophylactically connect bottom transistors
(at the set-up these are T4 and T, because T, was disconnected) to charge bootstrap
condensers.

Sample waveforms registered during the start-up are presented in Fig. 20, in
particular Fig. 20b presents voltage fluctuations of the condensers constituting the
neutral power supply point, in some cases of the Upc;, Upc, voltage, they even

reach the feeding level, while Fig. 20c shows the process of bootstrap capacitors
charging when 7 = 0 s.

7 Summary

The use of PM BLDC motor drives in vehicles requires their control and feeding
systems to be highly tolerant to faults. Quick detection, location and compensation
for these faults allows to continue operation or smooth stopping of the vehicle in a
safe place.

The chapter presents selected methods of fault detection on the basis of defined
symptoms. The presented experimental research results showed that it is possible to
efficiently detect the analysed faults and assess the technical condition of the
PM BLDC motor power supply system. Fast identification and location of faults
allows to undertake repairs and fault compensation actions (hardware or software
reconfiguration or shifting to sensorless operation).
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Advanced Control Methods of DC/AC
and AC/DC Power Converters—Look-Up
Table and Predictive Algorithms

A. Godlewska, R. Grodzki, P. Falkowski, M. Korzeniewski,
K. Kulikowski and A. Sikorski

Abstract This chapter is devoted to a modern look-up table and predictive control
methods of three phase power electronic converters. The authors consider voltage
source converters in two and three level configurations as well as a two level current
source rectifier. Some of the methods concern DC/AC inverter fed induction and
PMSM motors. The other methods described in this chapter are dedicated to the
control of the AC/DC rectifier working as an Active Front End of an AC/DC/AC
converter. The authors focus on the methods with a non-linear look-up table and
predictive control due to their excellent dynamic properties (limited only by the
physical parameters of controlled systems such as the value of the DC voltage, grid
inductance or AC motor leakage inductance). Moreover, non-linear methods,
especially the predictive ones, provide very good quality of control in steady states,
i.e. lack of active and reactive power steady-state error (AC/DC) or torque error (in
the case of DC/AC converters). Look-up table methods have been taken into
consideration as they also ensure the above advantages in a relatively short cal-
culation time. The selected look-up table and predictive methods are proposed for
both 2-level and 3-level converters. All the described control methods have been
illustrated by simulation results and laboratory tests confirming their characteristics.

Keywords DC/AC converters « AC/DC converters - Multilevel converters -
Predictive control « Power control - Direct torque control
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DTC-SVM Direct torque control with space vector modulation
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FCS-MPC Finite control set model predictive control

FOC Field oriented control

FS PPC Finite set predictive power control

ICS-MPC Infinite control set model predictive control

NPC Converter Neutral point clamped converter

PCiou, Predictive current and capacitor voltage control

PCi-AD Predictive current control of an AC/DC inverter with active
damping

PWM Pulse width modulation

SVM Space vector modulation

THD Total harmonic distortion

VOC Voltage oriented control

VSR Voltage source rectifier

1 Introduction

AC/DC/AC converters (back-to-back converters) constitute essential power elec-
tronics elements characterized by ever increasing application areas. AC/DC/AC
converters, as a whole, connect induction motors with the grid and are used in
adjustable drive systems and in renewable energy sources where they connect wind
or water turbines to the grid. As separate units, AC/DC and DC/AC converters are
used to connect the grid with other renewable energy sources or AC drives fed by a
DC source, respectively. In recent years a growing interest has been observed in
AC/DC converters connecting DC voltage systems to the grid. This is due to their
advantages such as availability of bidirectional power flow and unity power factor.
AC/DC converters are widely used especially to connect different types of
renewable energy sources, such as photovoltaic cells, fuel cells, wind generators,
etc. to the grid [1-4].

Depending on their applications, AC/DC converters are expected to perform
numerous and specific functions. For renewable energy sources, the main
requirement is to attain practically sinusoidal shape of currents, i.e. low THD values
while, for active filters, the requirement involves capability of high dynamic current
changes. The properties of AC/DC converters either in steady or transient states are
determined by both power circuit components and the control method used.
Principally, there are three groups of strategies used to control converters. They
include: VOC (explanation of abbreviations used in this chapter in Appendix)
methods with linear PI controllers and space vector modulation (SVM or PWM)
[5-7]; DPC methods with linear (PI-VOC) [8] and nonlinear controllers [9] and
finally predictive control methods [10-13].

Linear control methods, i.e. VOC [14, 15], DPC with SVM/PWM [16, 17] are
characterized by good current quality (low THD; for input currents [18-20]) and
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constant switching frequency that makes it possible to apply LCL input filters. LCL
filters, in comparison to L filters, have lower inductance, which makes them cheaper
and smaller in size. Additional filtering capacities increase distortions in transient
states, which, as a result, decreases the rate of current changes.

The control methods based on PWM/SVM modulators require the use of a dead
time correction unit whose complexity has an influence on correction quality.
Moreover, application of SVM/PWM modulators results in slower current changes
after a step change of the current set value. This disadvantage is caused by PI
controllers whose integral part produces delays resulting from the non-zero regu-
lator time constant. The time delays in transient states also result from the fact that
the modulator, during one sampling time 7, always uses full switching sequence of
three voltage vectors. However, in transient states the use of only one or two vectors
is desirable. Yet, modulation rules impose the use of three-vector pattern, which
lengthens the duration of transient response. The above is the main disadvantage of
linear control methods (with SVM/PWM) in comparison to nonlinear algorithms.
Both nonlinear and predictive control methods are characterized by the use of
exclusively one converter voltage vector during a single sampling period.

Nonlinear controllers make use of direct control of converter transistors (without
SVM/PWM) [21, 22]. Converter states in DPC methods are chosen from a look-up
table based on an instantaneous error between set and real value of the active and
reactive power or the real value of current vector components proportional to these
powers. To achieve satisfactory current pulsations relatively short sampling times
(<25 ps) are required. This, in turn, makes it necessary to apply faster and more
expensive processor controllers. Moreover, nonlinear control is typically charac-
terized by variable switching frequency that, in practice, prevents using LCL input
filters effectively.

Predictive control based on Model Predictive Control (MPC) [11-13, 23] is a
competitive solution to both linear and nonlinear control methods. There are a
number of algorithms that have been known as finite control set model predictive
control (FCS-MPC) [8, 24-26] and infinite control set model predictive control
(ICS-MPC) [27-30]. The FCS-MPC involves calculations of expected current
vector components (proportional to the active and reactive powers) depending on
switched converter transistors and selection of such a configuration that fulfils the
assumed optimization criterion. A limited number of available voltage vectors
makes the control error minimization possible but not reduce it to zero. In order to
improve the quality of input current (power) the authors have proposed modulation
between selected two active and a zero voltage vectors during one sampling period
[31, 32].

In the ICS-MPC method to calculate a set voltage vector uses a mathematical
model and predicted current vector components that are proportional to active and
reactive powers. The applied vector (reproduced by SVM/PWM modulator) ensures
full compensation of the control error [27, 33-35]. However, this indirect current
control causes inaccuracies that are typical of linear control methods. The accuracy
of predictive methods is highly dependent on the model parameters.
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In papers [9, 36] converter voltage vectors are defined in the table and chosen on
the basis of the grid voltage vector angle or on the virtual flux vector. Thereafter, on
the basis of a grid-converter model and predicted active and reactive powers for
chosen voltage vectors in the next sampling step are calculated. The switching times
are calculated on the basis of cost function derivative compared to zero. This
solution enables minimal current (power) pulsations and constant average switching
frequency of transistors. A certain constraint of the method is that the vector table
has been optimized for steady states only, whereas during step change of the
reference current value, the control algorithm does not use optimal (“dynamic”)
vectors, which lengthens the response time during transient states.

The AC/DC converter control methods discussed above have their counterparts
for DC/AC inverter control methods. There are three main groups of strategies used
to control inverters, namely FOC methods with linear PI controllers and space
vector modulation (SVM or PWM) [37]; direct torque and flux control methods
with linear (DTC-SVM) [38-40] and nonlinear controllers (DTC) [41] and also
predictive control methods [42-45]. The FOC method has similar advantages and
disadvantages characteristic of the VOC method for controlling AC/DC converters.
The method of direct flux and torque control with a switching table (DTC-ST)
proposed by Takahashi and Noguchi [41] in 1985 has been used and developed up
to now. In the literature on the subject the following problems are discussed:

e hexagonal flux vector trajectory and distorted stator current at low motor speed,
e motor start-up problems e.g. no possibility of motor “excitation” at the torque
set value equal zero,
variable switching frequency,
variable torque ripples.

A characteristic feature of the conventional DTC-ST method is that in the steady
state three vectors are used (two active and zero vectors) just as in the standard
PWM. The only difference lies in the fact that in the standard PWM the switching
processes occur in a determined sequence, while in the DTC-ST method, the
sequence depends on torque and flux errors. As a result, the DTC method should
ensure both the minimization of ripples as well as the switching frequency. These
features are needed to improve the drive’s technical properties by decreasing speed
pulsations/torque ripples and also operating cost by reducing switching frequency
which affects power dissipation and inverter efficiency. The main way to improve
the DTC method involves the torque pulsation decrease keeping the sampling time
Ts and transistor switching frequency unchanged [46, 47]. Constant switching
frequency is useful when passive filters are applied on the inverter output. The
above is carried out in two ways. One method consists in the use of adequate torque
and flux controller structures (using linear controllers) which, in the final stage, take
advantage of space voltage modulation. These algorithms are called DTC-SVM,
due to the fact that the used torque and flux PI controllers, have a longer response
time to the torque step changes, although the complex controller systems [48] bring
their properties closer to the DTC method, which applies the nonlinear controllers.
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The other method involves improving the classical conception of the nonlinear
(hysteresis) torque and flux controllers by an introduction of additional modulation
algorithms at sampling time T, [49-51]. For this purpose additional triangular
signals modulating the torque and flux errors are used to decrease pulsations
simultaneously increasing the inverter switching frequency. The most advanced
algorithms use different complication levels of predictive controllers [52, 53].
Predictive algorithms require the knowledge of motor parameters that can be best
identified on-line. The algorithms are sensitive to parameter changes. Prediction
includes accurate calculations of controlled parameters (flux and torque) [54] as
well as determination of their values in one or several steps ahead [55-57].

Greater possibilities of solving DTC-ST problems are offered by multi-level
converters, in which a higher number of voltage vectors enable the implementation
of various control algorithms [58].

In steady states and for low current frequencies, the main issue is the low content
of AC/DC/AC current/voltage higher harmonics that arise from the industry stan-
dards and other requirements that must be met. The above applies to both linking
high power renewable energy sources to the grid and the active power filtering
(APF). Typically, in such cases, the converter construction requires the use of high
voltage structures ranging from several to tens of kilovolts. Thus, the use of
multi-level converters is essential [59-61]. Three level NPC converters due to their
relatively low cost, simple structure and uncomplicated DC link voltage balancing
methods [62—-64] appear to be the most commonly used [59, 65, 66]. Replacing a
two level converter by its three level equivalent enables us to reduce the du/dt
voltage edges, decrease switching power losses and hence increase their efficiency
[1]. On the other hand, the number of simultaneously conducting semiconductors is
twice as large for three level converters as in the case of two level ones. This leads
to an increase of conducting power losses. Therefore, it is difficult to state which
converters exhibit lower power losses, as they generally depend on the operating
conditions, switching frequency as well as the grid reactor parameters [67, 68].

The use of three level converters with FS PPC methods allow us to increase the
control quality that results from a higher number of available converter voltage
vectors. On the other hand, this solution requires a significantly larger number of
calculations that impose the use of faster and more expensive processors.
A compromise solution, especially for multilevel converters, is the use of nonlinear
look up table methods (nonlinear DPC) [69, 70]. The DPC methods are modelled
on the DTC methods, which are widely used in power drives.

Inverters fed by current source (CSI) are competitive to voltage source inverter
(VSI). Three-phase current source rectifier (AC/DC converter) has many advan-
tages, such as providing sinusoidal grid currents with unity power factor and
enabling feeding energy back to the mains. Moreover, it produces DC output
voltage that can be lower than AC input voltage, in contrast to more common
voltage source rectifier (VSR). This is an important feature that makes it possible to
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eliminate the buck converter or transformer in the case of low voltage load or
variable speed drive. In addition, CSR ensures low electromagnetic interference
(EMI) and offers better power density than VSR, caused by low dv/dt [71].

The advantages mentioned above are the reasons why CSR are becoming more
and more popular in industry. The topology AC/DC current converter includes an
LC filter (L represents grid inductance) on the input side. It can cause oscillations
and enhance higher harmonics of grid currents. Harmonics damping is very com-
plicated, but it is necessary because of the risk of low efficiency. Recent investi-
gations have focused on developing alternative control strategies to improve the
quality of waveforms or improve efficiency and power density.

First control algorithms designed for CSR were based on linear control with
PWM modulators [72]. Obtaining waveforms with low THD became possible by
adding linearization and decoupling [73]. Another solution is active damping that
weakens higher harmonics influence of LC filter [74-77]. Moreover, good per-
formance is provided by the algorithm with Selective Harmonic Elimination (SHE),
which is a different type of modulation [78].

An alternative way of control is nonlinear control. Direct Power Control (DPC),
originally designed for VSR, has been adapted for CSR [79]. The method has been
developed to reduce resonance harmonics in the grid current [80, 81].

Predictive control for CSR is shown in [82] and [83]. Cost function has two
components; the first one is instantaneous reactive power and the other is the error
between load current and its reference. To reduce switching frequency an algorithm
with active damping has been developed [84]. Another solution is based on dif-
ferent cost function [85], where the first component is a grid current error. An
interesting method for a voltage source rectifier with LCL filter is presented in [86].
It provides error minimization for three variables, namely capacitor voltage, grid
current and inverter current.

This chapter is devoted to a modern look-up table and predictive control
methods of three phase AC/DC converters as well as DC/AC converters. Inverters
supply induction (IM) and synchronous PMSM motors.

The introductory section describes advantages and disadvantages of various
current (power) control methods of an AC/DC converter as well as the torque and
flux control methods of a DC/AC converter. The authors focus on the methods with
a non-linear look-up table and predictive control due to their excellent dynamic
properties (limited only by the physical parameters of controlled systems such as
the value of the DC voltage, grid inductance or AC motor leakage inductance).
Moreover, non-linear methods, especially the predictive ones, provide very good
quality of control in steady states, i.e. lack of active and reactive power steady-state
error (AC/DC) or torque error (in the case of DC/AC converters). Look-up table
methods are also taken into consideration due to providing the above advantages in
a relatively short calculation time that results in lower hardware requirements (less
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expensive microprocessors can be used in the control system). The selected look-up
table and predictive methods are proposed for both 2-level and 3-level converters.

Section 2 presents basic mathematical models of voltage source converters (in
both 2-level and 3-level configuration) and a 2-level current source rectifier
cooperating with the grid and AC motors. In addition, there is an explanation of the
dependences describing the direction and rate of current vector change (both the
grid and IM stator current vector) caused by each voltage vector of the converter.
This theory is used in all of the proposed advanced control methods.

Section 3 is concerned with analysis and synthesis of look-up table direct torque
and flux control method of the DC/AC converter fed induction motor as well as the
direct power control method for three level converter cooperating with the grid.
DTC-3L-3A (Direct Torque Control—3 Level 3 Areas) is characterized by a novel
division of the error area into three sectors, which makes it possible to control motor
torque and flux with reduced switching frequency in comparison to the standard
DTC method. The DTC-3L-3A control method has its counterpart for AC/DC
rectifier called DPC-3L-3A (Direct Power Control 3 Level 3 areas). It is also
described in this section. Finally, the section presents the DC-link voltage balancing
algorithm for a 3-level converter.

Section 4 describes selected Model Predictive Control methods for 2-level
AC/DC and DC/AC converters. DPC-3V and DTC-3V belong to ICS-MPC
methods. They are based on current (torque and flux in the case of DTC-3V) error
vector minimization criteria. Analysis of all the possible locations of the current
(torque and flux) error vector in the next control step is the basis for the optimal
voltage vector selection and application time calculation in order to compensate for
the error vector. The converter output voltage vector is reproduced by SVM that
provides all the advantages typical to linear methods, i.e. constant switching fre-
quency, low grid current (torque) ripples. The proposed algorithms minimize the
error vector for each and every state of the system. In transient states, they provide
maximum dynamics comparable to the fastest nonlinear control methods.

In the next part of this section a modern FCS-MPC method of the voltage source
rectifier with input LCL filter is presented. Equations describing voltages and
currents are used to predict the direction and rate of changes of converter current
and capacitor voltage vectors. Predicted values are used to define errors for every
output voltage vector, which allows us to find the minimal value of the cost
function. It results in choosing an optimal voltage vector and error minimization.

The last algorithm discussed in Sect. 4 is dedicated to the current source rectifier.
It is based on the cost function minimization. Basing on the predicted values of the
grid current and the capacitor voltage, the algorithm chooses a proper current
vector. The great advantage of the method is grid current harmonics reduction
combined with a low sample time.

All the described control methods are illustrated by the results of simulation and
laboratory tests confirming their properties.
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2 Basic Theory of 3-Phase Converters Fed AC Motors
and 3-Phase Rectifiers Cooperating with the Grid

2.1 Mathematical Model of 3-Phase Voltage Source
Converter

Figure 1 shows the main VSC circuit. The most commonly used topology of VSC is
the three phase bridge. Each leg of the converter consists of two transistor switches
with freewheeling diodes placed in parallel.

Converter output voltage can be described as a complex space vector. Active
vectors correspond to phase voltage in relation 1/3 and 2/3 to the DC-link voltage
Upc. Zero vectors apply zero voltage at the AC-side of the converter because all
three branches are connected to positive or negative DC-link bus. There are eight
possible combinations of the switches. They can be described by the following
equation:

forn=1{1,2,3,4,5,6}

forn=1{0,7} (2.1)

2 j(n=1)5 .
v { : é,/,D:ce’ :

In the three-level structure of VSC (Fig. 1b) one of the three electrical potentials
(+Upc, 0 or —Upc) may appear at each of the phase outputs. Owing to the choice of
three possible states at each of the three independent outputs, the output voltages of
the converter can be determined in 3° = 27 valid combinations. Complex 3-level
voltage vector can be expressed as:

%UDC : ej(n721)§7

¢T§ Upe - e/'(nflS)%’

SJorn={21,22,...,26}

forn: {153 167720} (22)

u= A
%UDC . e](n—3)§7 forn = {3, 4, Cee 14}
NO//7 forn = {07 17 2}
Graphic representation of 2-level and 3-level converter output vectors is shown
in Fig. 2.
(a)
L L L,
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Fig. 1 Schematic diagrams of 2-level (a) and 3-level (b) VSC
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Fig. 2 Graphic representation of converter voltage vectors in off reference frame for 2-level
(a) and 3-level (b) converters

2.2 Mathematical Model of an AC/DC Converter
Co-operating with the Supply Grid

2.2.1 Model with L Input Filter

A three-phase AC/DC converter circuit co-operating with a 3-phase supply grid is
shown in Fig. 3.

The vector Eq. (2.3) in the stationary off reference frame gives a clear
description of the configuration in Fig. 3:

- d
Ee®¢' = L—i,p+u. (2.3)
dt
where
iyp grid current vector in off rotating reference frame,
L grid reactor inductance,

Eel®s'  grid voltage vector,
Uyp converter voltage vector given by (2.1) or (2.2) for 2-level and 3-level

converter respectively.
O
T1 T3 T5
J o .
D1 D3 D5
Upe| ==
T2 T4 T6
JK} J@ |
D2 D4 D6

Fig. 3 Power configuration of AC/DC converter
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Equation (2.3) can be transformed into an xy reference frame rotating with the
grid voltage pulsation:

d, S _
ey = LE”W + jwgLiyy + uype 7! (2.4)

From Eq. (2.4) it is possible to obtain both the vector proportional to the
derivative vectors of the grid current (2.5) and the derivative vector of the grid
current vector (2.6) [87]:

d

LEixy = dguver = €xy — jWgLixy — Uy = U" — Uy, (2.5)
d, 1

where the “xxx” index is the number of the converter voltage vector, for example,
110, 010, etc.

Figure 4 shows a graphical form of Eqgs. (2.5) and (2.6). The current derivative
vectors dg;.. describe both the direction and rate of change of the current vector
caused by switching on an appropriate voltage vector of the converter.

(a) tiy

Ugqq

Fig. 4 Vectors proportional to vector derivatives of current (a) and their influence on current
vector for 2-level converter (b)
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Fig. 5 Power configuration of AC/DC converter with LCL input filter
2.2.2 Model with LCL Input Filter

Figure 5 shows the power configuration of AC/DC converter with the LCL input
filter.

Equation (2.7) in stationary off reference frame give a clear description of the
configuration from Fig. 5:

€yp = L, %llxﬁ + Ucyp
Ucop = L, %120(/3 + Uyp (27)
C%ucaﬂ = ilac/f - iZa[j’

where

e,s grid voltage vector in stationary off reference frame,
i, grid current vector,

ip converter current vector,

u.,p voltage vector on the capacitors of input LCL filter,
u,s converter voltage vector,

L; input filter inductance connected to the grid,

L, input filter inductance connected to the converter,

C capacitance of the input filter capacitors.

Equation (2.7) can be transformed into an xy reference frame rotating with grid
voltage pulsation:

d, . .
ey =1L Ellxy +jgLiiiny + Uexy (2.8)
d, . .
Uery = Lo Elhy +jwgLoingy + Uy (2.9)
Ciumy = liyy — by — j0gClicyy (2.10)

The equivalent circuit of the AC/DC converter with LCL input filter is shown in
Fig. 6.
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Fig. 6 Equivalent circuit of AC/DC converter with LCL input filter

Where u,, is the set value of the converter voltage vector, u,, is the set value of
the capacitor voltage vector. The “set value” means the Ist harmonic of u, and u,,,
respectively, which can be obtained from:

u;‘y = u:xy —ngl/ziﬁxy (2.11)
u;y =ey —ngLli’l‘xy (2.12)

Graphical form of Eqgs. (2.11) and (2.12) is shown in Fig. 7.
Vector dy, is proportional to the derivative of converter current derivative %ihy
and can be expressed by the following equation:

d. .
L2 Elzxy = uxy — uxy = dzu (213)

where

u,, 1is the converter voltage vector,

d,, is the vector proportional to the current vector derivative.

Using Eq. (2.13) we can define the converter current derivative vector as:

d . 1
d) = = EdZM (2.14)

Graphical form of Eq. (2.14) is shown in Fig. 8.

Fig. 7 Graphical A gy
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Fig. 8 Vectors proportional to vector derivatives of converter current and their influence on
current vector (converter with LCL input filter)

2.3 Mathematical Model of a DC/AC Converter Fed
Induction Motor

The induction motor can be described by the following equations in dq reference
frame [88]:

. d .
Usdqg = lsdqu + E .Ilsdq +J, Tsdq (215)
, d .

u/rdq = l/rdqR” + E W,rdq +]((JJ0 - pwa)W;’dq (2 16)
q’sdq =Ly isdq + Ly - i;dq (217)

lIli"dq = Llr : i:dq +Lm : ifvdq (218)

3 . .
T= Pb 5 (q’sdlsq - qjsqlsd) (219)

An induction motor supplied by an inverter (Fig. 9) in dg rotating reference
frame can be described by the following formula (2.20) [88].
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Fig. 10 Examples of voltage vectors proportional to current derivative vectors d,.,, and
corresponding current derivative vectors d;,.,

. . . d.
Usig = Risaq +jwoLosisag + Los Jpsda +ey (2.20)

Dependence (2.21) is obtained by the transformation of (2.20). The obtained
voltage vector (Fig. 10a) is proportional to the vector of stator current derivative
(2.22) (Fig. 10b) that determines both the direction and speed of current changes:

d. . : .
L %lsdq = _(em + Rslsdq +JCU0Laxlsdq) + Usiqg = —u* + Usdg (221)

d. 1
LO’SE’Sd(/ = dum = fdlm (222)

as

where

u"  stator voltage vector in dq reference frame,
uz, converter voltage vector given by (2.1) or (2.2) for 2-level and 3-level
converter respectively,
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i stator current vector,

e,, vector of electromotive force,

wp angular speed of stator flux vector,
R, stator resistance,

L,s leakage inductance of windings.

2.4 Mathematical Model of a DC/AC Converter Fed
Permanent Magnet Synchronous Machine

The equations used to model PMSM in the stator-flux-oriented rotating reference
frame are as follows [89]:

. dYs .
Wig = Rsls + ?s +jpr o ¥s (2.23)
¥, = L, + ¥py (224)
3 . .
T= prlm(q’s - i) (2.25)
where
ug and i are stator voltage and current complex vectors,
L (Ly = Ly = Ly) is synchronous inductance,
Y, is stator flux vector,
Yem is permanent magnet rotor flux vector,
Db is the number of pole pairs, respectively.

