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Introduction to High-Performance
Drives

1.1 Preliminary Remarks

The function of an electric drives system is the controlled conversion of electrical energy to a
mechanical form, and vice versa, via a magnetic tield. Electric drive is a multidisciplinary field
of study, requiring proper integration of knowledge of electrical machines, actuators, power
electronic converters, sensors and instrumentation, control hardware and software, and commu-
nication links (Figure 1.1). There have been continued developments in the field of electric
drives since the inception of the first principle of electrical motors by Michael Faraday in
1821 [1]. The world dramatically changed after the first induction machine was patented
(US Patent 381968) by Nikola Tesla in 1888 [2]. Initial research focused on machine design with
the aim of reducing the weight per unit power and increasing the efficiency of the motor. Con-
stant efforts by researchers have led to the development of energy-efficient industrial motors
with reduced volume machines. The market is saturated with motors reaching high efficiency
of almost 95-96%, resulting in no more significant complaints from users [3]. AC motors are
broadly classified into three groups: synchronous, asynchronous (induction), and electronically
commutated motors. Asynchronous motors are induction motors with a field wound circuit or
with squirrel cage rotors. Synchronous motors run at synchronous speeds decided by the supply
frequency (N, = 120f/P) and are classified into three major types: rotor excited, permanent
magnets, and synchronous reluctance types. Electronic commutated machines use the principle
of DC machines but replace the mechanical commutator with inverter-based commutations.
There are two main types of motors that are classified under this category: brushless DC motors
and switched reluctance motors. There are several other variations of these basic configurations
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Figure 1.1 Electric drive system

of electric machines used for specific applications, such as stepper motors, hysteresis motors,
permanent magnet-assisted synchronous reluctance motors, hysteresis-reluctance motors, uni-
versal motors, claw pole motors, frictionless active bearing-based motors, linear induction
motors, etc. Active magnetic bearing systems work on the principle of magnetic levitation
and, therefore, do not require working fluid, such as grease or lubricating oils. This feature is
highly desirable in special applications, such as artificial heart or blood pumps, as well as in
the oil and gas industry.

Induction motors are called the workhorse of industry due to their widespread use in indus-
trial drives. They are the most rugged and cheap motors available off the shelf. However, their
dominance is challenged by permanent magnet synchronous motors (PMSM), because of their
high power density and high efficiency due to reduced rotor losses. Nevertheless, the use of
PMSMs is still restricted to the high-performance application area, due to their moderate ratings
and high cost. PMSMs were developed after the invention of Alnico, a permanent magnet mate-
rial, in 1930. The desirable characteristics of permanent magnets are their large coercive force
and high reminiscence. The former characteristics prevent demagnetization during start and
short conditions of motors, and the latter maximizes the air gap flux density. The most used
permanent magnet material is neodymium-boron—iron (NdBFe), which has almost 50 times
higher B-H energy compared to Alnico. The major shortcomings of permanent magnet
machines are the nonadjustable flux, irreversible demagnetization, and expensive rare-earth
magnet resources. Variable flux permanent magnet (VFPM) machines have been developed
to incorporate the adjustable flux feature. This variable flux feature offers flexibility by opti-
mizing efficiency over the whole machine operation range, enhancing torque at low speed,
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Figure 1.2 General view of a DFIG connected to wind system and utility grid

extending the high speed operating range, and reducing the likelihood of an excessively high
back-electromotive force (EMF) being induced at high speed during inverter fault conditions.
The VFPMs are broadly classified into hybrid-excited machines (they have the field coils and
the permanent magnets) and mechanically adjusted permanent magnet machines. Detailed
reviews on the variable flux machines are given in [4]. The detailed reviews on the advances
on electric motors are presented in [5—16].

Another popular class of electrical machine is the double-fed induction machine (DFIM)
with a wound rotor. The DFIM is frequently used as an induction generator in wind energy
systems. The double-fed induction generator (DFIG) is a rotor-wound, three-phase induction
machine that is connected to the AC supply from both stator and rotor terminals (Figure 1.2).
The stator windings of the machine are connected to the utility grid without using power con-
verters, and the rotor windings are fed by an active front-end converter. Alternatively, the
machine can be fed by current or voltage source inverters with controlled voltage magnitude
and frequency [17-22].

In the control schemes of DFIM, two output variables on the stator side are generally defined.
These variables could be electromagnetic torque and reactive power, active and reactive power,
or voltage and frequency, with each pair of variables being controlled by different structures.

The machine is popular and widely adopted for high-power wind generation systems and
other types of generators with similar variable-speed high-power sources (e.g. hydro systems).
The advantage of using this type of machine is that the required converter capacity is up to three
times lower than those that connect the converter to the stator side. Hence, the costs and losses
in the conversion system are drastically reduced [17].

A DFIG can be used either in an autonomous generation system (stand-alone) or, more com-
monly, in parallel with the grid. If the machine is working autonomously, the stator voltage and
frequency are selected as the controlled signals. However, when the machine is connected to the
infinite bus, the stator voltage and frequency are dictated by the grid system. In the grid-
interactive system, the controlled variables are the active and reactive powers [23—-25]. Indeed,
there are different types of control strategies for this type of machine; however, the most widely
used is vector control, which has different orientation frames similar to the squirrel cage induc-
tion motor; however, the most popular of these is the stator orientation scheme.
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Power electronics converters are used as an interface between the stiff voltage and frequency
grid system and the electric motors to provide adjustable voltage and frequency. This is the
most vital part of a drive system that provides operational flexibility. The development in
power electronic switches is steady, and nowadays high-frequency low-loss power semicon-
ductor devices are available for manufacturing efficient power electronic converters. The
power electronic converter can be used as DC-DC (buck, buck—boost, boost converters),
AC-DC (rectifiers), DC-AC (inverters), and AC-AC (cycloconverters and matrix converters)
modes. In AC drive systems, inverters are used with two-level output or multilevel output (par-
ticularly for higher-power applications). The input side of the inverter system can consist of a
diode-based, uncontrolled rectifier or controlled rectifier for regeneration capability called
back-to-back or active front-end converter. The conventional two-level inverter has the disad-
vantages of the poor source-side (grid-side) power factor and distorted source current. The sit-
uation is improved by using back-to-back converters or matrix converters in drive systems.

The output-side (AC) voltage/current waveforms are improved by employing the appropriate
pulse width modulation (PWM) technique, in addition to using a multilevel inverter system. In
modern motor drives, the transistor-based [insulated gate bipolar transistor IGBT), integrated
gate-commutated thyristor IGCT), MOSFET] converters are most commonly used. The
increase in transistors switching frequency and decrease in transistor switching times are a
source of some serious problems. The high dv/df and the common-mode (CM) voltage gener-
ated by the inverter PWM control result in undesirable bearing currents, shaft voltages, motor
terminal overvoltages, reduced motor efficiency, acoustic noise, and electromagnetic interfer-
ence (EMI) problems, which are aggravated by the long length of the cable between the con-
verter and the motor. To alleviate such problems, generally, the passive LC filters are installed
on the converter output. However, the use of an LC filter introduces unwanted voltage drops
and causes a phase shift between the filter input and output voltages and currents. These can
negatively influence the operation of the whole drive system, especially when sophisticated
speed, sensorless control methods are employed, requiring some estimation and control mod-
ifications for an electric drive system with an LC filter at its output. With the LC filter, the
principal problem is that the motor input voltages and currents are not precisely known; hence,
additional voltage and current sensors are employed. Since the filter is an external element of
the converter, the requirement of additional voltage and current sensors poses technical and
economical problems in converter design. The more affordable solution is to develop proper
motor control and use estimation techniques in conjunction with LC filter-based drive [26-30].