After substituting (2.24) into (2.23), the current vector derivative can be
expressed as:
di . d¥py
Li— = —(Ri,+ —— s s 2.26
5 = (Ris == jppon¥s) s (2.26)
Assuming that the derivative of permanent magnet rotor flux vector ¥py is equal
to zero, we obtain the final Eq. (2.27) describing the derivatives of the PMSM stator
current vector [90]. The derivatives are caused by the inverter voltage vectors.

di

LX 7; = 7(R?lv +jpbmexis + e‘v) + Usdg (227)
di, .
duxxx = L‘vdixxx =Li—=—-u+ Usdg (228)

dt
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Fig. 11 Derivatives of current vectors corresponding to the voltage vectors of the 2-level inverter

where

dx Vector proportional to the stator current derivative vector caused by
voltage vector u,.,,

dipr Stator current derivative vector caused by voltage vector u,.,

e, = jE, Electromotive force described as jp,®,,¥ py,

u' Set voltage vector.

Graphical illustration of formula (2.28) is shown in Fig. 11. The derivatives of
current vector d;,,, determine the direction and rate of changes of current vector
components and thus the direction and dynamics of torque and flux changes.

2.5 Mathematical Models of 3-Phase 2-Level AC/DC
Current Source Converter

Three-phase two-level AC/DC current source converter has the topology shown in
Fig. 12. It includes LC filter (L represents grid inductance) on the input side. The
main constraint of proper converter control is the fact that at least one top and one
bottom transistor must be closed at any time. There are nine valid states of tran-
sistors, three of them produce zero line currents [72, 73].

Line currents transformed to stationary reference frame off are represented by
current vector described by Eq. (2.29) and illustrated in Fig. 13.
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Fig. 12 Current source rectifier topology
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Fig. 13 Input current vectors
i e |E] 2 e
y=—72[1 a @] |ip| = (2:29)
\/§ . 0
Ie
where is
IDCe/(”%%) Active vectors in states n =1, 2, ..., 6;
0 Zero vectors, achieved by shortcut in one branch of the converter.

Analysis of the converter conducted in synchronous reference frame xy, which is
rotating with angular speed w, = dv/dt, allow us to define a model of the converter
connected to the grid. Equation (2.30) presents current vectors of the rectifier in xy
frame.
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j(nE—Z—w,t)
bag = { Ioce"" (2:30)

The filter model is described by Eqgs. (2.31) and (2.32).

egxy = quy +]wg Ligxy + L dt (231)
d CcX
lgy = Iy +j0oCliery + C L:it L (2.32)

where

e, grid voltage vector,
u., capacitor voltage vector,
i,y grid current. vector

The reference frame is oriented on the grid voltage vector, which means that
gy, = €4, [91]. To achieve unit power factor, the reference y component of the grid
current vector has to be zero i;y =0.

In the steady state every derivative equals zero. Analyzing (2.31), the reference
values of capacitor voltage components can be described by Eqgs. (2.33) and (2.34)
[92].

U = ey 2.33

cx & (

ut = —w,Lit. 2.34
8~ gx

cy

Analyzing (2.32), the reference value of the rectifier current vector can be
described by Eq. (2.35) [85].

iy, =gy — jogClicyy (2.35)

Space vectors of reference values are shown in Fig. 14. It presents the steady
state with a unit power factor.

(a) (b)

.;'.1' _;'_1-
E

‘ Jw, ngy |\/jw Cucxy
u’
cxy xy

(a) and z ~(b) in the

Fig. 14 Space vectors of reference values. Graphical explanation of u,
steady state

cxy
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(a) qu
01-

-01

Fig. 15 Vectors proportional to capacitor voltage vector derivatives (a) and capacitor voltage
vector derivatives (b)

The capacitor voltage vector derivative (2.36) taken from (2.32) allows us to find
the relation between the selection of the rectifier current vector and the change in
the capacitor voltage vector [82—84].

duey, 1, , .
o Y = e (lgxy — iy f]a)gCucxy) (2.36)

Equations (2.35) and (2.36) make it possible to define variable d; which is
proportional to capacitor voltage vector derivative (2.37), and variable d_, which
describes the direction and the speed of the capacitor voltage vector change (2.38).

d cxy o .

—l;h S=di =i, — iy (2.37)
du. 1

dcu = I;txy = Edt (238)

Graphical illustrations for Egs. (2.37) and (2.38) are given in Fig. 15a, b
respectively.

3 Modern Look-Up Table Methods

The control methods described in this section make use of sector N division. The
sectors divide aff plane into six areas (3.1), (3.3). The boundaries are made of six
half-lines with common initial point that is placed at the origin. The half-lines are
rotated with respect to each other by 60° (Fig. 16).
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Fig. 16 The division of off
plane into 6 sectors N for
three-level converters
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The sector number in DTC 3L3A method depends on both the angle 6 and the
flux vector angle @y, (3.1). The angle d is defined as the u” vector angle shifted by

-n/2 (3.2).

L for (ow,+9) € (~n/6,7/6)
2, for (<pw+5) e (n/6,1/2)
R (0w, +0) € (x/6.57/6) o
4, for (% n 5) € (5n/6,m) V (—m, —51/6)
5, for ((p.,,ﬂﬁ—l—é) € (—5n/6,—31/6)
6, for (WMM) € (—3n/6,—1/6)
8= 0w —3 (3.2)

The sector number in DPC 3L3A method depends on angle Py, of the virtual
flux vector, as shown in Eq. (3.3). The virtual flux vector does not have physical
interpretation and has been introduced by analogy to the DTC method. Only the
angle of the virtual flux vector is defined as u” vector angle shifted by —/2 (3.4).

L, for e, L€ (—m/6,7/6)
2, for gy, €(n/6,7/2)
3, for € (n/2,51/6
o3 Tor ey, € (m/2,55/6) s
4, for Py € (357/6,7) V (—m, —51/6)
5, Jfor oy, € (—51/6,-3n/6)
6

, for Py, € (=371/6,—71/6)
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Py = Puyy — 5 (3.4)

where

Py, virtual flux angle.

3.1 DPC-3L3A Method

Due to the fact that the y component of the grid voltage vector is equal zero
(eqy = 0), the active and reactive powers are proportional to the x and y grid current
vector components respectively (3.5) [93].
(egy “lgy + gy - igX) P =3 € ix

. : = . (3.5)
Cgy " lgx — Cgx - lgy) egy=0 q¢ =

Pg =
qs =

5Cex " Loy

[ ][V [3%)
—

In order to simplify the description, the reference values of the powers are
converted to reference values of current according to Eqs. (3.6).

.
o2k 24 (3.6)
=2k - _

gx e gy 3eg

3.1.1 Method Description

It can be shown that the boundaries of the error plane division in the DPC method
are suboptimally defined. In the DPC method the comparators divide the error plane
into six areas (Fig. 16). In accordance with the switching table, converter voltage
vectors u,,, that correspond to current derivative vectors dg,,, are assigned to
individual areas. The error plane division as well as current derivative assignation in
sector N = 1 for DPC method is shown in Fig. 17. If the error vector is located at

Fig. 17 Error plane division
for the DPC method in sector
N=1

P_d

dyoe”T,, P 4.|'_:-‘°°°
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Fig. 18 Optimal error plane distribution in x"y” reference frame (b) as referred to the arrangement
shown in (a) as well as the equivalent impact of the adjacent converter voltage vectors on the error
vector located on the division border (c)

point P, on the division boundary, the selection of uq; voltage vector will shift the
error vector to point P; (¢1). In contrast, the selection of ugyy vector will shift the
error vector to point P (&;). Error vectors ¢; and ¢, have different lengths. This fact
indicates that the boundaries of the error plane division are suboptimally defined.
To determine an optimal division, it is required to establish such borders for which
the impact of two adjacent voltage vectors is equivalent. In other words, the lengths
of both error vectors &; and &, should be equal for optimal error plane division
(Fig. 18c).

In order to determine the optimal error plane division in the DPC 3L3A method,
it is assumed that one of the three converter voltage vectors u corresponding to the
shortest current derivative vector (Fig. 18a) should be selected in the steady state.
Also, the new x"y" coordinate system has been introduced in which the current
derivative vectors d,; have equal lengths and are rotated with respect to each other
by 120° (Fig. 18b). In such a specific reference system the boundary of an optimum
error plane division are constructed with the three half-lines with a common origin
and rotated with respect to each other by 120° (Fig. 18b).

In the DPC 3L3A method, if the error vector is located at point P on the division
boundary (Fig. 18c), the selection of voltage vector u;o will shift the error vector
to point P; (g;). In contrast, the selection of vector u,,o will shift the error vector to
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Fig. 19 Triangle numbers (a) and angle ¢@,,.. construction (b)

Table 1 Triangle selection table

Psec € (TE/67 7[/2) Triangle 1
Psec € (—7[/6, 71/6> Triangle 11
Psec € <_TE/27 —7T/6> Triangle 11

point P; (&;). Both &; and &, have equal lengths, which indicates that the boundaries
of the error plane division have been optimally defined. It should be emphasized
that in the DPC 3L3A method the selection of converter voltage vector u is
exclusively based on the error vector angle. This allows us to eliminate inconve-
nient hysteresis comparators in the control system.

Three converter voltage vectors u,,,, which correspond to the shortest current
derivative vectors, always form an equilateral triangle inside which u” voltage
vector is located. For three level converters, each N sector can be divided into four
equilateral triangles (0, L, II, IIT) (Fig. 19a). The triangles are formed by u,,, vectors
(in a general case by w,, vectors).

Selection of the triangle inside which u” vector is located is based on depen-
dences (3.6) and (3.7). If inequality (3.6) is true, u” vector is located in triangle 0.
Otherwise, the selection is based on ¢, angle (3.7) (Fig. 19b) according to
Table 1.

l]dc\/§

5> lu*| - cos(,,, — ) (3.6)

i |ae* | :
o = _ -0 3.7
Pec alrcs1n(|Wb4 m sin (¢@,,,, — 9) (3.7)

In the arrangement shown in Fig. 20 the three converter voltage vectors that
correspond to the shortest current derivative vectors dg; are w9, #20 and # 2.
They correspond to vectors dyg,110, @gu220 and dg,120 respectively (Fig. 20a, b).
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¥

Fig. 20 Graphical interpretation of x"y” coordinate system (d); influence of d,; vectors on current
vector (c¢) and error vector (d) in the arrangement shown in (a) whose main part is expanded (b)

Vectors d,, form equilateral triangle ABC with a center point S (Fig. 20b). Point
S is shifted from vectors dg,... by vector w, (3.8) (Fig. 24b) that is equal to the
difference between the center of triangle vector s, (3.9) and vector u (Fig. 20b).

Wou =S — U (3.8)

1/3(Wpo + W1 +Wpp),  for triangle O

1/3(Wp1 + Wp3 + Wpa), for triangle 1 (3.9)
1/3(wWp1 + Wy + W), for triangle 11 '
1/3(Wpa + Wy + Wps),  for triangle 111

Sg =

During one sampling period T vectors dg, 110, @220 and dg, 20 exert influence
on the current vector by vectors dg;110-Ty, dgin20-Ts and dg;100 - T respectively. They
form equilateral triangle A'B'C’ (Fig. 20c) that is similar to triangle ABC with T,/
L ratio. In Fig. 20c, in order to simplify the analysis, zero value of current (i, = 0)
has been assumed. Point §' is shifted from vectors d,; by vector wg; (3.10)
(Fig. 20c) that is proportional to vector w,,, with T,/L ratio.
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Weu (3.10)

Due to the fact that current derivative vectors dg;,,, shift error vector g, in the
opposite direction during sampling period T vectors d,. affect error vector g, by —
dgiver T (Fig. 20d). In Fig. 20d, in order to simplify the analysis, zero value of error
(g, = 0) has been assumed. Vectors —d;110-Ty, —dgi220- Ty and —dg;120-T also form
equilateral triangle A”B"C" that is proportional to ABC triangle with —T/L ratio. The
center of triangle " is shifted to vectors d,., by vector —w,; (Fig. 20d). It can be
seen that the origin of the reference frame x"y" is located in the center of triangle A”"B
"C" (point §") and is oriented in accordance to point A" (rotated at angle ¢, ).
Moreover, current derivative vectors in x"y” coordinate system have the same lengths
(Fig. 20d). The transfer of error vector &, to that reference frame is carried out using
dependence (3.11).

&y = (8 +Wgi) - e /Pm (3.11)

Due to the fact that the division of error plane in x"y” reference frame are
identical only for triangles 0, I and III (Fig. 21), it is recommended to standardize
the angle of error vector used for the selection of the converter voltage vector. This
can be carried out by performing additional calculations for triangle II (3.12).

(p(a’g’), for triangles 0, I, III

P = . . (3 : 12)

¢ (p(—Re (sg) +/Im (sg))7 for triangle 1T

The behavior of DPC 3L3A depends on the converter state (Fig. 22). In steady
states the method is optimized by selecting converter voltage vector u,,, that
decreases the absolute value of the error vector by the use of the shortest current
derivative vectors. That allows us to achieve both low switching frequency and high
accuracy of control. In the steady state the selection of a converter voltage vector is
determined by N sector number, triangle number (3.6), (3.7), (Table 1) as well as
error vector angle Py (3.12) according to the vector selection table (Table 2).

(a) 2y (b) " (c) v (d) "

4N o g

- <3 . = ., —

. /d‘ d, ! /4 d, \-u’_____ d / d;

Fig. 21 Optimal division of error plane for 0 (a), I (b), II (¢), III (d) triangles in sector N = 1




246 A. Godlewska et al.

u o) f\é\/\ n[“
- ) f\&Y\ ni” 2
L o
- e, A Al -
Sector N
detection| [ vpltage vector
L—»| selection table
5 ‘
| Error angle @, »
calculation
Triangle number
selection
Transient states
detection
Fig. 22 Schematic diagram of the DPC 3L3A method
Table 2 Voltage vector selection table for DPC 3L3A method
P Triangle Sector N
N=1 N=2 N=3 N=4 N=5 N=6
(—n;%") tr. 0 010 011 001 101 100 110
tr. 120 021 012 102 201 210
tr. 11 010 011 001 101 100 110
tr. 11T 020 022 002 202 200 220
(—g; g) tr. 0 000 000 000 000 000 000
tr. I 110 010 011 001 101 100
tr. 11 120 021 012 102 201 210
tr. 1T 010 011 001 101 100 110
(g; n) tr. 0 110 010 011 001 101 100
tr. I 220 020 022 002 202 200
tr. 11 110 010 011 001 101 100
tr. 11T 120 021 012 102 201 210

In transient states the selected voltage vectors decrease both components of the
error vector by the use of the longest current vector derivatives. That enables fast
response to dynamic changes of currents. The transient state in the DPC 3L3A is
chosen in the case when component x of the error vector exceeds &4y, value (3.13)
corresponding to the maximum changes of error in the steady state during one
sampling period. Due to the fact that the current vector in the DPC 3L3A method is
formed by the converter voltage vectors that form an equilateral triangle, &4y,
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Fig. 23 Maximum value of vector dg, . proportional to current derivative vector
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Fig. 24 Visualization of Ny, sector, wg, vector and straight line y, for the &,, error vector
component higher (a) and lower than (b) zero

value is defined as a length of the triangle side with the ratio of T,/L (3.13)
(Fig. 23).

o3

s 1 T
Exdyn = dgux_max . Z = g UDCZ (313)

In transient states, the sector Ny, (3.15) is determined on the basis of angle @y,
(3.14). In sector Ny, straight line y, = u,,, crosses the hexagon formed by converter
voltage vectors u either on the left when (g, > 0) (Fig. 24a) or on the right when
(egx < 0) (Fig. 24b). Vector wy, is calculated according to (3.16) (Fig. 24).
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Table 3 Voltage vector selection table for DPC-3L-3am method in transient states

Ngyn Sector Ngyn
Nan=1  |Nyn=2  |Ngn=3 |Nyw=4 |Ngu=5 |Nyu=6
-1 200 220 020 022 002 202
0 210 120 021 012 102 201
1 220 020 022 002 202 200

. 3euf
arcsin (2~U;"6) + Wyt Jor g5, <0
Py = PWayn) = e (3.14)
7+ arcsin (m) +wgt, for e, >0
17 for (de_wx € (07 7-l:/3>
2, foroy,, € (n/3;2n/3)
)3, foroy, €(2n/3;m)
Nayn = 4, for qu;n € (—m; —2n/3) (3.15)
5, foroy,, € (—2n/3;—n/3)
6a for (IDN(t_wx € (—7T/3,0>
3 . 2\ Lz .
wdyn = Wdyn_d +jwdyn_q = £ Udc . e]((Ndyn*I)§) +5. e*]v)gt (316)

3

The number of voltage vector n,y, (3.18) is calculated on the basis of the sign of
slope agy, (3.17) of straight line y, (Fig. 24) as well as &, w,,, and u” vectors.

sgn(adyn) = —sgn(wdyn_d) ~sgn(wdyn_q) (3.17)

sgn(sgx . sgy), for |sgn (adyn) = sgn(egx . egy)\/

sgn 5gy) # Sgn(”py — Wdyny (3.18)
for |sgn(agm) 7 sgn(&gy - €y ) A ’
sgn (egy) = SN (py — Wamy

Ngyn = 0
b

Sector Ny, and vector number ngy,, are used in transient states to select the u
converter voltage vector according to Table 3.

3.1.2 Experimental Results

The experimental setup used for the comparison of DPC control methods consists
of both a 3-level AC/DC converter and a DC/AC inverter. However, in order to
carry out the experiments the DC/AC part was disconnected.

The experiments were performed both for two values of active power i.e. 3.5 and
10.5 kW and for two values of reactive power i.e. —2.5 and 10 kvar. The converter
was supplied from 3 x 230 V phase voltage source by a grid reactor whose
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inductance was equal to 20 mH. The value of DC link voltage Upc amounted to
650 V. The main part of the control system was composed of ADSP21363—a 32bit
floating point digital signal processor clocked at a frequency of333 MHz made by
Analog Devices. The sampling period T of the control system of the AC/DC
converter amounted to 33 ps.

The coefficient values of current ripples in xy rotating reference frame (3.19),
(3.20) as well as THD values were determined for each analyzed case. It is worth
noting that coefficients (3.19) and (3.20) are proportional to active and reactive
power ripples respectively. The results of performed experiments are presented in
Table 4, Figs. 25 and 26.

T,
1 :
Algrys = T / (lgx—lngV)zdt (3.19)
¢ 0
Ta
1 . 2
Algyrus = = / (igy — Lyyay ) dt (3.20)
0

Table 4 Experimental results for DPC 3L3A method

Method P Q flT THD AngRMS AIgyRMS
(kW) (kvar) (kHz) (%) (A) (A)
DPC 3.5 0 5.33 2.31 0.08 0.08
3L3Am 10.5 0 4.65 1.49 0.15 0.13
0 -2.5 4.38 3.39 0.08 0.09
0 10 442 1.32 0.10 0.11
- DPC 3L 3A
30.00 ey i
18.00
6.00 i
-6.00 /
-18.00 U i
-30.00 o ] 7 i ;
0.00 4.00 £.00 12.00 16.00 20.00 5,

x107

Fig. 25 Time courses of phase voltage (e,,), phase current (iy,) and current vector components
(igy and ig,) in the steady state for active and reactive powers amounting to 10.5 kW and 0 kvar
respectively
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Fig. 26 Time courses of current vector components (ig, and i,,) as well as voltages of both
capacitors (Uc; and Uc») in the transient state for step changes of set x current vector component
(i;x) from 20 A to =20 A

where

Alyris, Algyrius RMS values of current components in xy rotating reference
frame after subtracting their average values.

In the transient state (Fig. 28) the DPC 3L3A method is able to properly recreate
the y component of the current vector.

It is worth emphasizing here that a supplementary voltage balancing algorithm
described in Sect. 3.3 was implemented in the control system to assure appropriate
voltage balance for the both DC link capacitors (Fig. 28).

The DPC 3L3A look-up table method for a 3-level AC/DC converter cooper-
ating with the 3-phase grid is proposed. The experimental results have shown
excellent performance of the method in both steady and transient states. In the
steady state the DPC 3L3A method is characterized by a close to sinusoidal shape
of current, small values of THD and Al coefficients at a relatively small tran-
sistor switching frequency (Table 4). Additional balancing algorithm ensure the
equality of the DC voltage on both capacitors (the differences are lower than 1 % of
capacitor voltages). Similarly to all look-up table methods, the proposed algorithm
is characterized by short processing time that makes it possible to implement the
control algorithms on cheap standard processors. The algorithms’ processing time
(excluding measurements, etc.) for the DPC 3L3A method amounts to 4.05 ps. In
contrast, for the same setup, the processing time for the predictive control method
described in [94] is as much as 16.39 s, i.e. over 4 times longer.



Advanced Control Methods of DC/AC and AC/DC ... 251

3.2 DTC-3L3A Method

Introduction of the DTC 3L3A method is required to perform analysis of the
influence of inverter voltage vector u# on torque and flux changes.
Torque derivative %T (3.21) is described by transformation Eq. (2.19).

d 3 d . . 3.d . ;

ST =py5 (¥l i) = Po5 ('I’Sd iy — P, - zsd> (3.21)
Assuming that flux changes are much slower than current changes as well as

component g of the stator flux vector is close to zero (¥, ~ 0), Eq. (3.21) can be

simplified to (3.22).

d 3 d
—T=pp5-¥ J

ST =5 Wy (3.22)

By taking into account Eq. (2.22), which describe the impact of inverter voltage
vector on stator current changes, the influence of inverter voltage vector on torque
changes dr takes the form of (3.23).

d 3
dT dt pb2 sd dslq Pb

W

3 SU
5V T (3.23)

Flux derivative (3.24) is described by transformation Eq. (2.15) [88].

d . . . . .
E lllsdq = Ugdqg — lsdqu —J®D q’sdq = Ugdqg — lsdqR _onLJxlsdq — €mdyg (324)
where

emdg—mutual electromotive force.

Due to the fact that the machine is supplied by the DC/AC inverter, Eq. (3.25)
takes the shape of (3.26) by including dependence (2.22) on voltage vector u .

%Wsdq =u-e Pyt =d,, (3.25)

Since dq reference frame is oriented with respect to the mutual flux vector,
which in most cases is shifted to the stator flax vector up to 2°, the impact of
component g of the stator flux derivative vector on stator flux magnitude is
neglected. Hence, for the computational simplicity sake, the omission of component
q in Eq. (3.25) is justifiable. Thus, the influence of converter voltage vector u is
described by dependence (3.26).
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d
dy == ¥y = dy, 3.26
4 dt sd sud ( )

In order to analyze the behavior of the DTC method, error vector &g, (3.27) is
often introduced [88].

ey = &y +]CT (327)

where

Syt vector of flux and torque errors,
ey, ¢y flux and torque errors respectively.

The error vector gy is composed by two components in different scales and
units. In order to standardize description the both components should have the same
unit. Usually it is done by conversion both components to current unit. However
better results and simplest subsequent calculations can be achieved by expression
both error vector components in the flux unit (Wb). Hence, the torque component of
the epwr (3.28) error vector is multiplied by scale factor cy7 (3.29) that ensure that
both error components are in the same scale and have the same unit.

gpyr = &y +jewrer (3.28)
dsuq 2. Lm

= = ——— 3-29

cyr A 3py- V. (3.29)

The impact of inverter voltage vectors # on the error derivative vector in flux
scale dywr (3.31) is described by transformation Egs. (3.23), (3.26) and (3.29).

. . 3 dxu
dyyr = —dy — jeyrdr = —dgq — jewr -prz- Yoy - .
2 LO'S

2. Ly, 3 dug (330)

o5 ¥

R e Gsug _
IR W, PPy T

—dgua _jdsuq = —dy,

3.2.1 Method Description

It can be shown that the boundaries of the error plane division in the DTC method
are suboptimally defined. In the DTC method the comparators divide the error plane
into six areas (Fig. 27). In accordance with the switching table, converter voltage
vectors iy, that correspond to current derivative vectors dy 7. are assigned to
individual areas. The error plane division as well as current derivative assignation in
sector N = 1 for DTC method is shown in Fig. 27. If the error vector is located at
point P, on the division boundary, the selection of uqoo voltage vector will shift the
error vector to point P; (¢1). In contrast, the selection of uy;o vector will shift the
error vector to point P, (&;). Error vectors ¢; and &, have different lengths. This fact
indicates that the boundaries of the error plane division are suboptimally defined.
To determine an optimal division, it is required to establish such borders for which
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Fig. 27 Error plane division for the DTC method in sector N = 1

the impact of two adjacent voltage vectors is equivalent. In other words, the lengths
of both error vectors &; and &, should be equal for optimal error plane division
(Fig. 28c).

In order to determine the optimal error plane division in the DTC 3L3A method,
it is assumed that one of the three converter voltage vectors u corresponding to the
shortest current derivative vector (Fig. 18a) should be selected in the steady state.
Also, the new d"q" coordinate system has been introduced in which the current
derivative vectors d,,,,r have equal lengths and are rotated with respect to each other
by 120° (Fig. 28b). In such a specific reference system the boundary of an optimum
error plane division are constructed with the three half-lines with a common origin
and rotated with respect to each other by 120° (Fig. 28b).

In the DTC 3L3A method, if the error vector is located at point P on the division
boundary (Fig. 28c¢), the selection of voltage vector u;;o will shift the error vector
to point P; (g;). In contrast, the selection of vector u,,o will shift the error vector to
point P5 (&;). Both &; and &, have equal lengths, which indicates that the boundaries
of the error plane division have been optimally defined. It should be emphasized
that in the DTC 3L3A method the selection of converter voltage vector u is
exclusively based on the error vector angle. This allows us to eliminate inconve-
nient hysteresis comparators in the control system.