The simulation tool is a significant step for performing advanced control for industry. How-
ever, for practical implementation, the control platform for the electric drive system is provided
with microcontrollers (mCs), digital signal processors (DSPs), and/or field-programmable gate
arrays (FPGAs). These control platforms offer the flexibility of control and make possible the
implementation of complex control algorithms, such as field-oriented control (FOC), direct tor-
que control (DTC), nonlinear control, and artificial-intelligence-based control. The first micro-
processor, the Intel 4004 (US Patent # 3821715), was invented by Intel engineers Federico
Faggin, Ted Hoff, and Stan Mazor in November 1971 [31]. Since then, the development of
faster and more capable microprocessors and pCs has grown tremendously. A microcontroller
is a single IC containing the processor core, the memory, and the peripherals. Microprocessors
are used for general-purpose applications, such as in PCs, laptops, and other electronic items,
and are used in embedded applications for actions such as motor control. The first DSP was
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produced by Texas Instruments, TMS32010, in 1983 [32], followed by several DSPs being
produced and used for several applications, ranging from motor control to multimedia applica-
tions to image processing. Texas Instruments has developed some specific DSPs for electric
drive applications, such as the TMS320F2407, TMS320F2812, and TMS320F28335. These
DSPs have dedicated pins for PWM signal generation that serves by controlling power conver-
ters. Nowadays, control algorithms implement more powerful programmable logic components
called FPGAs, the first of which, XC2064, was invented by Xilinx co-founders Ross Freeman
and Bernard Vonderschmitt in 1985. FPGAs are composed of logic blocks with memory ele-
ments that can be reconfigured to obtain different logic gates. These reconfigurable logic gates
can be configured to perform complex combinational functions. The first FPGA XC2064 con-
sisted of 64 configurable logic blocks, with two three-input lookup tables. In 2010, an extended
processing platform was developed for FPGAs that combines the features of an advanced
reduced instruction set machine (ARM) high-end microcontroller (32-bit processor, memory,
and I/O) with an FPGA fabric for easier use in embedded applications. Such configurations
make it possible to implement a combination of serial and parallel processing to address the
challenges in designing today’s embedded systems [33].

The primitive electric drive system uses a fixed-speed drive supplied from the grid, while
mostly employing the DC motor. Adjustable-speed drive ASD systems offer more flexible con-
trol and increased drive efficiency when compared to the fixed speed drive. DC motors inher-
ently offer decoupled flux and torque control, with fast dynamic response and simple control
mechanism. However, the operating voltage of the DC machines is limited by the mechanical
commutator’s withstand voltage; in addition besides, the maintenance requirement is high due
to its brush and commutator arrangement. DC drives are now increasingly replaced by AC
drives due to the advent of the high-performance control of AC motors, such as vector control,
direct torque control (DTC), and predictive control, offering precise position control and an
extremely fast dynamic response [34]. The major advantages of AC drives over DC drives
include their robustness, compactness, economy, and low maintenance requirements.

Biologically inspired artificial intelligence techniques are now being increasingly used for
electric drive control and are based on artificial neural networks (ANN), fuzzy logic control
(FLC), adaptive neuro-fuzzy inference system (ANFIS), and genetic algorithm (GA) [35,
36]. A new class of electric drive controls, called brain emotional learning-based intelligent
controller (BELBIC), is reported in the literature [37]. The control relies on the emotion pro-
cessing mechanisms in the brain, with the decisions made on the basis of an emotional search.
This emotional intelligence controller offers a simple structure with a high autolearning feature
that does not require any motor parameters for self-performance. The high-performance drive
control requires some sort of parameter estimation of motors, in addition to the current, speed,
and flux information for a feedback closed-loop control. Sensors are used to acquire the infor-
mation and are subsequently used in the controller. The speed sensors are the most delicate part
in the whole drive system, thus extensive research efforts are being made to eliminate the speed
sensors from the drive system, with the resulting drive system becoming a ‘sensorless’ drive. In
sensorless drive schemes, existing current and voltage sensors are used to compute the speed of
the machine, and the computed speed is used for closed-loop control. The literature on sensor-
less drives is too vast to list; however, a comprehensive review is available in [38—40].
A sensorless drive offers the advantages of a compact drive with reduced maintenance, reduced
cost, and its ability to withstand harsh environmental conditions. Despite impressive progress
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in drive automation, there are still a number of persistent challenges, including a very low speed
near to zero, operation at zero speed with full load condition, and an overly high-speed
operation.

Network-based control and remote control of the drive systems are still in progress. Plug-
and-play types of electric drives are an important area that can serve the applications that have
a direct impact on the quality of life, such as renewable energy, automotive applications, and
biomedical applications. Integrated converter-motor drive systems for compact design, as well
as reduced EMI due to cabling wave reflection, are also in progress. More diversity in machine
design with rare-earth-free motors is the subject of research, and high air-gap flux density
machines using superconductors are the direction of research in electric drive systems.

1.2 General Overview of High-Performance Drives

High-performance drive refers to the drive system’s ability to offer precise control, in addition
to rapid dynamic response and a good, steady-state response. High-performance drives are con-
sidered for safety-critical applications due to their precision of control [41]. Since the inception
of AC machines, several techniques have evolved to control their speed, torque, and flux. The
basic controlling parameters are the voltage and frequency of the applied voltage/current to the
motor. The grid supplies fixed magnitude and frequency voltages/currents and are thus not suit-
able for obtaining controlled operation of machines. Hence, power electronic converters are
used as an interface between the grid supply and the electric motors. These power electronic
converters, in most cases, are AC-DC-AC converters for AC machine drives. Other alternatives
are direct AC-AC converters, such as cycloconverters and matrix converters. However, these
direct AC-AC converters suffer from some serious drawbacks, including the limited output fre-
quency, as low as one-third in cycloconverters, and the limited output voltage magnitude,
which is limited to 86% of the input voltage magnitude in matrix converters. Moreover, the
control is extremely complex for direct AC-AC converters. Thus, invariably AC-DC-AC con-
verters are more commonly called ‘inverters,” and are used to feed the motors for adjustable-
speed applications. This book will describe the modeling procedures of the inverters, followed
by the illustration of their existing control techniques. The basic energy processing technique in
an inverter is called ‘Pulse Width Modulation’ (PWM); hence, PWM will be discussed at
length.

The control of AC machines can be broadly classified into ‘scalar’ and ‘vector’ controls
(Figure 1.3). Scalar controls are easy to implement and offer a relatively steady-state response,
even though the dynamics are sluggish. To obtain high precision and good dynamics, as well as
a steady-steady response, ‘vector’ control approaches are to be employed with closed-loop
feedback control. Thus, this book focuses on the ‘vector’ based approaches, namely ‘Field
Oriented Control,” ‘Direct Torque Control,” ‘Non-linear Control,” and ‘Predictive Control.’

It is well known that the variable-speed drive offers significant energy savings a huge indus-
trial setup. Thus, by employing variable-speed drives in the industry, there exists a huge scope
for energy saving. The older installations relied on DC machines for variable-speed applica-
tions, because of their inherent decoupled torque and flux control with minimum electronics
involved; however, in the early 1970s, the principle of decoupled torque and flux control, more
commonly called ‘field-oriented control’ or ‘vector control,” was achieved in more robust
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induction machines. Later, it was realized that such control was also possible in synchronous
machines. However, the pace of development in variable-speed AC machine drives was slow
and steady until the early 1980s, when the microprocessor era began and the realization of com-
plex control algorithms became feasible [34, 35].

The FOC principle relies on the instantaneous control of stator current space vectors. The
research on FOC is still active, with the idea of incorporating more advanced features for highly
precise and accurate control, such as sensorless operation, and utilization of online parameter
adaptations. The effect of parameter variations, magnetic saturation, and stray-load losses on
the behaviour of field-oriented controlled drives is the subject of research in obtaining robust
sensorless drives.