The three converter voltage vectors u, which correspond to the shortest current
derivative vectors, always form an equilateral triangle inside which the u” voltage
vector is located. The triangle is formed by u,,, vectors (in a general case by wy,
vectors Fig. 29a).

Selection of the triangle inside which u” vector is located is based on depen-
dences (3.31) and (3.32). If inequality (3.31) is true, u” vector is located in triangle
0. Otherwise, the selection is based on ¢,,.. angle (3.32) (Fig. 29b) according to
Table 5.
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Fig. 28 Optimal error plane distribution in d"q" reference frame (b) as referred to the arrangement
shown in (a) as well as the equivalent impact of the adjacent converter voltage vectors on the error
vector located on the division border (c)

Fig. 29 Triangle numbers (a) and angle ¢ construction (b)

%5 > |u*| - cos(y — 9) (3.31)
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Table 5 Triangle selection table

Psec € (1/6,7/2) Triangle 1
Psec € (_TE/67 ‘lt/6> Triangle I
Psec € (—71:/2, _T[/6> Triangle 11T

Fig. 30 Graphical interpretation of x"y” coordinate system (¢); influence of d 7. vectors on
error vector (c¢) in the arrangement shown in (a) whose main part is expanded (b)

i

. u
(e = arcsin (|7*
(Wha — ¥

sin(y — 5)) (3.32)

V= Pu —5 (3.33)

In the arrangement shown in Fig. 30, the three converter voltage vectors that
correspond to the shortest current derivative vectors dy 7 are 110, U0 and 1.
They correspond to vectors dyy 7110, dyyr220 and dyy 7120 Tespectively (Fig. 30a).
The dyyrv vectors form the equilateral triangle ABC with a center point
S (Fig. 30b).
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Point S is shifted from dy 7. vectors by vector wg, (3.34) (Fig. 30b) that is
equal to the difference between the center of triangle vector s (3.35) and vector u
(Fig. 30b).

Wey =S8 — U (3.34)
S = 8] - &P = 1/3(Wpo + Wy + W) = 1/3(Wp1 +Wp2) (3.35)

During one sampling period T vectors dyyri10, dyyr220 and dyyrio0 exert
influence on the error vector by vectors dyyri10-Ts, @yyroo0-Ts and dyyri20-Ts
respectively. They form equilateral triangle A"B"C" (Fig. 19¢) that is similar to
triangle ABC with T ratio. In Fig. 30c, in order to simplify the analysis, zero value
of error (&, = 0) has been assumed. The center of triangle S” is shifted to dy 7
vectors by vector w7 (Fig. 30c) (3.36).

Wyyr = Tywg, (3.36)

It can be seen that the origin of the reference frame d"q" is located in the center
of triangle A”B"C" (point S”) and is rotated at angle 7y (3.33). Moreover, the vectors
dyy1xxx in d"q" coordinate system have the same lengths (Fig. 30c). The transfer of
error vector &y to that reference frame is carried out using dependence (3.38).

8”1/,1” _ |8//1//¢T| L wr = (Slpl[/T _ wl//l//T) el (3.37)

Due to the fact that the division of error plane in d"q" reference frame are
identical only for triangles 0, I and III (Fig. 31), it is recommended to standardize
the angle of error vector used for the selection of the converter voltage vector. This
can be carried out by performing additional calculations for triangle II (3.38).

| o(epyn) for triangles 0, I, III (3.38)
P =\ @ (Re(Elygyy) — /Im(elpyyy)), for triangle 11 '

The behavior of DTC 3L3A depends on the converter state. In steady states the

method is optimized by selecting converter voltage vector u,,, that decreases the
absolute value of the error vector by the use of the shortest error derivative vectors.

(a) 1q” (b) 14 ! (c) ig” (d) 14 !

Fig. 31 Optimal division of error plane for 0 (a), I (b), II (¢), III (d) triangles in sector N = 1
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Table 6 Voltage vector selection table for DTC 3L3A method

P Sector N
Triangle N=1 N=2 N=3 N=4 N=5 N=6
(g,%") tr. 0 010 011 001 101 100 110
tr. I 120 021 012 102 201 210
tr. 11 010 011 001 101 100 110
tr. III 020 022 002 202 200 220
(—-%"; Lﬁ‘) tr. 0 000 000 000 000 000 000
tr. I 110 010 011 001 101 100
tr. 11 120 021 012 102 201 210
tr. 11T 010 011 001 101 100 110
(—g; g) tr. 0 110 010 011 001 101 100
tr. I 220 020 022 002 202 200
tr. 11 110 010 011 001 101 100
tr. 11T 120 021 012 102 201 210
U
? >
v oS DC/AC
R'e" - ;E . D.s. Voltage vector | ] Sy
* . : ‘c";r;{.-;}" """" T I selection [ F
On_p M Lo Ss T g table B I i
-A A 44 * f N = = 5
- Sector N i 1 K
» “WL"’ T selection x 1
4 triangle Vector s, Pl
selection calculation L e
Vector u™ T N T Prs
calculation - T Torque and fe—gz f.l_ v
7] L DAL §
estimation
: IM
“nre

Fig. 32 Schematic diagram of the DTC 3L3A method

That allows us to achieve both low switching frequency and high accuracy of
control. In the steady state selection of a converter voltage vector is determined by
N sector number, triangle number (3.31), (3.32), (Table 5) as well as error vector
angle P (3.38) according to the vector selection table (Table 6) (Fig. 32).

In transient states the selected voltage vectors decrease both components of the
error vector by the use of the longest error vector derivatives. That enables fast
response to dynamic changes of torque. The transient state in the DTC 3L3A is
chosen in the case when the component g of the error vector exceeds ¢4, value
(3.39) corresponding to the maximum changes of error in the steady state during
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Fig. 34 Visualization of Ny, sector, wg,, vector and straight line y, for the & error vector
component higher (a) and lower (b) than zero

one sampling period. Due to the fact that the error vector in the DTC 3L3A method
is formed by the converter voltage vectors that form an equilateral triangle, &,4y,
value is defined as a length of the triangle side with the ratio of T (3.39) (Fig. 33).

1
EyyTq_dmn = dsug_max = Ty = 3 Upc - T (3.39)

In transient states, the sector Ny, (3.41) is determined on the basis of angle
ONayn (3.40). In sector Ny, straight line y; = u}; crosses the hexagon formed by
converter voltage vectors u either on the top when (¢7 > 0) (Fig. 34a) or on the

bottom when (er < 0) (Fig. 34b). Vector w,y, is calculated according to (3.42)
(Fig. 34).
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Table 7 Voltage vector selection table for DTC3L3A method in transient states

Ngyn Sector Ngyn
Ndyn =1 Ndyn =2 Ndyn B 3 Ndyn =4 Ndyn B 5 Ndyn B 6
-1 200 220 020 022 002 202
0 210 120 021 012 102 201
1 220 020 022 002 202 200
arccos (;;j) + wot , dlaer>0
PN, = e (3.40)
— arccos 2~Uj(.) 4+ wot , dla er <0
1, for @y, € (0;7/3)
2, for gy, € (n/3;21/3)
3, for gy, € (2n/3;m)
Nawm =194, for gy, € (—m—21/3) (3.41)
5, for @y, € (—2n/3;—mn/3)
6, for gy, € (~1/3;0)
3 : N .
wdyn — Wdyn_d +jwdyn_q — £ Udc . e/((Ndyn*l)g) +5 . efngt (342)

3

The number of voltage vector ngy, (3.44) is calculated on the basis of the sign of
slope agy, (3.43) of straight line y, (Fig. 34) as well as &7, wg, and u’" vectors.

sgn(adyn) = —sgn(wdyn_d) ~sgn(wdyn_q) (3.43)

_ { —sgn(ey - gy), for sgnéadyn; =sgn(ey - &) V sgnEadw; #+ sgnguz — wdyndg
Nagyn = _ *
0, for sgn(agyn) # sgn(ey - eyn) A sgn(agm) = sgn (i — Wapna

(3.44)

Sector N, and vector number n4,, are used in transient states to select the
u converter voltage vector according to Table 7.

3.2.2 Experimental Results

The investigations were performed for two values of load i.e. 10 and =7 N m, and
for three set values of angular speed i.e. 10, 20 and 150 rad/s. The motor used in the
investigations had the following nominal values: P, =4 kW, U, =400V,
f, =50 Hz, In = 8.3 A, ®, = 150 rad/s, cosg, = 0.82. The sampling time of the
control DC/AC converter amounted to 33 ps.
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Table 8 Experiment results for DPC and DPC 3L3A methods

Method oy (radsy  |M(Nm) |fir (kHz) |THD (%) | ATgrums (N m)
DTC 10 10 1.90 36.4 0.83
DTC 3L 3A 2.38 4.1 0.49
DTC 150 10 6.72 13.5 0.93
DTC 3L 3A 422 44 0.59
DTC 20 -7 1.98 11.5 0.97
DTC 3L 3A 2.01 7.3 0.53
DTC 150 -7 7.68 10.8 0.96
DTC 3L 3A 427 52 0.59
DTC
10.00
6.00
2.00
2,00
-6.00
-10.00 :
0.00 0.08 0.16 024 032 0405
DTC 3L3A
10.00 e

-2.00

-6.00

-10.00 :

0.00 0.08 0.16 0.24 0.32 0.40 %

Fig. 35 Time courses of torque (7-scale 1:1), stator phase current (is,-scale 1:1) and stator phase
flux (¥g,-scale 10:1) for 10 rad/s angular speed and 10 N m load for DTC3L3A and DTC
methods

The basis for comparing the DTC 3L3A and DTC [41] methods were both the
coefficient described by dependence (3.45) [88] as well as THD value. The results
of the experiments are presented in Table 8, Figs. 35 and 36.

o

T,
1
Tpuis)rms = T (T — Tav)’dt (3.45)
0



Advanced Control Methods of DC/AC and AC/DC ... 261

where

Tipius)rms RMS value of all of torque harmonics for constant torque set value,
Ty period of phase current,

T instantaneous value of electromagnetic torque,

Tay mean value of electromagnetic torque.

The investigation results have shown that the DTC 3L3A method is character-
ized by very good performance. The switching frequencies in almost the whole
range of control are low, which means that they have very good efficiency.
According to Table 8 the DTC 3L3A method shows low values of phase current
distortions and torque ripples. The flux and current for DTC 3L3A method has
almost a perfect sinusoidal shape (Fig. 35).

The DTC 3L3A method, in contrast to DTC method, makes it possible to
generate nominal flux for a set zero angular speed with very good accuracy. As can
be seen in Fig. 36 the real value of flux almost fully covers its set value. The above
is desirable in order to achieve better performance at startup. As in the case shown
in Fig. 36 when torque is not set until flux has achieved its nominal value by linear
increase, large ripples of current during startup are eliminated.

D
7.00 TC
380 . g FT .
w — A (A
= T Ml

0.60 . (-
-2.60
-5.80
-9.00 i i - L i . — L - E

0.00 0.12 0.24 0.36 0.48 0.60 %

DTC 3L 3A
T7.00 " =
T W
]

1.80 l{l' |'{J|
0.60 /
-2.60
-5.80
9.00 _ ! . ; . ! | L L

0.00 0.12 0.24 0.36 0.48 0.60 %

Fig. 36 Time courses of set and real stator flux absolute values (‘P'*, ||-scale 5:1), phase current
(ig-scale 1:10) and torque (7-scale 1:3) during startup for DTC 3L3A and DTC methods
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3.3 Control Strategy of the DC-Link Voltage Balance
in the Three-Level NPC DC/AC Inverter

Of all multilevel topologies, the three-phase three-level Neutral-Point-Clamped
(NPC) DC/AC inverter is the most widely used and investigated. However, the
neutral-point voltage-balancing problem, which is characteristic of the three-level
NPC topology, limits the development and application of three-level NPC inverter
[95-98]. In order to ensure proper operation of the inverter, it is essential to solve
the balancing problem. In many cases, without NP voltage balancing control, the
harmonic components greatly increase, or even, in some instances, DC-link
capacitors and switching devices can be damaged.

The easiest solution that allows proper operation of the inverters the application
presented in Fig. 37., i.e. the use of two independent three-pulse rectifiers and a
connection point “0” in the DC-link of the neutral point N supply network.

The DC-link connection shown in Fig. 37 provides independent charging of
capacitors Cy and Cy.. This solution ensures proper balancing of DC-link capacitor
voltages without the need to use additional control algorithms or systems. On the
other hand, the solution requires the use of the grid neutral point “N”, which is not
always available. Additionally, it can cause a number of problems, such as an
increase of DC-link voltage ripples. Figures 38 and 39 show the differences during
the drive start-up for two power supply systems: four-wire (neutral point “N” of
supply network wired to point “0” in the DC-link) (Fig. 38a) and 3-wire supply
system (Fig. 39a). In both cases, induction motor (IM) is controlled using the
standard DTC method without DC-link voltage balancing algorithms.

T AC/DC
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Fig. 37 Schematic diagram of three-level inverter supplied by two three-pulse rectifiers with grid
neutral point “N” connected to “0” point of the DC-link
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Fig. 38 Schematic diagram of three-phase, four-wire power supply system (a) as well as time
courses of capacitor voltages—Ucr, Ucy (50 V/div) and stator current ig, (4 A/div)

(b)

1 |

A AL s
AR

!

|

s
\

2 e Ua,

- Chl 1.00V Ch2 1.00v M 250ms A 360mv
Ch3 2.00v

Fig. 39 Schematic diagram of three-phase, three-wire power supply system (a) as well as time
courses of capacitor voltages—Ucr, Ucy (50 V/div) and stator current ig, (4 A/div) (b)

The above measurements of voltages in the DC circuit were carried out at
reduced power grid voltage level (110 V) due to the voltage restrictions of
capacitors. As follows from the above measurements, the control method without
an additional balancing algorithm is not possible to use. The voltage levels on the
capacitors depend mainly on the capacitor current directions. Thus selecting an
appropriate sequence and type of inverter voltage vectors can directly affect
capacitor voltage level control.

A three-level NPC inverter has 27 available switching states that correspond to
19 inverter voltage vectors. The vectors can be divided depending on their mag-
nitude into four groups: “large/long”, “medium”, “small/short” and “zero” vectors.
Zero vectors (000, 111 and 222) connect all the outputs of the inverter to the same
DC-link voltage level, and therefore do not produce any current in the DC-link
capacitors. As a result they do not affect neutral-point potential. The small voltage
vector includes 12 switching states. Six of them make the current flow through the
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Fig. 40 Schematic diagram L i
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lower capacitor (Cy), as illustrated in Fig. 39. The current flow can either charge or
discharge capacitor Cy, depending on the directions of currents i and i;.. The other
six states of the small voltage vectors make the current flow through the upper
capacitor (Cy) and influences its voltage value. All these twelve vectors signifi-
cantly affect the voltage balance of DC-link capacitors. In the case of the large
vectors, the neutral-point does not participate in energy transmission since the
current flows through both upper and lower capacitors. Therefore, large vectors
have no impact on the voltage balance.

The medium voltage vectors have six switching states. When a load is powered
by medium vector voltage (Fig. 40), capacitor voltage changes can be analyzed
basing on the direction of current i. When current iy flows through node “0” and
there is a constant value of the DC-link voltage in one sample period Tp, as shown
in (Fig. 40), we have a discharge of capacitor Cy, which, in turn, causes an increase
of capacitor voltage Cy.

For a case in which current i flows to a three-phase load, it causes voltage
discharge on capacitor C, and at the same time, charges capacitor Cy. Assuming
that the sum of the instantaneous values of three-phase load is equal to zero:

iy+iv+iw =0 (3.46)
Basing on Fig. 40, it can be stated that:
ig—ip—ir=0 = Ip =iy — i (347)

Current values of “iy” and “i;.” can be determined from the sum of the currents
of each phase of the upper and lower connections of three-level inverter (Fig. 41):

iH = iHU + iHV + iHW (348)
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Fig. 41 Illustration of
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Specific currents for each phase can be calculated knowing the configurations of
switch states and the current value of each analyzed phase of the three-phase load.
For example, current values i; y and igy are calculated as:

iny = (Kw - Kav) - iy (3.50)
ity = —(Ksv - Kau) - iy (3.51)

Knowing that switching states K5x and Kyx are always opposed to the states of
switches K;x and Kjx, Eq. (3.51) can be written as:

irv = —(Kiv - Kaw) - iv (3.52)

where the switching states K, for each phase can take the values O or 1.
Substituting (3.50)—(3.52) into Eqs. 3.48 and 3.49, we obtain the following
current dependencies in the upper and lower arm of the bridge:

iy = (Kiy - Koy) - iv+ (Kiy - Kov) - iv + (Kiw - Kow) - iw (3.53)
i = —(Kw - Kaw) - iv — (Kiv - Kav) - iv — (Kiw - Kaw) - iw (3.54)

Current value iy can be calculated from currents iy and i, using Eq. 3.47. The
knowledge of current value i, is required for proper operation of the balancing
algorithm and division of voltage on the capacitors in the DC-link.
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Fig. 42 Calculated current waveforms iy, iy and ip (CHI-CH3) and actual current iy (Ch-4) in
real capacitor Cy of the inverter (scale: 5 A/div)
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Fig. 43 Calculated current waveforms iy, i and iy, (CH1-CH3) and actual current iy (Ch-4) in the
wire connected with middle point “0” of capacitors (scale: 5 A/div)

The correctness of the presented dependencies was verified by measurements on
a real laboratory stand with at three-level DC/AC inverter (Figs. 42, 43 and 44).
The waveforms were recorded in the inverter without connection to the neutral
point using the DTC method divided into 12 sectors [99]. In the method both “small
positive” and “small negative” vectors were used.

3.3.1 Operational Principle of Balanced Voltage Division Algorithm
Based on the calculated current and actual voltage values (Ucy and Ucp), an

algorithm was created to provide balanced voltage division on the capacitors.
Analyzing the input data, the algorithm replaces switch configurations of one “small
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Fig. 44 Calculated current waveforms iy, ip and iy, (CH1-CH3) and actual current iy, (Ch-4) in real
capacitor Cp, of the inverter (scale: 5 A/div)

vector” into another “small vector”. For example, it replaces an equivalent switch
from vector u( into its counterpart in #,;;. In the control system, the replacements
performed by the algorithm provide independent control of voltages in the DC and
have no effect on the changes in the controlled torque and flux. For proper operation
of the voltage balancing algorithm, it is required that the control system uses “small
vectors” during normal operation. The necessary input signals are actual load values
of the phase currents, the voltage on the capacitors in the DC-link and actual
switching states of the control system.

Based on the calculated values of currents iy, ip and iy, and also voltage values on
the capacitors, it is possible to formulate instructions for the proper operation of the
algorithm. There are four cases determining the final choice of the appropriate
configuration of switches specifying the vector type: “small positive” or “small
negative”. The drawings shown on Figs. 45 and 46 illustrate the dependencies used
in the conditional statements of the algorithm.
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Fig. 45 Distribution of iy, iy, ii. currents and Ucy, Ucy voltages during motor operation. For
“small negative” vectors (a) and “small positive” vectors (b) with the recommended change load
connection with fulfilled dependencies on voltage and current values
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Fig. 46 Distribution of iy, iy, ir. currents and Ucy, Ucy voltages during regenerative load for
“small negative” (a) and “small positive” vectors (b) including the recommended changes with the
fulfilled dependencies on voltage and current values

For motor operation, i.e. when energy flows from DC-link to the load, as shown
in Fig. 45, two cases are considered. In each of these cases, depending on the
presented conditions, there is a replacement of equivalent small voltage vectors.

Figure 45a illustrates the case where the control system “decided” to use a
“small negative” vector while U¢;, voltage is less than Ucy and iy < 0 and iy > 0. It
follows from the relations that for the small negative vector selected by the control
system, the value of voltage Uc; will further decrease. In this case, the algorithm of
balanced voltage division just before choosing the voltage vector changes the
configuration of switches selected earlier by the control method. This vector
replacement from a “small negative” into “small positive” results in current dis-
tributions, i.e. reduction of voltage Uy, and increase of voltage Uc;. as shown in
Fig. 45b. Similarly, the operation of the algorithm can be analyzed during the
recovery of energy from the load to the DC-link circuit (Fig. 46), where switching
between equivalent vectors results in a steady voltage increase on both capacitors.

Cyclic switching between “small vectors” of two-type switch the satisfied
conditions, as in Figs. 45 and 46, makes it possible to maintain equal distribution of
voltages on the capacitors in the DC-link circuit. The above algorithm works well in
static and dynamic states, as well as during the return of power to the DC-link
circuit. The main advantage of the algorithm is its ability to be applied to each
control method with nonlinear controllers, where switch configurations in every T
step of the control system are known. It is impossible to apply this algorithm for the
PWM modulator control systems, in which explicit configuration of switches is not
specified.

This algorithm analyzes the operating states of the inverter for “small” vectors
only. If the control system chooses another type of voltage vector, the algorithm
will not modify the switch configuration.

Figure 47 shows the waveforms during start-up and recurrence of the drive
system in the DTC method control with the balanced algorithm of voltage division
in DC-link. Both the operating statuses of steady and dynamic states as well of Uy
and Uy voltage waveforms practically overlap.
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Ucy — Ucr (10 V/div) during start-up (a) and recurrence at a speed of £70 rad/s (b)

4 Predictive Control Methods

4.1 Constant Switching Frequency DPC-3V Method

The new predictive DPC-3V method is based on the analysis of the influence of the
selected converter voltage vector on complex current error Vector &;,. Vector &y,
expressed in the rotating xy reference frame, is defined as follow:

&y = &ix + iy (4.1)

In order to illustrate the impact of the choice of the selected voltage vector of the
converter on the current error, it is necessary to define the error vector in the next
sampling step &;y+1)- Assuming that the set current vector remains unchanged
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during a short period of time T, the error vector after T, time is expressed by the
following dependence:

Sixy(k+1) = l;v - ixy(kJr 1) (42)

where i;:y—set grid current vector, iy, —grid current vector in the next sampling
step defined as:

ixy(k+ ) = ixy(k) + Tsdgixxx (4.3)

Taking into account (4.2) and (4.3), the predicted location of the current error
vector in the successive sampling step can be rewritten as:

Eixy(k+1) = l;y - (ixy(k) + Tsdgixx_x) =& — Tsdgixx_x (44>

Equation (4.4) shows that the error vector changes are determined by the vector
opposite to grid current derivative vector dg;,.,. In order to simplify and increase the
clarity of further analysis, the vector determining the changes of the error vector is
defined and expressed as follows:

dw.xx = _Tsdgixxx (45)
Taking (4.5) into account (4.4) can be shaped as:
Eixy(k+1) = &ixy(k) +d (46>

In both the standard nonlinear DPC-6 and FCS-MPC methods only one voltage
vector of the converter is used during one sampling step. As a result, possibilities of
minimizing the current error are limited. This situation is shown in Fig. 48a.

The error vector after 7 sampling time can be moved in the steady state to one of
the three points defined by appropriate vectors d.,,, (4.6). The length of these

(a) By (b) Eiy
d.o10 d.019
~d; Eix doo : Eix
NRNEixy (k) N
dl: 110 d£1 10

Fig. 48 Possibilities of error vector minimization using one (a) and three (b) voltage vectors of
the converter during sampling time 7
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vectors depends on the value of sampling time T,. As a result, in order to keep the
required quality of current control, a short sampling time (below 25 ps) is needed,
which may require the use of a more expensive microprocessor of higher perfor-
mance. Another significant disadvantage of DPC table-based methods is variable
switching frequency of the converter’s transistors.

Figure 48b shows the possibilities of error vector minimization when three
voltage vectors generating the shortest current derivatives (similar to the
PWM-based methods) are selected during a single sample period. In this case, the
predicted error vector &) can be placed at any point lying inside an equilateral
triangle defined by direction vectors d.,,,. It can be seen from Fig. 48b that, if the
origin of the reference frame is situated inside the triangle, it is possible to achieve
full compensation of the error vector components.

The situation shown in Fig. 48b relates to only one of the six sectors. In a
general case, such a triangle can be created for each of the two adjacent active
voltage vectors and zero vector. If we take this into account, full possibilities of
error vector control provided by a two-level converter can be shown in Fig. 49. The
current error vector during sampling period T, can be directed to any point lying
inside the hexagon.

The main goals of the DPC-3V algorithm are to:

— choose appropriate voltage vectors,
— calculate voltage vector application times.

Fig. 49 Full possibilities of R
error vector control in one FAN
sampling period provided by A
two-level converter e

d:,101




272 A. Godlewska et al.

(N=4>
Wi<0
W20
W3oz0

W,<0
W5<0
W20
. —— Wy<0
. N_S Wo<0

W3<0

Fig. 50 Graphic illustration of voltage vector choice

4.1.1 Voltage Vectors Selection

Choice of voltage vectors is dependent on the position of S point relative to the
hexagon from Fig. 49. There are six areas corresponding to six equilateral triangles.
For each of them three voltage vectors (two active and “zero” vector) and the sector
number N are assigned. To select appropriate voltage vectors we need to determine
in which of these areas S point (the origin of the xy reference frame related to
current error) is located.

The idea of voltage vector selection is shown in Fig. 50.

To choose the converter voltage vectors we should determine the equations of
three straight lines (y;g, Y20 and ysg) containing vertexes and the center of the
hexagon. Knowing d,; 9, d.9;0 and d,;; (4.5) and the error vector, we can calculate
the coordinates of P;y, P2y, P39 and Py points, and hence obtain the straight line
equations in a general form Ax + By + C = 0. After that coefficients w,, are
calculated from (4.7):

Wie = AxeXp + Byeyp + Crx 4.7)
where: A,,, B, and C,, are the coefficients of straight line y;q, Y20 and y3o equa-

tions respectively, x,, and y,, are coordinates of S point (in this case, S is the origin
of the reference frame, so its coordinates are equal to zero).
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Tablg 9 Voltage vectors W10 W20 W30 Sector N Used voltage vectors
used in corresponding N

+ - - u u Ungy
sectors N 110> %010, Uro

+ + - 2 Up10, Uo11, Uro”

* + + 3 Uo11, Uoo1, Uror

- + + 4 Uoot, U101, Uror

- - + 5 Uy01, U100, Uror

- - - 6 U100, U110, Ur0”

Knowing the signs of w,, coefficients, we can choose from Table 9 sector
number N and voltage vectors that provide error vector minimization.

4.1.2 Calculation of the Voltage Vectors Application Times

Basing on the equations of straight lines containing triangle sides, we should check
if the origin of the reference frame lies inside the triangle (Fig. 51). If it does, then
the whole procedure can be reduced to the calculation of relative switching-on
times (aj19, do10 and aryr) of the chosen converter voltage vectors fulfilling the
following equation:

Ein(k+1) = Einy(k) T ar10de110 + ao1ode010 + arordyror =0 (4.8)

The values of the switching-on times of the chosen vectors are described as
follows:

tio = ario - T, toro = apio - Ty,  trgr = angr - T (4.9)

A graphical illustration of (4.8) is shown in Fig. 51. In this case (in the steady
state, sector N = 1) zero vector (#;1; Or Ugyo) is used for time t-g», vector ugig is

Fig. 51 Compensation
concept of grid current error
VECtor &) (steady state)
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used for tg;o and finally vector u;¢ is used for #;19. The sum of the three time
periods must be equal to sampling period Tj.

to +to10 + g = T (4.10)

As can be seen from Fig. 51, after T, sampling period, the current error vector is
equal to zero, which means that the errors of both current components have been
accurately compensated for. Analyzing Fig. 51, it can be theoretically proved by
making use of the trigonometric dependences in an equilateral triangle that
switching-on times of each voltage vector of the converter are clearly determined by
individual lengths of d,,, i.e. the distance of the origin of the reference frame from
the straight lines containing triangle sides. These dependences are presented as
follows:

_dio _doro _dny
aro = n ap1o = n anyr = 7 (4.11)
where h is the height of an equilateral triangle and its value is defined as:
3 |uy 1vV32U 3U
h:£’ ﬁ|__£ DC:Q (4.12)

2 L L2 3 3L

Making use of (4.11), the converter output spatial vector is calculated and
reproduced using the SVM technique.

31019:101 "\, et

Fig. 52 Compensation concept of grid current error vector in transient states, for the origin of the
reference frame lying outside the hexagon
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Such an approach to grid converter control will ensure minimization of the
current error vector, and thus reduce both the grid current pulsation and harmonics
content.

In transient states the origin of the reference frame can be located outside the
hexagon presented in Fig. 49, as shown in Fig. 52.

This time, a full compensation of error vector components in a single sampling
period Ty is impossible, but even then the control algorithm should be able to
minimize the error vector.

In the proposed DPC-3V method one of the active vectors (assigned to sector
N from Table 9) remains switched on all the time T, to ensure the fastest system
response to dynamically changing values of the set grid current.

The choice of an appropriate vector is determined by the shortest distance of the
reference frame origin from the straight lines containing active vectors used in the
given sector N. For the presented case (N = 4):

dmin = min(doo1, dior1) (4.13)

Two options are possible:

(@) if dmin = dooi, then foo; = Ty, ti01 = 0, trgr =0
(b) if dmin = doo1, then 1901 = 0, 101 = T, trgr =0

The final schematic diagram of the discussed control method is shown in
Fig. 53.

The new DPC-3V algorithm minimizes the error vector of the grid current for
each and every state of the system. In the steady state the control system uses the

AC/DC

] JSJTUDC
<143

Si1|S2|S1s

LOAD

o

Predictive
controller
+ SVM

Fig. 53 Control structure of the DPC-3V
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SVM modulation that provides all the advantages typical of linear methods, i.e.
constant switching frequency, low grid current ripples. Moreover, it has no limi-
tations arising from the use of linear controllers. In transient states, the proposed
solution provides maximum dynamics, comparable to the fastest nonlinear control
methods.

4.1.3 Experimental Results

The laboratory tests were performed on the set—up consisting of an AC/DC con-
verter (6 kW of rated power), AC-side choke and digital control system with
Analog Devices ADSP-21262 DSP processor. The converter was loaded by
resistance. The parameters of the tested model are summarized in Table 10.

Sampling period Ty for DPC-$ is set to 200 ps. Figure 54 shows phase current
izs, voltage e;; and x and y axis components of current vector i, during a steady
state operation. The set values of xy current vector components are equal to 9 and 0
A for x and y axis component respectively. It can be seen that the proposed
predictive DPC-3V method provides a sinusoidal current despite of the distorted
grid voltage.

The behavior of the presented control method in transient states (during a step
change of the reference value of current component ix from 9 to 3 A) has been also

Table 10 Main data of Symbol Quantity Value
laboratory setup -
erL Grid voltage L-L 400 V
Upc DC-link voltage 700 V
L Input filter inductance 50 mH
Py Converter rated power 6 kW
(a) (b)
e, '
{ / /
L, / / i, i,
Jr.'/-‘\ /-\ JI ,’/\
i i ;ff" :
" {r 4 Ir "
/ N 1/ N 1/ v/
.:I' \\/ ‘: \‘\/:I'
- = 1/

ChT 1.00V M5 00ms .:'1_|{ 500V Che 500V M5.00ms
h3 S.00V hd v

Cha SO00A 0

Fig. 54 Steady state operations using DPC-3V: grid phase voltage (100 V/div) and current
(5 A/div) (a) and x- and y-axis current vector components (b)
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(a) (b)

i L I

"
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chi oV he GOV M1.00ms Chi oV 7] ooV M1.00ms
chi 200V a 2.00 Ch3 2.00V a  2.0C
(c)
(-
e -

7 ]
ANE\Y,
\ I/
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chl 100V M5.00ms
Cha 500A

Fig. 55 Transient state operations with the DPC-3V method. a, b Components i, and i, (5 A/div)
of the current vector and their reference values (i and i;) during the step changes of iv. (¢) Grid
phase voltage (100 V/div) and current (5 A/div) during the step changes of iy

investigated and shown in Fig. 55. The test was carried out with an open DC-link
voltage control loop. Current response time in the DPC-3V method is comparable
to the fastest nonlinear methods (such as DPC or VOC with nonlinear hysteresis
current controllers). This is due to the fact that each of these control methods
identifies a dynamic state during which voltage vectors giving the longest current
derivatives are selected. This means that the transient response should be as fast as
possible.



278 A. Godlewska et al.

4.2 Constant Switching Frequency Predictive DTC-3V
Method

The DTC-3V control algorithm ensures both the elimination of disadvantages of the
standard DTC and very good dynamic properties of DTC, which are the major
advantages of nonlinear control methods. The proposed method is based on torque
and flux error vector minimization criteria. The control algorithm selects three
voltage vectors per sampling time. The goal of the predictive control is to calculate
optimal vector application times in order to minimize the torque and flux error vector.
In practice, this modulation is performed by using an inverter that supports the
SVM, which minimizes torque ripple by keeping constant switching frequency.

4.2.1 Torque and Flux Error Vector Minimization Strategy

Flux ey and torque &7 control errors are the components of complex error vector
epr. This vector should be standardized proportionally to a common reference
frame related to current:

&yr = &y +jeér = cyéy + jerer (4.14)

After standardization of the error vector, the analysis of the influence of the
changes of current vector components on error vector &y can be made.
Coefficients ¢ and cy are defined as follows [90]:

iy 1
— N = 4.15
cr TN , Cy LS ( )

where

Tn nominal torque,
ign nominal g-axis stator current.

The predicted error vector in the next sampling period can be written as [90]:
gtk +1) = &wr(k) T Ts(—divee) = &iwr() + Toll e (4.16)
It can be seen that Eq. (4.16) is similar to (4.6). By using this dependence we can
predict the values of the torque and flux errors in the next control step (k + 1).
4.2.2 Voltage Vector Selection

The idea of voltage vector selection is the same as in DPC-3V method (described in
Sect. 4.1) and is shown in Fig. 56.
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Fig. 56 Graphic illustration
of voltage vector choice in
DTC-3V method

Table 11 Voltage vectors
used in corresponding
sectors N

Wio Wao W30 Sector N Used voltage
Vectors ugy, Ug,Ugor

Uj10, Uo10, Uro”

Uo10, Uo11, Uro”

Uo11, Uoo1, Uro”

+ |+ |+

Uoo1> U101, Uro”

U101, U100, Uro”

+ |+ |+
AN N B W N =

Ui00, U110, Uro”

To choose the converter voltage vectors we should determine the equations of
three straight lines (y;o, y20 and y3p) containing vertexes and the center of the
hexagon. Knowing d,;;¢, d:010 and d.y;; (2.28) and the error vector, we can cal-
culate the coordinates of P;, P»g, P39 and Py points, and hence obtain the straight
line equations in a general form Ax + By + C = 0. After that coefficients w,, are
calculated from (4.17):

Wy = ApXp + Boyp + Cux (4.17)

where A,,, B, and C,, are the coefficients of straight line y¢, Y20 and y3o equations
respectively, x,, and y,, are coordinates of S point (in this case, § is the origin of the
reference frame, so its coordinates are equal to zero).

Knowing the signs of w,, coefficients, we can choose from Table 11 sector
number N and voltage vectors that provide error vector minimization.
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Fig. 57 Compensation
concept of torque and flux
error vector minimization

(steady state) .
Epp

&1

4.2.3 Calculation of the Voltage Vectors Application Times

Basing on the equations of straight lines containing triangle sides, we should check
if the origin of the reference frame lies inside the triangle (Fig. 56). If it does, then
the whole procedure can be reduced to the calculation of relative switching-on
times (ajjp, ag1o and a-yr) of the chosen converter voltage vectors fulfilling the
following equation:

EwM(k+1) = &wm) + anodeao + aood:oio + argrdyor =0 (4.18)

The values of the switching-on times of the chosen vectors are described as
follows:

tiio = ano - Ts,  to10 = aoro - Ty, trgr = angr - T (4.19)

A graphical illustration of (4.18) is shown in Fig. 57 [102]. In this case (in the
steady state, sector N = 1) zero vector (#;1; Or Ugng) is used for time #-q~, vector ugo
is used for tg¢ and finally vector u;q is used for t;;o. The sum of the three time
periods must be equal to sampling period Tj.

o +toio + gy =T (4.20)

As can be seen from Fig. 57, after T sampling period, the torque and flux error
vector is equal to zero, which means that the torque and flux errors have been
accurately compensated for. Analyzing Fig. 57, it can be theoretically proved by
making use of the trigonometric dependences in an equilateral triangle that
switching-on times of each voltage vector of the converter are clearly determined by
individual lengths of d,,, i.e. the distance of the origin of the reference frame from
the straight lines containing triangle sides. These dependences are presented as
follows:
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Fig. 58 Compensation
concept of grid current error d110
vector in transient states, for d.o10

the origin of the reference

frame lying outside the

hexagon

1019101

019,001
d<:001

€y

110 doio dry
= — = — nonr = 421
aro n ao1o n any 7 ( )
where: h is the height of an equilateral triangle and its value is defined as:
3 T 32Upc T; 3U
hzi‘Umﬁ’*ZK DCiZ\/_ DCTS (4.22)
2 L, 2 3 L 3L,

Making use of (4.21), the converter output spatial vector is calculated and
reproduced using the SVM technique.

Such an approach to torque and flux control will ensure minimization of the
torque and flux error vector, and thus reduce both the torque ripples and harmonics
content in stator current of the PMSM.

In transient states the origin of the reference frame can be located outside the
hexagon presented in Fig. 56, as shown in Fig. 58.

This time, a full compensation of error vector components in a single sampling
period Ty is impossible, but even then the control algorithm should be able to
minimize the error vector.

In the proposed DTC-3V method one of the active vectors (assigned to sector
N from Table 11) remains switched on all the time T to ensure the fastest system
response to dynamically changing values of the set torque and flux.

The choice of an appropriate vector is determined by the shortest distance of the
reference frame origin from the straight lines containing active vectors used in the
given sector N. For the presented case (N = 4):
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dmin = min(doo1, dio1) (4.23)

Fig. 59 Control structure of the DTC-3V

Two options are possible:

(@) if dmin = dio1, then tyo; = T, 1101 = 0, tnyr =0
(b) if dmin = doo1, then 1991 =0, tio1 = T, trgr =0

The final schematic diagram of the discussed control method is shown in
Fig. 59.

4.2.4 Experimental Results

The effectiveness of the proposed control strategy is experimentally tested with a
four-pole 2.8-kW PMSM drive, which is characterized by the nominal parameters:
Ty =36 Nm, ny=750rpm, Upc=350V, Rg=135 Q, L,=0.01325 H,
Ypu = 0.56 Wh.

The control algorithm is programmed in the ADSP-21262 32-bit floating point
SHARC DSP. A three phase inverter of IGBT’s is used to feed the PM synchronous
machine. Hall-effect sensors (LEM LA-55P and LV-25P) are used for current and
voltage measurements, respectively. It should be noted that all current waveforms in
the figures below show the real currents (not the sampled ones) measured by current
probe connected to the scope. The sampling time is equal to T, = 200 ps.
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Fig. 60 Steady state operations using DTC-3V: stator current iy (Ch4—2 A/div), stator flux Wsy
(Chl—1 Wb/div), set torque 7" (Ch2—6.67 Nm/div) and torque T (6.67 Nm/div) at angular speed

equal to ®,, = 15 rad/s (a) and ®,, = 50 rad/s (b)
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Fig. 61 Transient state operations with the DTC-3V method (speed reversal £50 rad/s): i;;—
5 A/div, ¥s—1 Wh/div, |P—0.2 Wb/div, M", M—13.33 N m/div, o,—50 rad/s/div
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Figure 60a, b show the motor torque, flux and phase current obtained with a
rotor angular velocity of 15 and 50 rad/s respectively. It can be seen, especially at
low motor speeds, that the proposed predictive strategy brings small current and
torque ripples, and the phase current shows a good sinusoidal waveform. The
DTC-3V exhibits a very good steady state performance that is needed for servo
drives with synchronous motors.

Figure 61 shows the transient state of the system during motor speed reversal
from 50 to —50 rad/s. Torque response time in the DTC-3V method is comparable
to the fastest nonlinear methods (such as DTC or FOC method with nonlinear
hysteresis current controllers). This is due to the fact that each of these control
methods identifies a dynamic state during which voltage vectors giving the longest
current derivatives are selected. This means that the transient response should be as
fast as possible.

Laboratory tests have shown that the new predictive DTC-3V strategy ensures
the torque ripple minimization and constant switching frequency. With this pro-
posed control scheme, it is possible to obtain a similar dynamic performance as with
the conventional nonlinear methods (such as the DTC). Instead of torque and flux
comparators and a standard switching table a new, specific vector modulation is
used. This approach allows us to combine the dynamic performance of DTC
method with the advantages of the methods based on space vector modulation such
as constant switching frequency and low torque ripples.

4.3 Finite Control Set Model Predictive Control—
FCS-MPC

The main purpose of the coupling circuit in AC/DC converter connected to the grid
is high harmonic suppression of the switching frequency and low attenuation in the
band related to the basic harmonic of a grid current. These requirements are met by

GO0FHz Noise Filter
/4‘
i /N
| N
Y
W /
[4.00ms __ 800.000.s @ /3.20V 1,24756kHz]|
(@ 100v @ 200V EBRMs 231V |

Fig. 62 Grid phase voltage ¢;; (Chl, 100 V/div) and grid phase current i;;; (Ch3, 4A/div),
THD; = 18.3 %
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Fig. 63 Grid phase voltage e;; (Chl, 200 V/div) and capacitor phase voltage u.; (Ch2,
100 V/div)

the LCL circuit, whose attenuation in the passband is 20 dB/dec and in the stop-
band of 60 dB/dec. An important drawback of the LCL circuit is the presence of a
filter resonance frequency f, (4.24). This defect hinders the direct application of the
algorithms used in the case of an L filter for an LCL circuit.

1 L+ 1,
=5y
T Lll/zc

Figures 62 and 63 present the results of laboratory tests of AC/DC converter
predictive current control based on the L model [9, 45]. The tests were carried out
using an LCL filter. Figure 62 shows the course of the grid current i;;; (marked in
red) with a high content of harmonics of the filter resonant frequency f,. The THD;
factor is very high and amounts to 18.3 %. Figure 63 also shows that the voltage on
capacitors u.; is distorted. The algorithm correctly reproduces current i, applied
from the side of the converter, however, it has no impact on the grid current i; and
capacitor voltage u,.

These results confirm that the prediction algorithms FCS-MPC in cooperation
with the LCL filter require appropriate modifications. The following section pre-
sents some predictive control algorithms that enable a cooperation with an LCL
coupling circuit.

(4.24)

4.3.1 Predictive Current Control of an AC/DC Inverter with Active
Damping—PCi-AD

An active damping method is used to damp higher harmonics (related to the res-
onant frequency f,) of the filtering capacitors voltage. This is executed by emulating
the damping resistance connected in parallel (or in series) to the LCL filter
capacitors. Most of the known algorithms of this type are based on a change in the
modulation index [100]. Due to the absence of the modulator the above is not
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Fig. 64 Control structure of the PCi-AD

possible for the FCS-MPC methods. For this purpose, the active damping algorithm
[101] designed for the DPC method was adapted and developed.

A schematic diagram of the PCi-AD method is shown in Fig. 64. Voltages u.; ;,
Ucr2, Uerz of the LCL filter capacitors are transformed into the rotating coordinate
system xy and filtered in low-pass filter. Next, subtracting the filter output signal
from the voltage u.,, provides higher harmonic voltage u,, of the capacitors.
Resonant harmonic current i.4y,, which should be suppressed, is calculated
according to the equation:

i = kdumy (425)

cdxy
where
k; 1is damping factor.
Reference values of converter current vector i, are calculated according to the
following formula:
izx = kPeUl)c + ki / eUDcdl + icdx (426)
i;y = lcay — OClUcx (4.27)

where
—myCug,; current compensating reactive power of capacitors.

Prediction is the process of choosing the best of all possible control states. This
is performed by online minimizing of the specific cost function J. It means that at
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each step kT the impact of all converter voltage vectors u,, on converter current
vector i, (proportional to the active and reactive power) is examined.

Prediction process starts with the measurement of currents and voltages (step
kT;). Current vector derivative (2.14) in the digital implementation takes the form:

dy; ~ Aigy (k+1)/T, (4.28)

Using Eqgs. (4.28) and (2.14), (as shown in Fig. 8) the predicted change of
converter current Aiyy,(k+ 1) which occur at time (k + 1) can be determined by:

Aipgy(k+1) = i (s, (k1) = g (k+ 1)) T, (4.29)

For sufficiently small sampling times 7§, it can be assumed that:

ho(k+1) =iy, (k) (4.30)
ug, (k+1) ~uy, (k) (4.31)

The next step is to calculate the value of the current vector in the next sampling
step (k + DT.

iny (k+ 1) = iy (k) + Adnyy (K + 1) (4.32)

Predicted current error in next sample time (k + 1)7; is calculated using the
following equation:

(k4 1) = i3, (k) — iy (k1) (4.33)

The last step of the algorithm is to calculate the cost function J and choose the
best inverter voltage vector u,,(k+ 1).

J= \/gﬂx(k+ 1) 4 ey (k4 1) (4.34)

The cost function determines the properties of the predictive controller. The
purpose of the cost index is to minimize the length of the current vector error. The
voltage vector whose current prediction is closest to the expected reference current
is applied to the load at the next sampling (k + 1)T, period. In other words, the
selected vector will be the one that minimizes the quality (cost) function.

The implementation of the active damping algorithm, as shown above, reduces
the value of capacitor voltage harmonics u..,, which is advantageous for the
reduction of grid current distortions.
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Fig. 65 Control structure of the PCiyu,

4.3.2 Predictive Current and Capacitor Voltage Control—PCi,u,

The PCi,u. method represents a completely new approach to control of AC/DC
converters with an LCL filter. The method uses basic advantages of the MPC
methods, i.e. multivariable control tasks and elimination of the cascade control
structure. A schematic diagram of the method is shown in Fig. 65. Prediction
process starts with the measurement of currents and voltages (step k). Then, based
on reference value of grid current vector i”;xy (proportional to the active and reactive

power), reference capacitor voltage vector u,,, is calculated:
Uy, = eg + wgLiiy, (4.35)
U, = egqy — wgLii}, (4.36)
Next, reference components of inverter current vector iy, are calculated:
i, = i1, T wgCu, (4.37)

B, = if, — w,Cul, (4.38)

In the following step the predicted converter current vector is obtained from
formula:

Aipy(k+1) = (u;y(k+ 1) =y (k+ 1)) T, (4.39)

5=

i2xy (k +1

~—

= iy (k) + Abgyy (k+ 1) (4.40)
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Knowing that Al (k+ 1) < Aiyy(k+ 1), we can assume that the grid current
change during sampling time is close to zero Aijy, ~ 0.

By using the previously calculated change of converter current Aisy,(k + 1), the
capacitor voltage vector in the next step can be obtained from the following
equations:

i1y (k) — joogCutly (k+ 1) — (izey (k) +0.5Aizey (k + 1))
C

Uery(k+ 1) = sery (k) + Aty (k+ 1) (4.42)

Attgy (k+1) = T, (4.41)

Equation (4.41) is obtained from Eq. (2.10) assuming linear change of the
current Vector iy, in time Tj.
The expected errors of controlled variables are calculated from:

soy(k+1) = i;xy(k) —hy(k+1) (4.43)
Sueny(k+1) = u;‘xy(k) — Uy (k+1) (4.44)
In the last stage of the prediction, optimal inverter voltage vector u,,(k+ 1) is

selected on the basis of extended cost function J. The calculations are repeated for
all of the inverter voltage vectors.

7= \/ (B + 53, ) + w2 (82 + 220, ) (4.45)

The PCi,u. method does not have a separate block of active damping. Expanded
cost function J, which consists of a component connected with capacitor voltage
vector Uy, allows the suppression of higher harmonics associated with the resonant
frequency of the LCL filter The value of the weighting factor w,. determines the
level of unwanted harmonics suppression.

4.3.3 Experimental Results

The experimental evaluation was performed on a 2-level inverter with the control
system implemented on digital signal processor ADSP 21369. The drive signals for
the IGBTs were generated by FPGA . Tests were carried out under the following
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Fig. 66 Experimental results for the PCi-AD. Grid phase voltage ¢;; (Chl, 100 V/div) and grid
phase current i;;; (Ch3, 4A/div), THD; = 8.5 %
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Fig. 67 Experimental results for the PCiyu.. Grid phase voltage e¢;; (Chl, 100 V/div) and grid
phase current i;;; (Ch3, 4 A/div), THD; = 4.6 %

conditions: Upc=650V, L;=18 mH, L,=34 mH, C=20 uF,
ELJ = ELZ = EL3 =230 V, P=31 kW, Q = 0 var.

Figure 66 shows grid voltage e;; and grid current i;;; for the PCi-AD method.
The THD; of grid current i;;; is 8.5 %. An effect of the active damping control loop
is reduction of the harmonic currents allocated in the LCL filter resonance band.
However, the reduction of these harmonic currents causes an increase in the
low-order harmonics (5th, 7th, 11th) in grid current. Similar behaviour is presented
in paper [101]. The solution uses an active harmonic rejection controller.
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Fig. 68 Experimental results with the PCiyu.. Grid phase voltage ¢;; (Chl, 200 V/div) and
capacitor phase voltage u.;; (Ch2, 100 V/div)

Figure 67 shows grid voltage e;; and grid current i;; ; of the PCiu. method. The
grid current THD; is lower and amounts to 4.6 %. A low-order harmonics (5th, 7th,
11th) have a much smaller values than in the PCi-AD method. Extension of the cost
function J makes it possible for one predictive controller to regulate the grid current
and suppress harmonic resonance without adding the additional harmonics.

As shown in Fig. 68, there is practically no harmonics associated with the
resonant frequency of the LCL filter in the capacitor voltage uc;;. This voltage is
similar to grid voltage e; ;.

4.4 Predictive Control of 2-Level Current Source Rectifier

The presented method selects the best rectifier current vector in order to control the
grid current and provide unit power factor. This strategy requires a predictive model
of the circuit that is described in the next subsection. The subsequent subsection
contains simulation results of the control system.

4.4.1 Predictive Control Strategy

Grid current behavior is described by derivative calculated from (2.31) [82-84].

digy 1 . .
% =7 (gry — Uexy — jg Ligy) (4.46)
In each sample time 7 the predicted current change can be calculated from
Eq. (4.47).
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. d, . "
Aigyy(k+1) = L Ty = Aigy(k+ 1) + jAigy (k+ 1) (4.47)

The expected value of the grid current vector is given by (4.48).
igx,v(k +1)= ig-ry(k) + Aing(k +1) (4.48)

Analyzing (4.46), the value of the current vector depends on the capacitor
voltage vector. In order to control the current prediction of the capacitor voltage
vector is needed. Equation (4.49) allows us to describe voltage behavior.

du., 1, . .
o Y — C (lgxy — iy fja)gCucxy) (4.49)

The predicted value of the capacitor voltage vector is given by (4.50).
Uery(k+ 1) = sy (k) + Antery (K +1) (4.50)

Predicted values are compared to the reference values. The reference value of the
grid current vector has only component x while, in order to minimize reactive
power, component y equals zero (i;y = 0). The reference values of capacitor voltage
components are described by (2.33) and (2.34).

Cost function is calculated by using Eq. (4.51) [86].

J= \/ Wixél, + Wiye, + W2, + Wiye? (4.51)

y

where errors are defined as:

e = Iy, — i (k+ 1) (4.52)
&y = iy, — igy(k+ 1) (4.53)
bur = U, — Uex(k+ 1) (4.54)
by = 1, — they (k£ 1) (4.55)

and Wiy, Wiy, Wy, Wy, are weighting factors.

Weighting factors decide whether priority is given to those states which mini-
mize the error in the filter voltage or those which improve the grid currents.
Basically, they are adjusted empirically to provide unit power factor and eliminate
noticeable deviations of the grid current with respect to the reference.

The control algorithm works as follows: at each sampling time, for all possible
switching states the predicted values of the filter voltage and grid currents are
calculated and then used to calculate cost function J. Next, the switching state with
the minimum value of J is applied to the converter.
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Complete control scheme is shown in Fig. 69.

4.4.2 Simulation Results

In order to validate the proposed method, simulations have been carried out using
MATLAB/Simulink. The algorithm operates with a sample time of T, = 50 ps.
Output current has value Ipc = 15 A. The results present steady and transient states
for various filter parameters and power flow directions.

Figure 70 presents steady and transient operation for L = 2.5 mH and C = 50
nF. The rectifier starts at 0 s and in the first 0.065 s a value i, =7 A is applied.
A step change of ,, is given at time 0.065 s, where reference value increases to 12

A. Figure 71 shows FFT analysis of the grid current in steady state, Figs. 72 and 73
show transient states in details.
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Fig. 71 FFT analysis of the
grid current for: iy, =7 A
(@) and iy, =12 A (b)

Fig. 72 Grid phase current
and rectifier current at start-up

Fig. 73 Grid phase current
and rectifier current during
step change of reference
current i;,‘x

A. Godlewska et al.

(%) 5 Fundamental (SDHz) 8423 THD—313%

E 05

5

&

A AT AT

ESEIIDJEDBUJBUJ"]JJMJJMEIJ?B!]JW]JZ]JO
Frequency (Hz)

(2)1 . Fundamental (50Hz) = 13.68 , THD= 3.03%

®

% olnluln ” " i ”ﬂ ’ ”ﬂnnﬂﬂ"ﬂﬂnnn"ﬂ.l]n

= 50 200 400 GO0 BOO 1000 1200 1400 1600 1800 2000

Frequency (Hz)

006 0062 0064 0066 0068 007
t(s)

As shown in Fig. 70, the system has a good static performance. The grid current
is in phase with the respective source voltage (Fig. 70) and has low distortions

(Fig. 71).

The rectifier starts with some oscillations caused by the filter. However, their
amplitude decreases quickly, which can be seen in Fig. 72. The method allows us to
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Table 12 THD for different

Filter parameters THD value (%)
currents and filter values L (mH) C P For i;x —7A For i;x —12A
1.5 60 4.36 6.09
1.5 83 4.8 5.49
2.5 50 3.13 3.03
2.5 60 3 2.78

Fig. 74 Source voltage, grid
phase current and rectifier
current in steady and transient
state. Step change of the grid
current applied in 0.065 s

*
8x’

obtain fast and stable response to the step change of the reference current i, as in
Fig. 73.

The same experiment was performed for different L and C values whose reso-
nant frequency is approximately 10 times higher than the grid frequency. To obtain
precise estimation of the filter behavior the sampling frequency was significantly
higher than the resonance frequency. In every case unit power factor was obtained.
Table 12 shows a comparison of steady state results and presents THD for each
reference grid current and filter parameters.

The results given in the Table 12 allow us to conclude that the inductance has a
major impact on the THD value. Resonant frequency is the same for the values in
the second and the third row of the table and distortions of the grid current are much
lower in the third case. Thus, in the case of low grid inductance, better performance
is obtained after adding external inductance.

The proposed method has been tested for feeding energy back to the grid. For
this reason, a step change of i;x is given at time 0.065 s. The reference value
changes from —7 to 7 A. The results are shown in Fig. 74. Concluding, predictive
control provides feeding the grid without reactive power and with low distorted
current.

4.4.3 Conclusion

The predictive control strategy, presented in this paper, works effectively, which
has been confirmed by the results. Sample time used in the simulations is long
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enough to perform calculations and sufficiently short to predict voltage and current
values. Additionally, filtering capacitances and inductances are quite low. In spite
of that, FFT analysis indicates very good phase current regulation supported with
higher harmonics amplitude lower than 1.5 % of the fundamental (Fig. 71). This
result is obtained regardless of the small differences between inductance and
capacitance values in the circuit, and inductance and capacitance used by algorithm.
Moreover, unit power factor is obtained independently of the reference values and
filter values. Furthermore, dynamic response is fast and stable, which can be
important for certain types of load, such as the active filter.

5 Conclusions

This chapter is devoted to a modern look-up table and predictive control methods of
three phase power electronic converters. The authors discuss voltage source con-
verters in two and three level configurations as well as a two level current source
rectifier. Some of the methods deal with DC/AC inverter fed induction and PMSM
motors. The other methods presented in the chapter are dedicated to the control of
the AC/DC rectifier working as an Active Front End of an AC/DC/AC converter.

The authors focus on the methods with a non-linear look-up table and predictive
control due to their excellent dynamic properties (limited only by the physical
parameters of controlled systems such as the value of the DC voltage, grid
inductance or AC motor leakage inductance). Moreover, non-linear methods,
especially the predictive ones, provide very good quality of control in steady states,
i.e. lack of active and reactive power steady-state error (AC/DC) or torque error (in
the case of DC/AC converters). Look-up table methods are taken into consideration
as they also ensure the above mentioned advantages in a relatively short calculation
time that results in lower hardware requirements (e.g. less expensive micropro-
cessors can be used in the control system). The selected look-up table and pre-
dictive methods are proposed for both 2-level and 3-level converters.

Section 3 of the chapter is preoccupied with both DTC-3L-3A and DPC-3L-3A
methods. These methods are characterized by a novel division of the error area into
three sectors, which makes it possible to control motor torque and flux (grid cur-
rents in the case of DPC-3L-3A) with reduced switching frequency in comparison
to the standard DTC and DPC methods. The experimental results have shown
excellent performance of the methods in both steady and transient states. In the
steady state the DPC 3L3A method is characterized by a close to sinusoidal shape
of current, small value of THD coefficient at a relatively small transistor switching
frequency. The DTC 3L3A method shows low values of phase current distortions
and torque ripples. The flux and current for the DTC 3L3A method has almost a
perfect sinusoidal shape. Similarly to all look-up table methods, the proposed
algorithms are characterized by short processing time that makes it possible to
implement the control algorithms on cheap standard processors. Owing to the
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above, the look-up table methods can be an interesting alternative for predictive
control.

Section 4 describes selected Model Predictive Control methods for 2-level
AC/DC and DC/AC converters. DPC-3V and DTC-3V belong to ICS-MPC
methods. They are based on current (torque and flux in the case of DTC-3V) error
vector minimization criteria.

The new algorithms minimize the error vector of the grid current (torque and flux
errors in the case of DTC-3V) for each and every state of the system. In the steady
state the control system uses the SVM modulation that provides all the advantages
typical of linear methods, i.e. constant switching frequency, low grid current (tor-
que) ripples. Moreover, they have no limitations arising from the use of linear
controllers. In transient states, the proposed solution provides maximum dynamics,
comparable to the fastest nonlinear control methods.

The subsequent part of Sect. 4 presents a modern FCS-MPC method of the
voltage source rectifier with an input LCL filter. To predict the direction and rate of
changes of converter current and capacitor voltage vectors, equations describing
voltages and currents have been introduced. The predicted values are used to define
errors for every output voltage vector, which allows us to find the minimal value of
the cost function. All this results in choosing an optimal voltage vector and error
minimization.

The last algorithm discussed in Sect. 4 is dedicated to the current source rectifier.
It is based on cost function minimization. Basing on the predicted values of the grid
current and the capacitor voltage, the algorithm chooses a proper current vector.
The great advantage of the method is grid current harmonics reduction combined
with a low sample time.

All the described control methods have been illustrated by the results of simu-
lation and laboratory tests confirming their characteristics.
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Active Power Filter Based on a Dual
Converter Topology

Michat Gwo6zdz

Abstract This chapter presents a concept for a shunt active power filter (APF) that
is able to more accurately map its input current in a reference signal, when com-
pared to a typical filter solution. This can be achieved by interconnecting two
separate converters, such that one of the converters corrects a total output current
towards a reference signal. The output power of the auxiliary converter is much
lower than power of the main converter, while its frequency response is extended.
Thanks to the continuous manner of the operation of the auxiliary converter, among
other items, pulse modulation components in the filter input current and the total
harmonic distortion (THD) is minimized. These benefits are paid for by a relatively
small increase in the system’s complexity and cost. This converter concept has been
named “dual converter topology” (DCT). In this chapter, APF basics are presented,
along with the results of simulation experiments and potential practical arrange-
ments of the active filter.

Keywords Active power filter - Converter control - Converter topology + PWM

1 Introduction

Non-linearity of receivers, limited frequency response of power electronics con-
verters and the wide-band nature of signal sampling and pulse width modulation
processes are reasons behind inaccurate mapping of a converter’s output current in
a reference signal. To achieve accurate mapping, both advanced solutions in
hardware and substantial modification of their control algorithms are necessary.
The subject of this chapter is a shunt active power filter with a modified
topology. The voltage controlled current source (VCCS), a fundamental component
of such a filter, is based on two converters connected in parallel. The advantage of
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this arrangement is the potential for accurate mapping of the VCCS output current
in the reference signal. This proposed converter architecture has been called
“dual-converter topology” (DCT).

Systems of interconnected, cooperating converters are already widely used in
practical systems, e.g. [1-11], related to electric drives, converters for renewable
energy sources and UPS systems. This is particularly true of systems using two
converters connected in parallel, where the output power of one is a fraction of the
power of the other. This idea is also presented in many studies, e.g. [3, 7, 10-12].

A feature common to some of these solutions is that the auxiliary converter
(ACN) is activated only during the transient states of the output current of the main
converter (MCN). Usually, the role of the ACN depends on maximization of the
system’s dynamics, i.e., extension of its frequency response. As a consequence, the
total system output current is better mapped in a reference signal. Unfortunately,
system control algorithms, especially in relation to ACNSs, are often defined
informally. As a result, system potentials are not fully utilized. The DCT conception
involves the cooperative work of two converters, connected in parallel, where the
ACN operates continuously, rather than only in transient system states.
Additionally, the rules of the system’s operation are formally defined. Unlike many
other conceptions of this kind, particular attention has been paid to the minimization
of pulse-width modulation (PWM) carrier component in the (active power filter)
APF output current.

In addition to the APF solution discussed in this chapter, the main expected areas
for application of the proposed VCCS solution are:

— FACTS

— Current modulators

— Automated Test Equipment (ATE)

— Special purpose power electronics equipment, especially for magnetotherapy
[13].

This study presents the first stage of work on the layout of the APF, which
includes, among other items, principles of operation of the VCCS based on the
DCT and discussion of the APF simulation experiment.

The following text is divided into three sections. The first deals with the structure
and principles of the DCT operation. The second section presents the APF simu-
lation model research. Finally, in the third part, conclusions are presented.

2 A Power Electronics Current Source Based on the DCT

Much work has been dedicated to the improvement of power quality, so only a brief
outline of the APF system is necessary here for the reader’s convenience. In Fig. 1,
a block diagram of a typical shunt APF is shown. The VCCS, a fundamental
component of the APF, is an electrical system working in a closed feedback
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loop. Many factors (e.g., the limited frequency response of the system and the
operation of a pulse modulator) lead to the receiver current often being poorly
mapped in the reference signal (u.r). Particularly, this happens when the value of
the PWM carrier frequency is low, which is enforced by the demands of maxi-
mization of converter efficiency.

The VCCS consists of the control module (the output current regulator i.e. the
REG block), the power electronics inverter (INV) and the passive filter (the L
inductor) at its output. The APF input current ig is related to the error signal
Uerr = Uref — FeTls, Where rer is the gain factor of the current transducer (CT), and
rcr = const. In such a system, the value of an error signal is relatively large. Taking
into account a linear model of APF, the general aim of the VCCS is to fulfil the
following theoretical formula:

1 A ‘uen“’O 1

i = — (Mref - uen)7x<t<x—) — Uref (1>
rer rer

Fulfilling the Eq. (1) obtains the “ideal case” of APF operation, possible only in
theory. In real systems, even modest minimization of the error signal is a difficult
task.

The simplified form of the VCCS, based on the proposed DCT concept, is
presented in Fig. 2a. The MCN is supplemented with the ACN. The MCN is the
high power converter, but its frequency response is limited. The ACN is the low
power converter, but its frequency response is significantly extended by comparison
with the MCN. In the simplified form, the ACN is equipped with a transconduc-
tance amplifier. This amplifier is preceded by a limiter block (LIM), which clips the
ACN control signal, i.e., uer. This imposes a maximal value on the ACN output
current (ioy ). Thus, a relationship between the output power of the ACN and the
MCN is established.

In the small-signal model of the system (shown in Fig. 2b), the DELAY block is
implemented. This block introduces a t time delay to reflect delays that occur in real
systems due to, for example, a limited signal-sampling period, time required for
signal processing and a non-zero period for PWM carrier signals.

The general formula of the VCCS is then modified as follows:
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Fig. 2 Block diagram of the VCCS based on the simplified DCT form (a) and its small-signal
model (b)

iCS (t) = ioul(t) + ioutﬁA(l)a (2)

and, in relation to the linear model of the system:

iCS (t) - iout([) + iout,A([) - ioul(t) + uerr(t) * gA(t)
= iout(t) + [uref(t) - rCTioul(t)] * gA(t)a

3)

where ga(¢) is the pulse response of the transconductance amplifier.

Assuming the transfer function of the transconductance amplifier has the 0-order
form, i.e., ga(t) = g0.a9(¢), the general equation to describe the model’s operation
can be stated as follows:

ics(t) = fout(t) + [trer (1) — reTiou(t)] * ga(?)
= lout(?) + ga0ttrer (1) * 5(t) — gaoFcTion () * 0(2)
= gaottrer (1) + (1 — gaorer)iow(t)gaorer = 1
= gaoUref (1) terr (1)| C (—ALm, ALiM)

where +Aj v are the values of the signal clipping levels in the LIM block.
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The Eq. (4) indicates that a load current can match a reference signal regardless
of the degree of mapping in the reference signal of the MCN output current (igy).
Under such conditions, the magnitude of the ACN control signal (i) is not limited
by the LIM block.

Figure 3 offers block diagrams of possible practical arrangements of the VCCS
based on the DCT and its linear model. This model has been used for system
stability analysis based on the Nyquist criterion.

For general cases, the structures of both converters are very similar. However,
the parameter values of these systems significantly diverge. For example, to obtain
a sufficient frequency response, the PWM carrier frequency in the ACN must be
much higher than that in the MCN. Therefore, in the execution module (INV) of the
MCN, standard IGBT devices are used, whereas, in the ACN, MOSFET devices are
used. In a real system, both converters would be powered from the same DC rails.
Thus, the rated voltage of power electronics devices utilized there will be similar,
while these devices will differ in their nominal output current values (and, also, their
cut-off frequencies). This DCT-based system allows for the avoidance of a specific
phenomenon that usually occurs in multi-channel (interleaved) converters—that of
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Fig. 3 Block diagram of the VCCS based on the DCT as a real system (a) and its linear model (b)
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an unbalanced current flow in particular converter channels, e.g., [6, 14, 15]. This is
due to the fact that, in the DCT, output current paths are controlled independently. It
is therefore expected that such undesirable interaction between converters will be
negligible.

VCCS is a SISO and LTI type model. Thus, it can be expressed in a frequency
domain with the following equation:

1 e—jwr
Ics = Urgr—
rer
1 e—ijA (5)
+ Ue o |uerr(t)|C <—AL,AL>
reTA jo kAoFCTA e/

where 1, is the time delay introduced in the linear model of ACN.

Maximal gain values in the controller blocks (ko, ka o) are limited by a system
stability condition. Assuming the REG block is a P (proportional) type, these values
are determined using the following formulas [16]:

n L
ki <—— 6
0,max ZI‘CT‘L' ( )
T LA
k 7
AOmax 2 FCTATA ( )
In light of Egs. (6) and (7), the Eq. (5) now takes the following form:
Ics = U, ! L + U ! L
CS — Uref — re T]w ,L.ej(m: 41 err rCTAjCU%]l,eiw'% +1 (8)
T
: uer‘r(t) C <_AL3AL>a p=—
TA

Equation (8) expresses the best system for mapping the VCCS output current in
the reference signal, given certain operation conditions. Thus, for the system to
operate effectively, the following conditions should obtain: p > 1 (i.e., fo A > fe,
where f. and f. o are PWM carrier frequencies in the MCN and the ACN respec-
tively), and Ly < L.

By fulfilling Eq. (8) the VCCS frequency response is approximately p-times
extended, as compared to that of the MCN. Thus, a dominant effect on the quality
of the VCCS output current (in the sense of minimizing the u.,, magnitude) is set by
both the f; o value and the ue, signal clipping level.

According to the operation of a typical APF, many studies assume that the
reference signal is the sinusoidal one, and that this amplitude is equal to Ulg.
Additionally, it is assumed that the gains of both current transducers are equivalent,
i.e., rct = rcta = 7.
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The quality of the VCCS output current can be evaluated on the following basis:
THD, total control error (denoted by &), control error related to the first harmonics
of this current (denoted by ¢;) and the relationship between the PWM component
magnitude,/s pww, in this current and the amplitude of its fundamental harmonics,
Is; (denoted by o). These dependencies are defined by the following formulas:

Uref — r(iout + iout,A)z

&t = P f|2 100 %, 9)
Uset — 11
g = ‘fTZSI 100 %, (10)
o = ISP 06 (11)
S,1

3 Simulation Studies

To verify these theoretical assumptions, the simulation model of the 3-phase APF,
based on the DCT with the use of the OrCAD/PSpice toolbox, was investigated.
The block scheme of this simulation is shown in Fig. 4.
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Fig. 4 Simplified block scheme of the APF as a base for its simulation model (single-phase is
shown alone for clarity)
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Ready-to-use models of power electronics devices, available in the
OrCAD/Pspice toolbox, were modified to better approximate real devices. One
potential practical arrangement of the VCCS suggested that the IPM/IGBT could be
used in the main converter. The L1 series 1200 V [17] family of [PMs manufac-
tured by MITSUBISHI ELECTRIC seems to have been a good choice. For the
auxiliary converter, it was determined that a recent device manufactured by CREE,
CCS050M12CM2, and a 1200 V SiC MOSFET module [18] could be utilized.
Models of these devices were thus used in the APF simulation model.

The basic electrical parameters of the model were as follows:

— Power grid voltage: 3 X 400 V/50 Hz

— Rated load power: P, = 36 kW

— PWM carrier frequency: f. = 5 kHz and f. o = 100 kHz

— Current regulator gain factor in the CM block: kg = 30

— Main converter output inductance: L = 2 mH

— Maximal magnitude of the MCN output current (ioy): 80 A.

Three different types of APF load were considered:

1. A thyristor-based voltage regulator with a firing angle equal to 90 el. deg., with
resistors at the output.

2. A voltage regulator with a resistor and an inductor connected in series at its
output.

3. A six-pulse rectifier with a large capacitor in the DC link (Cpc = 330 pF). So as
to limit input current pulses caused by the capacitor, an inductor was placed at
the output of the rectifier (L, = 330 pF). The value of the resistor in the rectifier
DC link was as follows: R, = 9 Q.

In the case of load No. 1, the d’éf') value was extremely high, which particularly

imposed on the requirements of the APF operation. Additional investigations of the
APF were performed as a result. These were designed to determine the values of &
and o versus Ifsﬁ and Ls. The values of the gain factors (ko, ka o) were set very
close to the maximal ones for L and La in the given case.

In Fig. 5 graphs of both functions are presented. The “single converter topology”
(SCT) was the base of the VCCS structure in this case; neither the ACN nor MCN
are present in such system.

The solid lines labelled “SCT-MCN” show the function value for the SCT-based
VCCS. The “SCT-ACN?” line refers to the case in which the main converter was
turned off, adopting the auxiliary role (its output power was enlarged accordingly).
The curves of ¢, (Fig. 5a) point to an L, value in the range 250-1000 pH as the
optimal value for minimization of the &, control error, while, for minimization of «
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(Fig. 5b), a value of Ly = 250 pH is the best choice. Taking both criteria into
account, just this value of L, was applied in the simulation model. Hence,
respecting (7), it was assumed that ks o = 70. Respecting Fig. 5, the rated output
power of ACN in the simulation model was set at 25 % of MCN. This value
seemed to be a good compromise between the effectiveness of the filter operation
and the economic elements of all system implementation. In the following figures,
selected signals in the APF simulation model are presented. A single-phase is
shown alone for clarity (Figs. 6, 7 and 8).

In Table 1, selected parameters of the load current and the filter input current are
presented for the above-mentioned three load types. Both the DCT and the SCT
were considered as bases of the VCCS.

These results show a (significantly) more efficient operation of the APF based on
the DCT, as compared to the SCT. Depending on the load type, the following
relationships obtained:

— THD of the APF input current was reduced 1.6-3.0 times for the SCT and 2.0-
4.6 times for the DCT.

— &g for the DCT was reduced 1.6-2.1 times as compared to the SCT.

— ¢ for the DCT was reduced 1.7-2.7 times as compared to the SCT.
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(a)

Fig. 6 Waveforms in the simulation model of APF for the load No. 1: a receiver current (i),
reference voltage (urr), APF input current (is ;) and VCCS output current (io,) while the SCT was
used; b receiver current, reference voltage, APF input current and reference signal for ACN (utyer a)
while the DCT was used
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Fig. 7 Waveforms in the simulation model of APF for the load No 2. while the SCT was used
(a) and for the DCT (b)
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Fig. 8 Waveforms in the simulation model of APF for the load No 3. while the SCT was used
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Table 1 The APF simulation model study results

No. of load THD of i [%] THD of is; [%] &or [%] & [%]
SCT DCT SCT DCT SCT DCT
29.4 17.8 14.8 38.8 24.8 26.2 12.8
2 23.6 8.7 5.1 239 11.5 16.0 59
3 443 14.6 11.8 31.3 20.2 22.6 13.1
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4 Conclusions

The power electronics controlled current source, based on the proposed
dual-converter topology, is characterized by a much better mapping of its output
current in a reference signal, as compared to a typical converter solution. Thanks to
the continuous manner of the operation of the auxiliary converter, the pulse width
modulation components in this current can also be minimized to the point of
practical elimination. Therefore, it is expected that energy transmission loss can be
reduced. These benefits are paid for by a relatively small increase in the system’s
complexity and cost. Shunt power active filters seem to constitute a good example
of DCT implementation.

In the author’s opinion, there are many potential applications in power elec-
tronics equipment for the presented solution of the power electronics system. Thus,
this solution will be further developed towards solutions based on the multi-channel
(interleaved) converters topology. Finally, a laboratory model of the APF is
expected.
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AC/DC/AC Converter with Power
Electronics Current Modulator Used
in DC Circuit for Renewable Energy
Systems

Michal Krystkowiak and Adam Gulczynski

Abstract In this chapter, the elaborated structures of the main circuit and control
system of a power electronics AC/DC/AC converter, working as a coupling
between the energy grid and a water turbine with an electric machine, are described.
In aiming to ensure the high efficiency of this system, input and output converters
with sinusoidal current were implemented. The input AC/DC converter is based on
a diode rectifier with a power electronics current modulator in the DC circuit, while
the output circuit is based on a transistor inverter. This solution is dedicated to high
power systems. The chapter also presents an MPPT algorithm, which is elaborated
and used to control the DC/DC converter. The chosen simulation and experimental
results of the research is analysed.

Keywords Renewable energy - Rectifier - Current modulator - Pulse trans-
former - Inverter

1 Introduction

This article presents high voltage power and control structures of a developed
power electronic AC/DC/AC converter, acting as a coupling between the AC power
grid and a renewable energy source (RES). In the presented case, this RES is a
hydro generator with a permanent magnet synchronous generator (PMSG). The
block scheme of this converter is shown in Fig. 1. The system consists of the
following blocks:
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AC/DC/AC

RES || REC+CM —| DC/DC |— GTI | GRID

Fig. 1 Structure and control circuit of the current modulator

o REC + CM—rectifier with current modulator
o DC/DC—boost converter
e GTI—grid tied inverter

The solution’s ability to correct the waveform of the input (generator) current of
diode rectifiers toward a sinusoidal waveform is described.

Additionally, the implemented Maximum Power Point Tracking (MPPT) algo-
rithm, which allows for the achievement of the maximum efficiency of the entire
system, is presented.

Furthermore, it is explained how, in order to deliver high-quality energy
parameters to the grid, a transistor inverter with a sinusoidal output current was
applied.

2 Rectifier with Current Modulator

The circuit for the rectifier stage with the current modulator is shown in Fig. 2. This
solution corrects the waveform of the input (generator) current and depends on
current modulation in the output DC circuits of the diode rectifiers in parallel
connection [1-3]. These converters are built with two six-pulse diode rectifiers
(REC1 and REC2), which are supplied by two three-phase transformers with a
star-star and star-delta connection. In this way, we achieve a phase shift of about 30
degrees for the voltage sources for each diode rectifier. Additionally, the current
modulator (CM) must be placed in the DC output circuit. The CM is a kind of
power electronics current source, which is connected to the main output circuit of
the rectifiers via a wide-band pulse transformer (PT). With the aid of this trans-
former, the current of the modulator is added to, or subtracted from, the output
currents of each diode rectifier. In this way, we can change the shape of the input
currents of these two rectifiers and the resultant source current of all converters. The
structure and control circuit of this converter is shown in Fig. 3. The generator of
the triangular reference signal (TG) is placed following the block, FI, which is
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responsible for the correct detection frequency of the synchronous generator output
voltage. The amplitude of the triangular reference signal is equal to one. The
reference signal for the power electronics current modulator is calculated by mul-
tiplying the output signal of the TG block by the mean value of the output current of
the diode rectifier. The G block represents the scale factor, which depends on the
transformation ratio. The CT blocks are responsible for currents measurements,
while the M and PID blocks represent the PWM modulator and the PID regulator,
respectively.

In aiming to achieve an almost sinusoidal current for the generator, the modu-
lator must generate a triangular signal with a frequency equal to six times that of the
voltage generator frequency (in this case 300 Hz). The signal generated by the
current modulator contains higher harmonics, so the transformer PT should obtain a
wide pass band. This magnetic element should also assure the smallest losses of
energy and symmetry of both windings of the secondary side. These requirements
render this transformer close to the ideal [4].

The control system of the presented current source (current modulator) deter-
mines the effectiveness of the energy transformation as well as the waveform shape
(and quality) of the source current.

The current modulator is built using an IGBT full bridge inverter with a passive
serial inductive filter at the output. This converter is connected to the DC output
circuits of each diode rectifier via a wide-band pulse transformer [3, 4].

3 Boost Converter

Due to the required minimum value of the DC bus voltage, which should, in this
case, be greater than the amplitude of the grid’s voltage, the high voltage power part
of the DC/DC converter is based on a BOOST converter (Fig. 4) [4].

Fig. 4 Schematic diagram of

the DC/DC BOOST converter O—Eﬂ—m 3 H o]
g -

ipef(t)
MPPT + ) PID M

C




AC/DC/AC Converter with Power Electronics Current Modulator ... 321

WAIT WAIT
PWM TIME MPPT TIME

PWM = no
PWM+APWM

FIND Pprax
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Fig. 5 Structure and control circuit of the current modulator

The purpose of the DC/DC BOOST converter is to increase input voltage and to
supply the capacitor group with a mediation DC/DC circuit, from which a grid
inverter is powered. In order to achieve the highest possible efficiency of use of
energy resources, the MPPT algorithm was elaborated and implemented in the
control system of the BOOST converter [5-7]. This block diagram is presented in
Fig. 5.

In the developed algorithm, the two main loops were separated. The first loop is
responsible for modifying the duty ratio, PWM, which activates a key, T, of the
BOOST converter power section (Fig. 4). This process takes place at certain
marked intervals, PWM TIME, and depends on the second loop, which determines
the direction of changes in the duty ratio by a constant value defined as 4PWM.

The task of the second algorithm’s loop is to search for the maximum power that
can be achieved at a certain working point of the system. Depending on the result of
comparing the output power (P,,,) for the current operating at the source point with
a predetermined maximum value, the control system determines the direction of
changes in the duty cycle and looks for a new maximum power. This comparison is
performed in a period defined as MPPT TIME.
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4 Grid Tied Inverter

The grid inverter (a transistor rectifier operating in inverter mode) is directly
responsible for the transfer of energy to the grid and is based on a transistor
H-bridge with an inductive output filter. A schematic diagram of this system is
presented in Fig. 6 [8].

The system transfers energy from the capacitor battery of the mediation circuit
(rechargeable via the BOOST inverter) to the grid, while simultaneously ensuring
that it is as close as possible to a sinusoidal signal grid current and that it lacks
reactive power generation. It should be noted that the correct operation of this
circuit is possible only if the value of the instantaneous voltage in the mediation
circuit is greater than the amplitude of the grid voltage. Based on the definition of
the active current [9], the grid inverter’s control circuit, operating in the current
tracking controller, was developed to enable it to adjust and stabilize the voltage on
the capacitors of the DC mediation circuit. It should be noted that this function does
not comply, in the described case, to a control system of the BOOST converter, and
realizes only the MPPT algorithm.

i

1=

L
.

UDCREF iGREF(?), ‘
- —-@ PID | @ PID [— M |—

Fig. 6 Schematic diagram of the grid inverter
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5 Simulation and Experimental Results

During simulations and experimental research, the effectiveness of the converter
was tested. A selection of these results is presented below. Figures 7 and 8 show the
output current of the generator. The shape of the generator current was close to
sinusoidal (THD = 2.4 %).

i[A]

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
t[s]

Fig. 7 Simulation results—the waveform of the diode rectifier generator current with current
modulation

Run Trig’d

| /\ _
oA

M4.00ms A Line 5 0.00V
Ch4 5.00 A
i 50.40 %

Fig. 8 Experimental results—the waveform and harmonic spectrum of the diode rectifier
generator current with current modulation (THD = 2.4 %)
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Good mapping of the current modulator within the reference signal was achieved
(Figs. 9, 10 and 11).
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Fig. 9 Simulation results—the output and reference signals of the current modulator
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Fig. 10 Experimental results—the output and reference signals of the current modulator
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Fig. 11 Simulation results—the grid current trajectory generated by the output inverter of the
system

6 Summary

In this chapter, the elaborated structures of the main circuit and control circuit of a
power electronics AC/DC/AC system, acting as a coupling between the AC power
grid and a renewable energy source (a water turbine with a PMSG generator), were
described. The implemented solutions used to obtain the highest possible efficiency
of the whole system were presented. In pursuit of this aim, the input and output
converters with sinusoidal currents were used and the elaborated MPPT algorithm
(to control the BOOST converter) was implemented.

In the proposed solution, the current modulator in a DC output circuit of two
six-pulse rectifiers was utilized. As a result, the output current of the generator was
almost sinusoidal, which increased the efficiency of the machine. This rectifier
solution is very useful for cases of large power loads, as the power of the current
modulator is approximately 2-3 % of the total DC load power.
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Power Electronics Inverter

with a Modified Sigma-Delta Modulator
and an Output Stage Based on GaN
E-HEMTSs

Michal Gwozdz and Dominik Matecki

Abstract The chapter presents a conception of a power electronics inverter based
on a modified sigma-delta modulator (SDM) being used in the inverter’s control
block. The proposed modulator includes a comparator with dynamic hysteresis
instead of a latched comparator, which is typically used in single-bit SDMs. Thanks
to this feature, the resolution of the SDM output bit stream is, theoretically,
unlimited. As a result, the value of the THD of an inverter output voltage (current)
is much lower than that of a typical SDM solution. This benefit is not offset by an
increase in the system’s complexity. Moreover, the control system is simpler than in
the case of a conventional inverter. Due to the very high frequency of an SDM
output bit stream, in a power stage of the inverter, the gallium-nitride (GaN)-based
E-HEMTs (Enhancement mode High Speed Mobility Transistors) are implemented.
However, in the case of a lower value of an inverter output power, an Si-based
device is still the proper choice. In the chapter, the inverter control circuit basics,
the results of simulation experiments and a possible practical arrangement of this
one as a voltage-controlled voltage source (VCVS) are presented.

Keywords Converter control - Gallium nitride transistor -+ PWM - Sigma-delta
modulator

1 Introduction

Delta modulation was first invented at the ITT Laboratories in France by E.M.
Deloraine, S. Van Mierlo and B. Derjavitch in 1946. The principle was rediscov-
ered, several years later, at the Phillips Laboratories in Holland, whose engineers
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published the first extensive studies of both the single-bit and multi-bit concepts.
Basically, this technique is used in precision analogue-to-digital converters
(ADC) [1-4] for measurement and audio purposes. Following this substantial
application area are (audio) amplifiers working in pulse mode, e.g., class-D ones
[5]. Nowadays many variants of this type of amplifier designs are recognized and
carefully analysed [6-9]. Generally, they use PDM or PWM in a power stage. The
interesting solution of a control circuit has been utilized in a class-T amplifier [10].
This class of amplifiers is particularly characterized by the high quality of an output
signal. A valuable review of control strategies and topologies of power electronics
converters, for a wide range of applications, has been done in the work [11].

In the paper, the SDM is used to direct the control of an output stage of a power
electronics voltage-controlled voltage source (VCVS). The basic premise of the
proposed SDM conception is obtainment of the precise mapping of a VCVS output
voltage in an input signal. Besides this, the structure of the control system is simple,
i.e., mostly an analogue one (no “purely” digital components are used in the SDM),
and easily implemented in power electronics equipment where high efficiency is
necessary. The proposed SDM has been called the dynamic hysteresis sigma-delta
modulator (DHSDM). The paper presents the initial stage of work on the system
layout.

The following text is divided into four sections. The first one deals with the
structure and the rule or work of DHSDM. The second one shows the simulation
model research for the VCVS. The third part presents the practical arrangements of
the output stage of the VCVS. In the last part, conclusions are presented.

2 Dynamic Hysteresis Sigma-Delta Modulator Basics

Sigma-delta modulators’ principles have been the subject of many works.
Therefore, only a brief overview of the typical SDM is given here for the reader’s
convenience. The basic single-bit SDM architecture is shown in Fig. 1. The inte-
grator operates on the error signal ugrr = Uy — Upac and the latched comparator
produces the output bit stream, whose maximum frequency is equal to the fre-
quency of the sampling clock (fs).

The basic oversampling sigma-delta modulator increases the overall SNR at low
frequencies by shaping the quantization noise such that most of it occurs outside the
bandwidth of interest. The digital filter (not shown in the figure) then removes the
noise from the bandwidth of interest, and the decimator reduces the output data rate
back to the Nyquist rate.

Considering the kind of modulation, the SDM output signal is pulse-duration
modulated—Fig. 2. A duration of a single bit is equal to a period of the sampling
clock Ts = 1/fs. This one-determines a time resolution, thereby a pass-band, of an
SDM (ADC). If an SDM is a part of an ADC architecture, achieving even a high
value of a sampling clock is not a technical and technological problem nowadays
[12, 13]. Moreover, only multi-bit SDMs are usually implemented in ADC



Power Electronics Inverter with a Modified Sigma-Delta ... 329

Fig. 1 Diagram of a basic H
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Fig. 2 Signal waveforms in an SDM with the latched comparator
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architectures, which allows the increase of an ADC resolution at lower sampling
frequencies. This situation rapidly changes if a modulator is used in a structure of a
(high-power) class-D amplifier or other power electronics converter. The reason for
this limitation is simply the switching time of actual power semiconductor devices.
As a result, a THD (SINAD) and other parameters of the amplifier are often
unsatisfactory. A solution to this problem can be using a modulator with a
pulse-width rather than a pulse-duration modulated by an output signal. There are a
number of possible variants of an SDM with such a feature, which have been
carefully analysed. One of them was finally selected for further investigations—
Fig. 3.

The proposed modulator is similar to a typical single-bit SDM; however, no
latched comparator is used in their structure. Instead of this, a comparator with
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Fig. 3 Diagram of a

single-bit SDM with the DHC C; M
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o] - the switch control

dynamic hysteresis (DHC) has been implemented. The DHC is the subcircuit
shown in the shaded box. The particular feature of the proposed SDM solution is
that it does not use a sampling signal. It generates the PWM’s similar signal with
the “carrier” frequency, which value depends on the time constant of the com-
parator: tcm = RemCem. A “carrier” frequency value also varies with an SDM
input signal magnitude. Thanks to the structure of the SDM being mostly analogue
(the SDM is a continuous time circuit), the duration of its output signal can be,
theoretically, arbitrarily small. Thus, its time resolution tends to infinity.

The sigma-delta modulator is very difficult to analyse in the time domain
because of the apparent randomness of the single-bit data output—the system is
both non-linear and time variant. Usually, more or less simplified models of the
SDM in a frequency domain are in use, e.g., [1, 2, 4]. These models are also used
for a system stability analysis.

By means of heuristic methods, Eq. (1) has been formulated. This specifies the
value of the PWM “carrier” frequency of the SDM output signal. However, the
equation is valid for small values of the modulation index only, and expresses a
maximum value of f¢:

- 1 - 1
€ 5tem To

(1)

The modulation index m has been determined similarly, as in the case of a
“normal” PWM:

—I )
|MSDM|

If 71 is too small, the system stability can be an issue [1, 2, 14]. The simplified
small-signal model of an SDM for the calculation of boundary values of system
parameters—for preventing the system stability—is shown in Fig. 4. The model is
based on the work [14].
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Fig. 4 Small-signal model of
the SDM for system stability By
analysis
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The transfer function of this model is given by the following equation:

efj(UTC

Tspm(jo) = ————-.
som (jo) jou + eole

(3)
Taking into account (3), for system stability assurance (using the Nyquist cri-
terion), the value of 7| can be calculated as:

T > 2Tc. (4)

By fulfilling the Eq. (4), the integrator is also prevented from entering its output
in a saturation state.

The following waveforms in a DHSDM simulation model have been obtained
with the aid of the OrCAD/PSPICE toolbox. The model has used only “ideal”
components (amplifiers, switches, passive components, etc.), i.e., it does not con-
tain any parasitic elements. Basic model parameters were as follows: 17 = 2 us,
Tcm = 200ns and uyy is the sinusoidal signal with a fundamental frequency equal
to 20 kHz. The modulation index was m = 0.9. Selected waveforms in the DHSDM
simulation model are shown in Fig. 5.

In the following figure, the spectrum of the DHSDM output signal is shown
while the value of the modulation index varies in the range 0.1-1.0 (Fig. 6).

The frequency of the DHSDM switching pattern is spread spectrum in nature;
however, while the amplitude of the input signal decreases, this spectrum focuses

Hpg

bl . TN S D U P S o L M -

v

Fig. 5 Waveforms in the DHSDM simulation model: modulator input signal, modulator output
signal and signal at the output of the integrator
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Fig. 6 Spectrum of the DHSDM output signal while the modulation index is in the range 0.1-1.0

more and more on the value given by Eq. (1). The spread-spectrum techniques are
often applied to distribute the emissions over a wider frequency range [11, 15]. For
actual simulation model parameters, the maximal SDM switching frequency is

equal to 1 MHz.

3 Simulation Experiments

In the following figure, the block scheme of a VCVS using the DHC (or the latched
comparator) in the SDM is presented. This version has a single-ended structure, i.e.,
input and output signals are referenced to a common system ground (Fig. 7).

Fig. 7 Block scheme of the
VCVS simulation model
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M (a)

Fig. 8 Waveforms of the input signal and the load voltage in the VCVS simulation model whit
using a the SDM with a latched comparator and b the DHSDM

The amplifier consists of the following elements: an SDM, a power stage
(PS) and a second-order low-pass filter (LPF) being loaded by the resistor. The filter
is necessary for minimizing the carrier components in the output signal.

Further simulation experiments have also been conducted in an OrCAD envi-
ronment. In the version of the SDM with a latched comparator, the sampling clock
frequency was fs = 1 MHz. Output filter parameters were as follows: L = 60 uH,
C =1 uF, m = 0.5 and the frequency of the input signal (the sinusoidal one) was
equal to 1 kHz. The value of the resistor at the output of LPF was set as 4 Q. In
Fig. 8, selected waveforms in the simulation model of VCVS are shown, and in
Fig. 9, the spectrum of the load voltage is presented.

Investigation results indicate the huge difference in the quality of the VCVS
output voltage in favour of the structure DHSDM. The THD of the load voltage
(with respect to its 20 harmonics) was equal to 1.5 %, while the latched comparator
was used and 0.05 % was the value for the DHSDM.

The following experiments were performed with the VCVS simulation model,
based on models of real devices. The diagram of this one is shown in Fig. 10. The
most valid functionality elements for the model were AD8042—the 160 MHz
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Fig. 11 Waveforms in the VCVS simulation model: modulator input signal, integrator output
signal, voltage at the output of the inverter and load voltage

Rail-to-Rail dual operational amplifier (Analog Devices) used in the design of the
integrator and comparator, and GS66508P—the 650V/90 A gallium nitride tran-
sistor (E-HEMT) [16] (GaN Systems)—used in the power stage of the model.
The CTB in Fig. 10 is the control block, while PS is the power stage of the VCCS.

The model parameters were as follows: t; = 2 us, maximum switching fre-
quency of the SDM—f¢ = 2 MHz, dead time for the half-bridge in the power stage
—10 ns (dead time was generated in the dedicated DTG block), Lipr = 10 uH,
Crpr = 1 uF, m = 0.1-0.95 and the frequency of the input signal (the sinusoidal
one)—20 kHz. The voltages of the inverter’s DC rails: 2100 V. The value of the
resistor at the output of LPF was set at 2 Q, making the inverter’s nominal output
power equal to 2 kW.

In Fig. 11, selected waveforms in the simulation model of the VCVS are shown,
while in Fig. 12, both the THD of the load voltage and the inverter efficiency versus
a modulation index are presented.
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Fig. 12 Calculated curves of the inverter efficiency and THD of the load voltage versus a
modulation index
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The maximum inverter’s efficiency is equal to 98 %. In the modulation index
range of 0.3-0.95, the efficiency curve is very flat, which means that the inverter is
highly efficient in the wide range of the output power, i.e., 10-90 % of the nominal
one. In the mentioned modulation index range, the THD of the load voltage is lower
than 0.3 %. Additional tests—for wide frequency varieties of the input signal—
have also been conducted. While this frequency has been lower than 1 kHz, the
THD has not exceeded 0.05 %—in a very wide range of m. It points at the high
ability of the proposed DHSDM to shape the inverter’s output signal.

4 A Practical Arrangement of the VCVS

For checking theoretical assumptions as well as simulation studies, the laboratory
model of the VCVS with DHSDM and GaN transistors was arranged. The diagram
of the model output stage is shown in Fig. 13. This diagram does not include a
power-supply block.

The main components used in the design are the same as in the VCVS simu-
lation model. For the coupling of the power stage with the control block, isolated
precise gate drivers ADuM3123 (Analog Devices) were applied. They obtain both
precise timing characteristics of isolator and driver propagation delay (64 ns max.),
and a high common-mode transient immunity—over 25 kV/us. The expected slope
time of the inverter’s output voltage is approximately 10 ns. The assumed rated
output power of the inverter is equal to 2 kW.

“ p ‘ p— — — — —
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Fig. 13 Diagram of the VCVS power stage for laboratory tests
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The laboratory model uses arrangements that, to a certain extent, allow recon-
figuration of its structure, as well as chosen power stage properties.

5 Conclusions

Theoretical and simulation studies of the SDM using the dynamic hysteresis
comparator have shown crucial advantages of this one when compared to an SDM
with a latched comparator. They are characterized by, among other items, theo-
retically unlimited time resolution of the modulator output signal, as well as sim-
plicity of the SDM—no digital circuitry is implemented in the SDM’s structure (as
a consequence, perturbations that usually pass from digital tracks to analogue signal
paths are limited). Due to the frequency of the output signal being spread across the
spectrum, an inverter, in some cases, is able meet the EMC requirements more
easily. The VCVS using the DHSDM provides very good mapping of an output
voltage in an input signal; however, it requires confirmation by laboratory tests.
Further improvement of the VCVS’s features is expected, while this version will be
arranged in the fully differential manner.

It seems that the proposed sigma-delta modulator may also find applications in
the control circuits of other power electronic equipment, such as active filters,
tunable high-power reference current generators and power electronics equipment
for renewable energy sources.
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FC + TCR-Type Symmetrical Follow-Up
Compensator of the Fundamental
Harmonic Reactive Power—Analysis
and Experiment

Malgorzata Latka

Abstract The chapter presents results of analyses, simulations, and experiments
concerning a FC + TCR-type symmetrical follow-up compensator of the funda-
mental harmonic reactive power in which a three-phase bridge rectifier with two
additional thyristors (6T + 2T) was used as the adjustable inductive component.
The research pertain to the three-phase 6T + 2T bridge rectifier circuit with the
neutral wire led out, where selection and application of the appropriate developed
thyristor controlling algorithm (introduction of an additional control angle o)
enables current flow outside supply source phases in those instants of time when
output voltages of the star rectifiers have instantaneous negative values. The effect
of minimization of rms and the reactive power component of the fundamental
harmonic of source currents consists in a reduction of reactive load introduced by
6T + 2T bridge rectifier with respect to 6T bridge with the possibility to control it
by choosing an appropriate value of angle J. To obtain a lower content of har-
monics in the power grid current, it has been proposed to couple a 5th and 3rd
harmonics filter on the converter. Such a converter, equipped with filters with
output terminated with a reactor and stabilizing the direct current value at different
values of angle J, can be used as a FC + TCR-type symmetrical follow-up com-
pensator of reactive power. Regulation of reactive power in such a circuit is
instantaneous. The paper ends with a presentation of applications developed in
LabVIEW programming environment to visualize the principle of operation, take
measurements, and results of laboratory research carried out with the compensator.
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1 Introduction

Compensation of reactive power in an electric power supply system is an issue of
key importance as the reactive power is the cause of, among other things, voltage
losses and drops as well as power and energy losses in the system, and first of all,
limits the transmission capacity of power supply lines. To compensate
slowly-varying receivers, capacitors and/or impedance coils are typically used in
the framework of the so-called classic compensation methods. Compensation of
fast-varying (turbulent) receivers, such as arc furnaces, electric arc and discharge
welding machines, winding engines in mining industry, electric traction etc.,
requires the use of the so-called follow-up compensators capable to react quickly
enough to reactive power changes caused by such receivers. New methods of
reactive power compensation and harmonics filtering are still been developed, as
are confirmed by the selected literature [1-3].

One type of the so-called symmetrical follow-up compensators of the funda-
mental harmonic reactive power is the reactive power compensator of FC + TCR
(Fixed Capacitor + Thyristor Controlled Reactor) type, comprised of a battery of
fixed capacitors with properly selected serial reactors and an adjusted induction
component of TCR type. Several topologies FC + TCR-type symmetrical
follow-up compensator of the fundamental harmonic reactive power have been
reported in the literature [4—6].

The present chapter presents results of analyses, simulations, and experiments
concerning a FC + TCR-type symmetrical follow-up compensator of the funda-
mental harmonic reactive power in which, as the adjusted induction element, a
three-phase thyristor bridge rectifier with two additional thyristors 6T + 2T was
used. Further, the algorithm developed to control a such modified power electronic
circuit, which in its classic version (6T bridge) is regarded as a circuit contributing
to an increase of reactive power in the system, will be discussed in detail. By
upgrading its structure to a 6T + 2T circuit and implementing a specifically
developed algorithm, it becomes possible to use it as a component of devices
reducing reactive power in electric power supply systems contributing this way to
an improvement of electric power quality.

Figure 1 shows a block diagram of a FC + TCR-type symmetrical follow-up
reactive power compensator illustrating the principle of compensation. As an
adjusted inductive element, three-phase 6T + 2T bridge rectifier was used which it
controlled according to specified algorithm, whereas as a capacitive element with
constant power, passive LC filter was used to eliminate higher harmonics.

Such a compensator is realized by connecting in parallel a filter of higher har-
monics with constant capacitive reactive power Qp determined in the design
development stage and a 6T + 2T bridge rectifier loaded with reactor Ly func-
tioning at a constant average value of load current /; stabilized in a closed control
system, taking up from the supply line an amount of controlled inductive reactive
power denoted as Qr. Then, the compensator supplies to the power supply line a
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Fig. 1 A block diagram of
FC + TCR type compensator ¢ )A- -( )!r | ()J{
i b i
Load passive rectifier
filter 6T+2T
Q=var Qq=const Q. =var
P=var

resultant reactive power Qy which is the difference between the inductive reactive
power and the capacitive reactive power:

Ok =—0r+ 0. (1)

Among the merits of a compensating circuit of that type, one should mention the
possibility to introduce automated, steady, and immediate control of reactive power
output to the supply grid.

2 Thyristor Bridge Rectifier with Two Additional
Thyristors (6T + 2T) as an Adjustable Component
of an Inductive-Type Compensator

Each modification of either the topology of or the method used to control a rectifier
circuit results in a change of its properties and opens a possibility of new appli-
cations. Nowadays any change in topology poses neither a technical nor economical
problem, and progress in microprocessor technology allows for the realization in
practice almost any thyristor controlling algorithm, no matter how complex. This
stimulates development of new ideas concerning changes in structure and control
algorithms of known and widely used rectifying circuits and new fields for their
application.

An example of a modification of the classical bridge rectifier 6T, in scope of
both structure and control algorithm, is a three-phase thyristor bridge rectifier with
two additional thyristors 6T + 2T with reduced and controlled reactive load.
Figure 2 shows a diagram of the resulting 6T + 2T circuit, while Fig. 3 explains the
proposed control algorithm in an example of a single pulse of rectified voltage.

The way in which a single output voltage pulse is originated together with the
conduction cycle length for individual thyristor T1 is shown for the main thyristors
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Fig. 2 Schematic diagram of a three-phase thyristor bridge rectifier with two additional auxiliary
thyristors 6T + 2T
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Fig. 3 Illustration of an occurrence of a single cathode star output voltage pulse in a 6T + 2T
circuit together with conduction cycle length of an individual thyristor T1 for the main thyristors
firing delay angle a = /2, arbitrary angle J, Ly — ©0, and Ly = 0

firing delay angle o = #/2, at continuous and constant load current Iy (Ly — ©9)
and with commutation in the circuit neglected (L = 0).

Additional thyristors Tk and Ta added to a 6T circuit in the way shown in Fig. 2
can be fired in instants when output voltages of corresponding star rectifiers are
instantaneously negative. Such conditions exist when the main thyristors are fired
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with an appropriate thyristor firing delay angle a, i.e. o > 7/6 and at the same time
o < 7/2, with maintained rectifying mode of operation of the circuit at continuous
load current. For angles 0° < o < 7/6, the 6T + 2T circuit behaves as a classic 6T
bridge rectifier, as auxiliary thyristors cannot participate in conduction of load
current, whereas for angles a > 7/2, at continuous load current, it is absolutely
necessary to block pulses firing additional thyristors, as operation of the 6T + 2T
circuit in inverter mode is no longer possible. [7—10].

While in a classical 6T bridge rectifier (with Ly = 0 and Ly — ©9), each of the
six thyristors conducts for a period of time corresponding to angle 2z/3 and each
thyristor is fired at angle a, an angle ¢ is introduced in the proposed control
algorithm, the value of which has an effect on the instant of time on which the
additional thyristor is fired. Firing the additional thyristor results, on one hand, in
narrowing of the main thyristor conduction cycle, and on the other, taking angle ¢
into account in firing main thyristors by adding it to angle a results in narrowing of
the main thyristor conduction cycle respectively on the other side, to the conduction
cycle length equaling in total 27/3 — 26. Each of the additional thyristors conducts
the receiver current for a 2d-long time interval, 3 times per full cycle.

It is possible to fire the additional thyristor Tk once the condition 5z/
6 + a — 0 2 w is met and at the same time a > 7/6, as at that particular time, the
instantaneous value of the load current conducting phase is negative. Algebraic
transformation of the conditions leads to the following relationships:

T

5§o¢—g and 5

T
<a<z, (2)
which determine the dependence of angle ¢ on angle a presented in Fig. 4. Angle ¢
may assume values from the shaded area.

A complete diagram of conduction cycles (functions of state) for all thyristors in
the 6T + 2T circuit at continuous load current and the commutation effect
neglected, for a = 7/2 and selected values of ¢ is presented in Fig. 5.

As a result of introducing additional thyristors and application of the proposed
algorithm to control thyristors in the 6T + 2T circuit with the thyristors’ firing time

Fig. 4 A plot of angle ¢ - A
versus angle o
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Fig. 5 Waveforms of rectified voltage uy, star rectifier output voltages ug and uq,, firing pulses
ig, and thyristor conduction cycles in 6T + 2T circuit for a @ ~ 7/2 and 6 = 7/12, b a * /2 and
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depending on the value of angle o and additionally on value of angle J introduced
for the purpose of making changes in the control algorithm, the load current flow
occurs outside the supply source phases which results in narrowing the source
phase current pulses and thus reduces their rms as well as values of reactive power
of the fundamental harmonic.

The effect of minimizing of the values of currents flowing through the powers
supply grid is a reduction of the reactive load introduced by 6T + 2T bridge rectifier
with respect to classic 6T bridge circuit, with an option of controlling it by means of
proper selection of angles a and J determining thyristor firing times. Reactive
power of the 6T + 2T bridge rectifier for the fundamental harmonic (phase shift
reactive power) can be expressed as:

. 2 . m .
0 = \/§Up11 sin ¢ = Udoldﬁsm <§ - 5) sin o, (3)
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where Q; is the fundamental harmonic reactive power; Uy—rms value of the
supplying source’s inter-phase voltage; I;—rms of source phase current funda-
mental harmonic; I;—receiver current average value; Qqg = %5 Up—average out-

put voltage of 6T-type three-phase thyristor bridge rectifier at o = 0.
Some algebra leads to:

Ql 2 Ud Ud 2
== (o) )
UdOId \/§Ud0 UdO

2
Ug = Ud07§COS<OC — g) - sin(g - §>’ (5)

U, is the average voltage value of rectified receiver.

Based on (4) and (5), a plot was drawn showing the relative value of 6T + 2T
rectifier fundamental harmonic reactive power as a function of the relative average
value of the rectified voltage for the two extreme values of angle 6 = 0 and
0 = Omax = /3. For angles from the interval 0 < J < #/3, the obtainable reactive
power values are depicted in Fig. 6 by shading the corresponding area.

By modifying both the structure of and the control algorithm for the classic
bridge rectifier 67T, it is possible to upgrade it to a one-way controlled three-phase
6T + 2T bridge rectifier with reduced and adjustable reactive load. This creates the
possibility to use the circuit as a fast-reacting inductive element in a symmetrical
follow-up reactive power compensator.

Fig. 6 Relative value of 0,
reactive power vs. relative U 1
value of output voltage for d07d 4
6T + 2T circuit
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3 The Commutation Effect in the 6T + 2T Bridge Rectifier
Circuit and Its Impact on the Control Algorithm,
Restrictions and Control Interval of the Reactive
Load Introduced by 6T + 2T Circuit

In an analysis of the 6T + 2T bridge rectifier presented earlier in this chapter,
certain simplifying assumptions were adopted allowing up to pass over the com-
mutation effect.

However, due to the occurrence of commutation reactance X, the relationships
and waveforms shown in Figs. 3, 4, 5 and 6 take the form shown in Figs. 7, 8, 9
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Fig. 7 Waveform of a single continuously repeated output voltage pulse together with
commutation points marked for cathode star in 6T + 2T circuit when Xj # 0
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Fig. 9 Schematic diagrams and waveforms of output voltage uy, star rectifier output voltages gy
and ug,, and firing pulses ig collated with conduction cycles of thyristors in 6T + 2T circuit for
a arbitrary angle o and angles 0 < /3 with commutation processes taken into account; b arbitrary
angle o and angles 0 > /3 with commutation processes taken into account

and 10, respectively. The form of a single, periodically repeated output voltage
pulse, with the commutation processes taken into account and with marked com-
mutation angles for the cathode star in three-phase 6T + 2T bridge rectifier, is
shown in Fig. 7. The dashed area shows the change of a single pulse shape with
respect to the circuit with instantaneous commutation, whereas two types of
commutation occur in the 6T + 2T rectifier circuit:

e commutation of the load current from 6T + 2T rectifier’s main thyristor onto an
additional thyristor—commutation angle y,

e commutation of the load current from an additional thyristor onto the main
thyristor—commutation angle .
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Within one full working cycle equaling the period of voltage supplying 6T + 2T
bridge rectifier, twelve commutations occur, six for each of the stars. Each com-
mutation is followed by the conduction state of an individual switch which means
that the rectifier’s circuit operates in a total of 24 of different configurations.

Taking the commutation effect into account it is also necessary to impose a
restriction on the thyristor firing delay angle o and angle ¢ following from the
necessity to maintain the rectifying nature of the circuit’s operation so that Uy = 0.
Ranges of changes for angles a and J, after taking into account the commutation
effect in the 6T + 2T circuit, are as follows:

e angle a change range: Z <o <7 —%2

e angle J change range: 0 <6< § —

under condition J £ a — 7/6, the same as for the circuit in which the commu-
tation effect is neglected. Graphically, the angle ranges are depicted in Fig. 8 by
hatching the corresponding area from Fig. 4, whereas additionally, the area below
line J,, corresponding to the complex commutation occurring in the circuit is
dashed with double diagonal lines. The type of commutation (simple or complex)
has no effect on the operation of the 6T + 2T circuit.

Figure 9a, b show two example diagrams of the 6T + 2T circuit with configu-
rations arising in the course of commutation for a specific angle a and two different
angles ¢ and example voltage and current waveforms, as well as the method of
controlling main thyristors T1, T2, T3, T4, TS5, T6 and additional thyristors Tk and
Ta in the discussed 6T + 2T bridge rectifier and full diagram of conduction cycles
for all thyristors, for a determined angle o and two different angles 6 with com-
mutation between the thyristors taken into account. The change with respect to the
6T + 2T circuit without commutation consists in different lengths of individual
thyristors’ conduction cycles. Each of the main thyristors conduct for a period of
time corresponding to angle 2z/3 — 26 + p,, while each of the additional thyristors
—for interval 20 + p, three times per one working cycle.

The circle diagram of the 6T + 2T bridge rectifier fundamental harmonic power
with the commutation effect not taken into account presented above in Fig. 6, after
analysis carried out with commutation in the circuit taken into account, has been
supplemented with corresponding curves and shown in Fig. 10. Dashed lines
represent the relationships describing the relative value of the reactive power as a
function of the relative value of the voltage rectified in the 6T + 2T circuit with
commutation neglected, whereas solid lines represent the corresponding relation-
ships for 6T + 2T with the effect taken into account. The shaded area in Fig. 10
represents the reactive power change range possible to obtain in the 6T + 2T circuit
without taking into account the commutation effect, whereas the additionally
dashed portion of the shaded area depicts the region of possible reactive power
changes in the circuit with commutation taken into account.

The commutation processes result in different restrictions and different intervals
available for regulation of reactive load (of inductive nature) introduced by the
6T + 2T rectifier, which is possible within a range narrower than this following
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Fig. 10 Relative reactive
power vs. relative value of
rectified voltage for 6T + 2T
bridge circuit with the
commutation taken into
account and neglected

— — uklad 6T+2Tz X, =0

uktad 6T+2T z X, >0

from simplified analysis, the a fact to be unconditionally taken into account in the
design of the actual circuit.

4 Passive Filter of Current Higher Harmonics
as a Non-adjustable Element of a Symmetrical
Capacitive Compensator

It follows from the analysis of the properties of the three-phase 6T + 2T bridge
rectifier carrying a continuous and constant load current that reduction of the
reactive power introduced by the proposed circuit occurs at the expense of a slight
increase in the content of the higher harmonics in phase currents of the source
supplying the 6T + 2T rectifier. Amplitudes of individual grid current harmonics in
the 6T + 2T rectifier have values larger than those in classic 6T bridge rectifier and
additionally, harmonics which are absent in the 6T rectifier, i.e. the 3rd harmonic
and its odd multiples, arise in this current. The 3rd harmonic and its odd multiples
occur also in current iy of the 6T + 2T circuit’s neutral wire.

That means there is the necessity to filter out these harmonics by means of
passive LC filters. This is typically accomplished by connecting a serial LC circuit
parallel resonance frequency which is close to that of the unwanted harmonic in
parallel with the load generating such a harmonic [11].

To eliminate and suppress harmonics in source phase currents and enable sup-
plying the 6T + 2T rectifier from the transformer’s secondary windings without
access to the neutral point, the analyzed 6T + 2T rectifier was fitted not only with a
passive filter of 5th harmonics used typically in case of the 6T rectifier, but an
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additional reactor was connected between the star point of the Sth harmonic filter
and the common point of additional thyristors tuning the filter to the 3rd harmonic.
The 6T + 2T bridge rectifier with a 3rd and 5th harmonics filter coupled on does
not require connection with the neutral wire and at the same time relieves the
voltage source (the rectifier’s transformer) from the Sth harmonic as well as the 3rd
harmonic with all its multiples of the order 3(2n + 1).

Moreover, the permanent battery of capacitors being a component of the filter
plays the role of the element of compensator with constant value of capacitive
reactive power, whereas the reactive power of the higher harmonics filter is larger
than the power of the directly connected battery of capacitors in the filter.

Parameters of the filter are selected in the circuit design stage based on fore-
casted or measured maximum amplitude of the current higher harmonics in the
filter’s load and with the maximum value of inductive reactive power generated by
the inductive element taken into account [11].

Parameters of the 3rd and 5th harmonics filter coupled on to the 6T + 2T circuit
were determine based on relationships:

2 _ 2 2
vi—vz; Up

Xis=-—0B 1B _"p 6

R ©)
1 U2

X5 = L 7

. V§—1Q1F’ ()
vz U?

Xes = ———2 8

S i-t10r ®

where Q;rfilter passive power for the fundamental harmonic, v;, vs—relative
free-running frequency for 3rd and 5th harmonic, respectively [11].

5 Symmetrical Follow-Up Compensator
of the Fundamental Harmonic Reactive Power

A diagram of a closed current regulation system for the 6T + 2T bridge rectifier
with passive 3rd and 5th harmonics filter coupled on it, operating as a symmetrical
follow-up compensator of fundamental harmonic reactive power is presented in
Fig. 11.

The 6T + 2T rectifier, supplied from transformer Dy, is loaded with reactor Ly
with very small resistance which forces operation of the circuit at the thyristor firing
angle a ® /2, or U4 ~ 0. The control system comprises a current regulator the role
of which is to stabilize receiver current on a predetermined average value, and
generators of gate pulses used to fire the rectifier’s thyristors according to proposed
algorithm under the control of the pulse synchronization and delay system.
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Fig. 11 A diagram of a closed current regulation system for 6T + 2T bridge rectifier with passive
3rd and 5th harmonics filter loaded with a reactor, with stabilization of the reactor’s current,
operating as a reactive power compensator

Capacitance of the battery of capacitors in the filter was selected so as to com-
pensate the maximum value of reactive power introduced contributed by the
6T + 2T circuit (occurring at o ~ 7/2 and 6 = 0). The reactive power supplied by
the 6T + 2T circuit with passive filter to the power supply line can be regulated and
its nature changed from inductive to capacitive by changing the values of angle J in
the range from zero to J,,,x. Compensation circuit of that type enables automated,
steady, and immediate control of reactive power.

On the schema of circuit diagram of Fig. 11, a simulation model of the circuit
was developed and a 6T + 2T bridge rectifier testing setup was designed and
constructed together with a control system realized with use of microprocessor
technology.

The system for controlling the current-stabilizing thyristor rectifier comprises:
a current regulator, the purpose of which is to stabilize output (receiver) current at
the predefined value, and generators of gate pulses firing thyristors in the rectifier
according to the determined algorithm under the control of a pulse synchronization
and delay system. In the discussed control system, for technical reasons, two
separate single-circuit microcomputers were assigned the above-mentioned func-
tions of current regulator and pulse generator. Such a division of tasks is advan-
tageous also because while the pulse generation algorithm is invariable, the
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Fig. 12 A comparison of active and reactive power values obtained from simulations and
measurements in the 6T + 2T circuit with a passive filter operating as FC + TCR compensator
(line symulation results, dot results of measurements)

regulator controlling algorithm may be subject to changes; in this case, the change
will involve replacement of the program in one microcomputer only. The current
regulator determines angle o based on the measured output current value, prede-
termined value of the current, and predetermined value of angle J (as a parameter).
Both angles, a and d, are set on current regulator outputs. Based on these values, the
pulse generator produces pulses firing individual thyristors according to the
developed algorithm.

Selected results of the measurements, collated with simulation results, as well as
oscillograms of voltage and current waveforms in the laboratory 6T + 2T circuit
with 3rd and 5th harmonics filter are presented in Figs. 12 and 13.

The experimental portion of the study was carried out by means of the measuring
instruments allowing to enabling the correct measurement of distorted waveforms:
YOKOGAWA WTI1600 power meter and a computer-based measuring system
developed in the LabVIEW environment. The use of a computer-based measuring
system comprised of a PC-class computer, PCI-6023E measuring card by National
Instruments, and LabVIEW software, allowed us to take the measurements auto-
matically and to analyze, visualize, and archive the obtained results.

The following parameters were adopted for the model of the 6T + 2T rectifier
with 3rd and 5th harmonics filter (used in both simulations and measuring system):

Up=133V Cs =331 uF Ly =20 mH
L ~ 735 pH Ls = 1.275 mH Ry = 60 mQ
Ly = 0.788 mH I4=20 A
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Fig. 13 Example of oscillograms of voltage and current waveforms recorded in the laboratory
6T + 2T circuit with 3rd and 5th harmonics filter for angle ¢ = #/2 operating as FC + TCR

compensator

The graph in Fig. 12 contains plots representing the change of the fundamental
harmonic reactive power relative value as a function of angle J. The lines represent
the results of simulation and are collated with the results of measurements (dots)
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taken on the actual 6T + 2T circuit provided with a filter. The obtained results
confirm the possibility to control reactive power in the analyzed 6T + 2T circuit
with filter, with the possibility to change the nature of reactive power—from
inductive for small angles J to capacitive with increasing values of the angle. On the
other hand, Fig. 13 shows oscillograms of voltage and current waveforms recorded
for selected angle 0 = #/2 in the measuring system for 6T + 2T with a filter of
harmonics.

Results from the performed simulations and measurements taken on the labo-
ratory 6T + 2T circuit with the 3rd and 5th harmonics filter confirmed the possi-
bility of using the circuit as a FC + TCR-type symmetrical follow-up compensator
of the fundamental harmonic reactive power.

6 Visualization of Selected Measurement Results
in the 6T + 2T Circuit with a Passive Filter

The LabVIEW integrated programming environment allows one to design and
construct the so-called virtual instruments which accomplish the typical tasks for
control-measurement systems used to test power electronic circuits. Equipping
a laboratory setup with such virtual instrument offers the possibility to observe and
control the operation of an actual power electronic circuit and take measurements of
selected quantities. Properly designed windows of the program function as oscil-
loscopes and meters allowing to observe results of measurements of different
quantities taken at selected points at the same time. The so-called virtual instru-
ments developed in LabVIEW for the purpose of laboratory examination of the
analyzed FC + TCR represent reflections of actual measuring instruments allowing
to acquire, analyze, archive, and interactively present the results of experiments.

The laboratory setup has been designed and constructed comprehensively, which
means that in the LabVIEW environment, apart from the laboratory 6T + 2T
converter circuit with control and measurement instrumentation, an application has
also been developed for the purpose of visualization of the principle of operation of
both the 6T + 2T rectifier and the compensator based on it.

Selected measurement results visualized in the LabVIEW environment are
shown in Fig. 14, with selected measuring points marked on the schematic diagram
of the FC + TCR compensator measuring circuit. The program controls, in the form
of windows of the virtual oscilloscope positioned at appropriate points, allow to
keep track of several selected waveforms at the same time.

In view of the wide range of executed measurement tasks, the obtained results
have been sorted and grouped on separate fields of the program’s tabs whose labels
describe the type of results presented on them. Figures 15, 16, 17 and 18 show
example tabs with controls used to visualize voltage and current waveforms,
numerical fields showing average and rms values, selected operating parameters,
and the spectrum of harmonics. These example tabs include: input waveforms,
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Fig. 14 LabVIEW visualization of the closed measuring setup for the 6T + 2T bridge rectifier
with passive 3rd and 5th harmonics filter stabilizing receiver current, operating as a symmetrical
follow-up FC + TCR-type reactive power compensator

Fig. 15 Results of measurements obtained with the use of LabVIEW program in the laboratory
6T + 2T circuit with 3rd and 5th harmonics filte—waveforms of converter current (left panel) and
source current (transformer’s secondary side, left panel) in phase A related to the transformer’s
secondary side phase voltage together with spectra of harmonics of these currents
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Fig. 16 Results of measurements obtained with the use of LabVIEW program in the laboratory
6T + 2T circuit with 3rd and 5th harmonics filter—voltage and current waveforms and values on
the receiver side in the 6T + 2T circuit
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Fig. 17 Table summarizing the results of measurements and widows with THD characteristics of
6T + 2T converter current (upper panel) and source current (lower panel) as functions of angle ¢
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Fig. 18 Presentation of the current operating point against characteristics obtained from
theoretical analysis—the control characteristic and relative reactive power versus relative output
voltage for the 6T + 2T circuit

output waveforms, passive filter (the tab shows the effect of connecting a passive
filter to the circuit), selected characteristics, and the presentation of the selected
operating point against selected characteristics.

Features selected for presentation (Fig. 15) include waveforms of: i, the con-
verter current in phase A, and igs, phase A current of the source (transformer’s
secondary side), both related to phase voltage on the transformer secondary side u,
together with the spectra of harmonics contained in the currents. Collation of the
harmonic contents illustrates the function of the passive filter employed in the
6T + 2T circuit. Application of passive filters in the 6T + 2T circuit reduces the
content of harmonics in the source current supplying the analyzed rectifier as can be
seen by comparing the spectra of harmonics before and after integration of the filter.
Adding the 3rd and 5th harmonics filter not only eliminated the S5th harmonic and
the 3rd harmonic with its odd multiples, but also contributed to a significant
decrease of other harmonics rms values. The waveform of the source current ig
reflects its capacitive nature and lends credence to the plausibility of using 6T + 2T
with a passive filter as a symmetrical follow-up reactive power compensator.

Figure 16 presents selected voltage and current waveforms and values on the
receiver side of the 6T + 2T circuit.

Figure 17 shows a tab allowing to get on-line plots of characteristics in the
course of taking the measurements. The measuring program offers also the option of
presenting the measured values against the results obtained from theoretical anal-
ysis. Figure 18 shows the control characteristic and the plot of relative reactive
power vs. relative output voltage for the 6T + 2T circuit, obtained from theoretical
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analysis of the examined circuit. On the background of the curves determined this
way, it is possible to mark the current circuit’s operating point established on the
grounds of on-line acquired measurement results.

7 Reactive Power Compensation System

Industrial systems operate numerous devices characterized with high and variable
reactive load which makes it necessary to compensate the reactive power in a
sufficiently flexible and effective manner. Connecting a FC + TCR-type symmet-
rical follow-up reactive power compensator based on the 6T + 2T bridge rectifier in
parallel to variable load(s) of an inductive nature offers the possibility to develop
a compensation system, the structure of which is presented in Fig. 19.

The objective of a compensator with a 6T + 2T rectifier is to generate an
appropriate quantity of capacitive reactive power depending on both angle o and
angle J in such a way that the reactive power balance of the grid current funda-
mental harmonic at a selected point equals a preset value (allowing to the main-
tenance of required reactive power value).

In the presented compensating circuit, the regulation process occurs as follows:
from the preset reactor current value, the measured value of the current is sub-
tracted, and the obtained difference, as an error signal, is used by the PI controller to
the determine value of angle a. Similarly, based on the measured value of the grid
current reactive component at a determined point, the value of angle ¢ resulting
from the current demand for capacitive reactive power is established. Based on the
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Fig. 19 Structure of the fundamental harmonic reactive power compensation circuit with the use
of a symmetrical follow-up reactive power compensator based on the 6T + 2T bridge rectifier
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values of angles a and ¢ obtained from the controllers, the pulse generator produces
pulse firing all the thyristors according to an adopted algorithm. A compensation
circuit of that type enables automated and immediate control of reactive power.

8 Conclusions

By supplementing a 6T circuit with two additional thyristors as shown in Fig. 2 and
controlling properly all the thyristors in the 6T + 2T circuit created this way, it
becomes possible to control the reactive power related to the fundamental harmonic
by means of the proper selection of values for angles o and d. Such modification of
classic the bridge rectifier 6T leads to realization of a controlled three-phase bridge
rectifier with reduced and controlled inductive reactive load.

The 3rd and 5th harmonics filter in 6T + 2T circuit, apart from removing these
high-frequency current components and eliminating the neutral wire, plays also the
role of a capacitive compensator with constant capacitive reactive power value and
together with the circuit (with controlled inductive reactive power) and thus allows
enabling a symmetrical follow-up compensator of the fundamental harmonic
reactive power of FC + TCR type.

The results obtained from the theoretical analysis and simulations, and above all,
from the measurements taken in the laboratory setup, confirm fully the possibility of
modifying the classic thyristor rectifier, in scope of both its structure and the
method of controlling thyristors in the circuit, for the purpose of reducing the
reactive power related to the source current fundamental harmonic. Laboratory tests
performed in a closed regulation system with stabilization of the receiver current of
the 6T + 2T rectifier with a filter coupled on it and output terminated with a reactor,
confirmed also the possibility of using it as a symmetrical follow-up compensator of
the fundamental harmonic reactive power.
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Switched Capacitor-Based Power
Electronic Converter—Optimization
of High Frequency Resonant Circuit
Components

Zbigniew Waradzyn, Robert Stala, Andrzej Mondzik
and Stanistaw Pirog

Abstract This chapter presents issues of optimization of the resonant circuit
components’ volume in a switched-capacitor voltage multiplier (SCVM).
The SCVM is derived from chip-scale technology but can effectively operate as a
power electronic converter in a zero current switching mode when the recharging of
switched capacitors occurs in a resonant circuit supported by an inductance.
Selection of the passive LC components is not strictly determined, and depends on
the optimization strategy according to the volume, efficiency or cost of the con-
verter. Optimization of the volume of LC components is limited by the energy
transfer ability via switched capacitors, thus by the rated power of the converter and
switching frequency. Depending on the LC values, the converter operates in some
specific states that determine the efficiency of the converter and voltage stress on
semiconductor switches and diodes. This chapter presents analysis of the converter
parameters and operation in the cases of optimization of the resonant circuit
components’ values. The analytical discussion is also supported by the simulation
and experimental results. All the results are provided for the SCVM but can be
useful for a variety of switched-capacitor resonant power converters.
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1 Introduction

The switched-capacitor (SC) converter concept can be attractive for a power
electronic converter application [1]. The SC power converters can be especially
suitable for high voltage gain systems, or the concepts with limited inductive
components. Contrary to chip-scale SC circuits, in various concepts of SC power
converters the recharging of capacitors is achieved in resonant circuits [1-16]. In
this way, the converter operates in the zero current switching (ZCS) mode, which
increases its efficiency. Furthermore, inrush currents are limited by oscillatory
circuit utilization.

The issues of the components’ selection and optimization of the converter, as
well as high efficiency design, remain current problems related to SC power con-
verters. They are addressed as major problems of research [1-6] and are related to
the concept of the operation of particular topologies [7—17]. The switched-capacitor
voltage multiplier (SCVM) [7] is a topology that can be configured as a high
voltage gain DC-DC converter using different semiconductor technologies and
using different ways of optimizing resonant circuits. Application of suitable
switches is determined by voltage ratings in the converter and current stresses. It
can be proven that the SCVM can effectively operate as a high frequency
Mosfet-based DC-DC [4, 5, 18], but also as a high power and high voltage con-
verter supported by thyristors [14, 15, 17]. The application of suitable LC param-
eters of SC converter’s resonant circuit is determined by the optimization criteria,
because it affects the rated power, efficiency, cost, realization technology and
stresses on switches. On the other hand, the range of resonant circuit components
can be limited, e.g., by feasible switching frequency, available space or the tech-
nology of chokes’ implementation [16]. It is very important that the results achieved
for SCVM can be utilized for the optimization of other ZCS SC converters.

The second section of this chapter introduces the ZCS operation of SCVM,
where the resonant operation of the converter and stresses on semiconductor
devices are analysed. The resonant circuit optimization problems are also discussed
in detail in this section. Experimental results are presented in the following section,
to verify the analytical discussion.

2 The Power Electronic Mosfet-Based Switched-Capacitor
DC-DC Voltage Multiplier—Configuration and Analysis
of Operation

2.1 The Analysed Concept of SCVM

Figure 1 presents a power electronic ZCS voltage multiplier composed of n cells
(three cells in this case), where each cell contains two switches, a single diode, an
inductance and a capacitor. From the basic concept of the operation of the SCVM it
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follows that this is a constant ratio boost type converter. The capacitors of the cells
are charged from the source in the charging mode, and then discharged in a series
connection with the output capacitor. The converter utilizes the switched capacitor
concept, in which the capacitors are recharged in parallel and series connections.
The topology is adapted to the conversion of power; thus, it must operate with high
efficiency. To achieve high efficiency of the power converter, the recharging circuits
should have an oscillatory character with an adequate inductance, as well as the
quality factor.

The converter that operates with rated power has a determined average value of
currents, to which power losses in the diodes are proportional. On the other hand,
the converter can effectively operate in a wide range of the capacitance of the
switched capacitors C,, with their partial or full discharge, achieving constant
voltage gain. When the minimization possibility of the LC parameters is analysed,
the problem of decreasing efficiency can arise.

In the high frequency design, it is assumed that the inductance achieved as PCB
air or planar in each switching cell is sufficient for fair ZCS operation. The analysis
and operation of the converter differs in such cases from the topology with a central
input choke, as presented in [17] for high power designs.

The simplified analysis presented in this section has been carried out by
neglecting all parasitic resistances and voltage drops across the power electronic
devices, as well as assuming ideal power electronic switches and a constant value of
Uoye- In addition, the value of the converter power is assumed.

The capacitor in each cell is charged during time interval Ts; (Fig. 2b) by the
current:

Uin - UC ‘min

isi(f) = ——————sin wgit = Isiy sin wg?, (1)
Pr
where:
U; supply voltage,
Ucmin minimum voltage across capacitors C = Cl = -+ = C,,
D1 characteristic impedance of the series LC circuit,

Ws1 angular resonant frequency of the series LC circuit,
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Fig. 2 Stages of operation of the SCVM: a input current i;,, voltage across switched capacitors
uc, and the definition of time intervals in the switching cycle T, b charging the capacitors in cells
in time interval Tg—path of current, ¢ charging the output capacitor in the time interval Tsy

Isim

charging current amplitude.

The charging of the capacitors requires the following time interval:

st

T
Tg1 = — = n\/LgiC,

)

where Lg; is the overall inductance in each cell capacitor charging circuit.
The voltages across the cell capacitors in time interval Tg; are given by the
following equation:

and achieve their maximum value at ¢ = Tgy:

ucsi(t) =

UCmax = uCSI(TSI) = 2Uin -

Uin

- (Uin

— Uc min) €OS gt

UC 'min -

3)

4)

The output capacitor is charged and all the cell capacitors are discharged during
the time interval Ty in the circuit (Fig. 2¢) by the current:

isu(t) =

Uin -

Uout +nUcmax

P

sin wsit = —Isym Sin wsnt,

(5)
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where n is number of cells (» = 3 in Fig. 1) and:

nLSH n
= Ly =/ —— = — 6
P = Wsnlsn C s LenC ( )

Ly is the overall inductance of the oscillatory circuit in the interval Tgp:

The voltages across the cell capacitors in Ty are given by:

Uout — Uj Ugut — Uj
ucsi(t) = % + (UCmax - Omnm> cos Osif (8)
and achieve their minimum value at ¢t = Tgy:
Uout — U;
Ucmin = ucsu(Tsu) = 2% — Ucmax- 9)

From (4) and (9), it can be deduced that the converter has a constant voltage gain
with the theoretical value:

Ust = (n+ 1) Up. (10)

The voltage gain of the SCVM does not depend on the capacitance of the
switched capacitors as long as the circuit is not overloaded.

In [17] it is proven that, in a high efficiency design, the relation of time intervals
T\ to Ts (Fig. 2a) should be minimized, and this can be one of the key points for
the proper selection of active and passive components.

2.2 Semiconductor Switch Technology and Parameters
of the SCVM

All of the conventional switches, as well as WBG-types, can be used for SCVM
converters. The selection of switches is determined by the input and output voltage
as well as the output power. In the literature, Mosfet-based SC converters are
reported for high frequency operations with voltage and current stresses in the range
of Mosfet switches (<600 V). Application of SiC switches makes it possible to
increase voltage stresses in high-frequency designs. For a larger voltage stress, an
IGBT-based converter can be proposed. However, in the resonant SCVM, the
turning off control is not demanded; thus, thyristors become an interesting alter-
native solution for a high voltage and high power SCVM. In [17] the
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thyristor-based SCVM concept and results are demonstrated, and in [14] the SC
step-down converter is presented. Application of fast turn-off thyristors makes it
possible to minimize the relation T\/Ts. However, in a high power design with
sufficiently large capacitors, long periods of resonant oscillation (7s; and Tgp
intervals) can be achieved to obtain high efficiency using SCR thyristors. The
advantages of the thyristor-based SCVM are its high current and voltage ratings,
reliability and also simple gate circuits and self turn-off, which protects the switches
against hard turn-off by improper control signal management.

The voltage stresses for thyristors in the SCVM are reported in detail in [17].
The case of unidirectional switches is very complicated, because positive as well as
negative voltages can occur on thyristors. In the Mosfet-based SCVM (Fig. 1), it is
important that the voltage stress on switches depends on the input voltage, but it is
also a function of a switch placement (the stress on switches can differ).

The voltage stress on switches responsible for discharging (S5, Sy, ...) (Fig. 1) is
always equal to U;, because they are connected to the input voltage via the charging
diodes (D1, D5, ...) and charging switches (S, S3, ...). For the analysis of voltage
stresses on the charging switches (S;, S3, ...) the average capacitor’s voltage
(Ucavg = Uiy) is taken into account, because each capacitor has series-connected
resonant inductance. The voltages on S, 3, . switches can then be calculated from
the sum of the voltages in loops when S, 4 . are turned on and capacitors are
charged.

The estimated voltage stresses on switches (Table 1) will be further confirmed by
experimental results (Figs. 10 and 11).

It is very important that in the case, in which each capacitor is connected in a
series with a resonant inductance, as in Fig. 1, voltage stresses on switches do not
depend on the voltage ripple on switched capacitor.

2.3 Resonant Circuit Components of SCVM

The issue of selection of the SCVM parameters presented in this section involves
the problems of selection of the semiconductor switches, switched capacitors and
the design of resonant inductances.

The voltage uc across cell capacitors varies between Ucpin (9) and Ucpax (4).
Ucmin 1S equal to:

Py Ts

U 'min = Uln T A~/ ANTT
“ 2C(n+ 1)U,

(11)

The limit of the power of the SCVM is determined by the ability of the charge
transfer by the recharging of the switched capacitors. Thus, the power of the
converter is related to the switched capacitances, switching frequency, number of
the cells and the input voltage:
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Py <2(n+ 1)ULfsC. (12)

From (12) it follows that the switched capacitor’s value determines the limit of
the converter’s power under the fixed switching frequency and the input voltage.
For fixed n, P;,, U, and fs, this value should meet the condition:

P;

Full discharge operation (minimum voltage across the cell capacitors Ucp,;, = 0)
occurs at:

Pi, 1

= = , 14
2+ 1)Ufs  2Reqfs (14)
where
1) U? U?
Req — (I’l+ ) m __ out (15)

P;, (n+ I)Pm ’

is an equivalent resistance, introduced to minimize the number of parameters.

A design of the SCVM can be accomplished with minimization of the switched
capacitances to the limit described by (13), because the voltage gain of the con-
verter is not affected in this range. This is one of the natural optimization steps;
however, it may not be favourable from an efficiency standpoint, as well as
problems of the filtering of the input current and selection of components.

The following specific converter operating states are discussed below:

e operation with full discharge of the switched capacitors at non-interrupted input
current,

e operation with full discharge of the switched capacitors at interrupted input
current,

e operation with partial discharge of the switched capacitors at non-interrupted
input current.

2.3.1 Operation with Full Discharge of the Switched Capacitors
in the Case of Non-interrupted Input Current

This is a theoretical case, where Ty and Ty equal zero (the input current is
non-interrupted) and the currents have a minimum rms value (Fig. 3). Assuming
Ts = Tsmin = Ts1 + Tsyp in (11), and taking (2) and (7) into account, Ucp;, can be
expressed by the formula:
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Fig. 3 Input current i, and
voltage across the switched
capacitors uc in the case of
their full discharge and

non-interrupted input current Tsi Tsii

Y~

Py, (\/E"‘ %)

Uriiv = U —
Cmin Ji 2\/6(n+1)Um

(16)

At the rated power, the converter with the minimized capacitors C,, will
operate with full recharging, which means that Uc,;, = 0. Hence:

2 2
wP (VEsi+ /o) | (Vs )

" 2(n+1)UZ 2Req (17)

The value of the minimal capacitance C,,;, of the switched capacitors, aside from
depending on the power of the converter, the input voltage and the number of the
cells, is also dependent on the values of the inductances. Assuming Lg = Lgy/
n (Fig. 1), the formula (17) becomes the following:

Py 1° 2
Coin = |—— | L=—L. (18)
(n + 1)Uin Req

Operation with non-interrupted input current, which is assumed here, requires

the frequency:

1 1
= fomax = — , 19
k=t Tsi+Tsu  2my/LsiC (19)
which, taking (18) in account, can be expressed in the form:
Req
meax = 2Tl',2L-. (20)

Capacitance Cp,;, (18) and frequency fsmax (20) as functions of L for three values
of R,y are shown in Fig. 4. R., = 48 corresponds, e.g., to n =3, U;, =50V,
P;, =208.3 W. The results obtained show that the frequency in the range of
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Fig. 4 Dependencies for operation with full discharge of the switched capacitors in the case of
non-interrupted input current (s = Ts; + Tspp): @ minimum cell capacitance Cy;, (18), b maximum
switching frequency fsmax (20) versus L = Lg; = Lgy/n for three values of Req

megahertz has to be implemented in this converter, which for many reasons may
not be applicable in practice.

A criterion for optimizing the volume of the capacitors can lead to selecting
capacitances that assure full discharging of the switched capacitors in a switching
cycle for the rated power. In addition, it is advantageous to operate the converter
with near-zero time intervals Ty and Ty to minimize conduction losses. This kind
of operation implies strict dependencies between the operating frequency, the
capacitances of the switched capacitors and the power, input voltage and inductances
of the converter (18), (20). However, for an inductiveless design, this requires low
values of switched capacitors capacitances and very high switching frequencies.

It is assumed in the analysis that the currents are half-sine waves. This
assumption can be made if the quality factors Q; and Qp of charging and dis-
charging series RLC circuits are high enough, e.g., higher than 2.5.

I [ L Ry
rst V Cmin TSI

(21)

For the R., parameters from Fig. 4 and resistance of each charging circuit
rs = 100 mQ, the quality factor Qy is equal to 101.9, 152.8 and 305.6, respectively.
Additionally, if resistance of discharging circuit in each cell rg;; = s then Oy = Oy,
and the currents will be almost ideally sinusoidal.

In conclusion, the analysis results shown in Fig. 4 prove that the converter
optimization criterion assuming minimizing the switched capacitors’ volume may
not be the right one in the case of inductiveless design (small stray inductances or
PCB-type ones). The reason is that assuring high efficiency requires, in this case,
using high switching frequencies, which may not be applicable in practice. It is also
very important that for higher rated power (lower R.q in Fig. 4), the switched
capacitances rise, which decreases the frequency of oscillations.
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In the case of using larger values of inductance, e.g., of the order of micro-
henries, lower frequencies are required and the discussed operating state of the
converter is acceptable. This is discussed briefly later in the chapter (Fig. 9).

2.3.2 Operation with Full Discharge of the Switched Capacitors
in the Case of Interrupted Input Current

Full discharge can take place at maximum recharging frequency fsmax (20) as
described above but also at lower frequencies with higher values of capacitors. To
achieve this, the switching period 75 has to be increased by introducing time
intervals Tyy and Ty between current pulses (Fig. 5). At the same time, the
capacitances of the switched capacitors have to be increased to fulfil Eq. (14),
which will also affect the half periods Ty and Tgyp. In this case fg is equal to:

fs =1/Ts = 1/(Tsi + Tt + Tsu + T, (22)

where Ty and Tyyp are higher than zero.

An advantage of this kind of operation is a possibility of operation with much
lower frequencies than fsmax (20), (Fig. 4b). A drawback are higher amplitudes of
the current pulses and lower efficiency [17].

2.3.3 Operation with Partial Discharge of the Switched Capacitors
in the Case of Non-interrupted Input Current

If the switched capacitors of SCVM have higher capacitances than is required for

operation with full discharging (14), the SCVM operates with partial discharge of

the switched capacitors and the desired voltage gain; however, the resonant circuits

as well as the efficiency should be analysed in this case. This analysis is limited to

the case when the converter operates with non-interrupted currents at soft switching

(Fig. 6) with frequency given by (19), and with inductances Lg; = Lsp/n = L.
Then, the value of the cell capacitances C meets the condition:

Fig. 5 Input current i;, and

voltage across the switched

capacitors uc in the case of

their full discharge and

interrupted input current iin Ly
Tsi | Tmi | Tsu | ™M
2Ujy

uc ! >

Ts
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Fig. 6 Input current i, and
voltage across the switched
capacitors uc in the case of

their partial discharge and t

non-interrupted input current iind
Tsi Tsu
& /\
!
0 >
Ts
1
=— . 23
4mf2L (23)

At lower values of C there would be time intervals with zero current (the input
current would be interrupted) whilst in case of higher values of C, hard switching
would occur.

Capacitance C (23) as a function of L for various values of fg at fixed n, U;, and
Py, [fixed R.q (15)] is shown in Fig. 7a.

The normalized value of the initial voltage across the switched capacitors equals
(11), (23):

UCmin 2n2fS
Ucminw = =1———L. 24
Cminw Uin Req ( )
(a) (b)
30 : 1:
f.= 50 kHz
I'I:' 25 e . H ‘*:
095 NN ™ 1100 kHzZ !
3 20 2 : : :
2 £
s 15 S 0.9
8 10} =1
% i 0.85 d
5 . iy :
o Lk; 1 200kHz
n I = n'B i i ]
0 500 1000 1500 2000 0 500 1000 1500 2000
inductance L, nH inductance L, nH

Fig. 7 Dependencies for operation with partial discharge of the switched capacitors in the case of
non-interrupted input current (7s = Ts; + Tsyp): a capacitance C according to (23), b minimum
normalized voltage Ucpinw (24) versus L = Lg; = Lgy/n for various values of fg at Roq = 48 Q
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It can be seen from Fig. 7a that for the used frequencies, the capacitances C are
much higher than C.;, in Fig. 4a. The capacitors discharge is insignificant and
Ucmin decreases linearly with an increase of frequency fs and inductance
L (Fig. 7b).

2.3.4 Quality Factor of Resonant Circuits and Inductor Volume
Optimization

The quality factors Oy and Qy can be presented in the form:

2nfs L 2nfs L
o =" s ogp= ohslton (25)

rst rst nrsm nrsi

Figure 8 presents Q; as function of Lg; = L for various values of f5 at set values
of n, Up, and Py, (R.q = 48 Q). The quality factor Oy (25) is proportional to the
inductance L and switching frequency fs. It results from Fig. 8 that for very small
values of L and low frequencies, the quality factor Q; can even be less than 0.5,
which means that the currents do not reach zero (the circuit is not oscillatory) and
the ZCS operation is not possible. For higher values of L the circuit becomes
oscillatory and the higher the value of L, the less distorted are the currents. For
example, for L = 100 nH and rg; = 100 mQ, the quality factor Q; = 0.94 at
150 kHz and Q7 = 0.31 at 50 kHz. In the former case, the current waveforms will
be significantly distorted from sine waves while hard switching would occur in the
latter case. However, at L = 0.7 pH and the same value of rg;, the quality factor Oy
equals 6.58 and 2.17, respectively.

Hence, the current waveforms will be near sine waves for L = 0.7 pH and
fs = 150 kHz. On the assumption that Lsy; = nlLg; and rgpp = rsp, the quality factors
Oy and QO (25) have equal values.

Fig. 8 Quality factor Q; (25) 25
versus inductance L = Lg; for
various values of fg at

Req = 48 Q, rg; = 100 mQ

quality factor
&
i - R

500 1000 1500 2000

inductance L, nH
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In conclusion, to achieve operation with feasible frequencies, the capacitors
should be higher than the minimum value resulting from (13), but too high
capacitances, required at very low inductances, will make oscillations impossible,
due to a quality factor that is too low Q (<0, 5). The converter operation is still
possible but its efficiency can decrease.

2.3.5 Limits of the Resonant Inductance

When the switched capacitor is fully recharged, an increase of the resonant
inductance can be correct for the minimization of time intervals Tyg and Ty
Further increase of the inductance (beyond the ZCS limit) requires the decrease of
the switching frequency. In such a case, the power transfer rate falls and the
designed capacitance should be increased to maintain the rated power of the con-
verter. These relationships are presented in Fig. 9 based on (18) and (20). From this
analysis, it follows that an increase in the inductance may not be favourable.

3 Experimental Results

Experimental measurements make it possible to justify the operation of the SCVM
and to analyse the parameters of signals for particular instances of design. The
experimental results were achieved for two-stage control presented in Figs. 10 and
11, in the setup described in Table 2 (a 3-cell SCVM with PCB air chokes in each
SC cell).

The general operation of the SCVM is confirmed by the experimental wave-
forms presented in Fig. 10 as well as in Fig. 11. These results make it possible to

Fig. 9 Capacitance C of the 300 250,00
switched capacitors and
switching frequency fs versus 250 200,00
resonant inductance L under
the non-interrupted operation 200

P P C[nF] fs [kHz] | 150,00

with full discharge of the

. . 150

capacitors. Input voltage is
. 100,00
50 V, number of cells is 3, 100
power of load is 500 W ¢—Cuvs.L
50 ——fsvs. L 50,00
0 L [uH] 0,00
4 5 6 7 8 9 10 11

Table 1 Estimated values of voltage stresses on switches in the SCVM configured with inductors
in cells for n = 3

Switch Soul/Dout 52,4,6 Sl SZ S3

Voltage stress Uou-Uin U; Uin 2U;, 3Uin
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Fig. 10 Waveforms and voltage stresses of tested 3-cell SCVM. Experimental results for
fs = 115.7 kHz, Py, = 200 W with C; 53 = 470 nF. Ucpmax = 59 V, Lnmax = 24 A; a I current of
a switched capacitor, 2 input current, 4 voltage on a switched capacitor, b voltage on the odd
switches: I ugy, 2 uss, 3 ugss, ¢ voltage on the even switches: 7 ugy, 2 usq, 3 Usg
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Fig. 11 Waveforms and voltage stresses of tested 3-cell SCVM. Experimental results for
fs = 115.7 kHz, Py, = 200 W with C) 53 = 1470 nF. Ucmax = 53 V, Linmax = 14 A; a I current
of a switched capacitor, 2 input current, 4 voltage on a switched capacitor, b voltage on the odd
switches: I ugy, 2 uss, 3 ugs, ¢ voltage on the even switches: 7 ugy, 2 usq, 3 Usg
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Table 2 The laboratory 3-cell Mosfet-based SCVM converter and the parameters of tests

Transistors SIR872ADP

- - The 3-cell converter
Diodes VB60170G—in cells

DPG30C300PC—as Dy,

Switched capacitors 470, 1470 nF
Output capacitor Cout = 118.3 uF
Inductors L =0.7 pH air PCB
Power under the tests Py <200 W
Input voltage Uy, =50V
Output voltage Usut_theoretical = 200 V

compare the operation for two cases of resonant circuit design with different res-
onant capacitors. For a 200 W load, the switched capacitance can be decreased to
the value at which a full discharge occurs. However, for the achieved PCB air
choke and feasible switching frequency, the dead time intervals (T and Tyyyp) are
sizable and can largely decrease the efficiency, as can be observed in Fig. 10, in
which deeper discharge of switched capacitors occurs. For the switched capaci-
tances designed to be larger than the optimal capacitors, the maximum capacitor’s
voltage and current stress, as well as the dead times (T, Tw), decrease. This may
increase efficiency [17] and the cost of the converter can be lower. Further over-
sizing of capacitors will cause a decrease of the quality factor.

From the experimental results of particular cases (for C =470 and
C = 1470 nF), the voltage stresses on switches remain approximately on the same
level (Figs. 10 and 11). The results confirm the analytical estimation (Table 1).

4 Conclusions

Selection of the components of the SCVM and optimization of the converter is a
very important and complex issue (which is highlighted in the chapter) in the
following aspects:

— the SCVM can be configured using various switches such as Mosfet for high
frequency design, but also thyristors, as reported in the literature, for high
voltage and high power designs.

— in the selected topology, where resonant inductors are implemented in each cell
connected in a series with a switched capacitor, voltage stresses on switches are
not increased by voltage ripples on capacitors.

— selection of the switched capacitors is a very complex issue. An optimization of
the volume of the capacitors can lead to capacitances that assure full discharging
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of the switched capacitors in a switching cycle for the rated power. However,
such optimization can stand in opposition to the efficiency demands. The most
favourable idea would be to operate the converter at the full discharging of the
switched capacitors and with near-zero time intervals between the current pulses
of the switched capacitors that are charging and discharging. This kind of
operation implies a strict dependence between the operating frequency, the
capacitances of the switched capacitors and the inductances of the converter. For
an inductiveless design, this requires low values of switched capacitors capac-
itances, and very high switching frequencies (which may not be applicable in
practice). The converter can also be operated at full discharge of the switched
capacitors and interrupted input current; however, this requires lower frequen-
cies and higher values of the capacitors. The disadvantages of this kind of
operation are higher conduction losses, but switching losses are lower due to a
lower switching frequency.

— it is also possible to operate the converter with near-zero time intervals between
current pulses of the switched capacitors charging and discharging, and a partial
discharge of the switched capacitors. This minimizes conduction losses and
switching losses can also be low, due to the possibility of operating the con-
verter at lower frequencies. However, the SCVM converter is not optimized
from the capacitance value’s standpoint, as it operates at a lower power than its
rated power.

— a quality factor should also be analysed for selected RLC parameters of the
resonant circuits in the SCVM, in order to determine the character of the
circuits.
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