Theoretical principles of ‘direct torque control” for high-performance drives were introduced
in the mid-and second half of the 1980s. Compared with FOC, which had its origin at the begin-
ning of the 1970s, DTC is a significantly newer concept. It took almost 20 years for the vector
control to gain acceptance by the industry. In contrast, the concept of DTC has been received by
the industry relatively quickly, in only 10 years. While FOC predominantly relies on the math-
ematical modelling of an induction machine, DTC makes direct use of physical interactions that
take place within the integrated system of the machine and its supply. The DTC scheme
requires simple signal processing methods, relying entirely on the nonideal nature of the power
source that is used to supply an induction machine, within the variable-speed drive system
(two-level or three-level voltage source inverters, matrix converters, etc.). It can, therefore,
be applied to power electronic converter-fed machines only. The on—off control of converter
switches is used for the decoupling of the nonlinear structure of the AC machines. The most
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frequently discussed and used power electronic converter in DTC drives is a voltage source
inverter.

DTC takes a different look at the machine and the associated power electronic converter.
First, it is recognized that regardless of how the inverter is controlled, it is by default a voltage
source rather than a current source. Next, it dispenses with one of the main characteristics of the
vector control, indirect flux, and torque control by means of two stator current components. In
essence, DTC recognizes that if flux and torque can be controlled indirectly by these two cur-
rent components, then there is no reason why it should not be possible to control flux and torque
directly, without intermediate current control loops.

DTC is inherently sensorless. Information about actual rotor speed is not necessary in the
torque mode of operation, because of the absence of coordinate transformation. However, cor-
rect estimations of stator flux and torque are important for the accurate operation of hysteresis
controllers. An accurate mathematical model of an induction machine is, therefore, essential in
DTC. The accuracy of DTC is also independent of the rotor’s parameters variations. Only the
variation of stator resistance, due to a change in thermal operating conditions, causes problems
for high-performance DTC at low speeds [38].

In summary, the main features of DTC and its differences from the vector control are:

* direct control of flux and torque;

* indirect control of stator currents and voltages;

e absence of coordinate transformation;

* absence of separate voltage modulation block, usually required in vector drives;

* ability to know only the sector in which the stator flux linkage space vector is positioned,
rather than the exact position of it (necessary in vector drives for coordinate transformation);

¢ absence of current controllers;

* inherently sensorless control since speed information is not required in the torque mode of
operation;

* in its basic form, the DTC scheme is sensitive to only variation in stator resistance.

The research on the direct torque is still active, and the effects of nonlinearity in the machine
models are being explored; the flexibility and simple implementation of the algorithms will be
the focus of research in the near future. The use of artificial intelligence is another direction of
research in this area. It is important to emphasize that many manufacturers offer variable-speed
drives based on the ‘field-oriented control’ and ‘DTC’ principles and are readily available in the
market.

The main disadvantage of vector control methods is the presence of nonlinearity in the
mechanical part of the equation during the change of rotor flux linkage. Direct use of vector
methods to control an induction machine fed by a current source inverter provides a machine
model with high complexity, which is necessary to obtain precise control systems. Although
positive results from field-oriented/vector control have been observed, attempts to obtain new,
beneficial, and more precise control methods are continuously made. One such development is
the ‘non-linear control’ of an induction machine. There are a few methods that are encompassed
in this general term of ‘non-linear control,” such as ‘feedback linearization control’ or ‘input-
output decoupling control,” and ‘multi-scalar model-based non-linear control.” Multiscalar-
based nonlinear control or MM control was presented for the first time in 1987 [38, 39] and



Introduction to High-Performance Drives 9

is discussed in the book. The multiscalar model-based control relies on the choice of specific
state variables and, thus, the model obtained completely decoupled mechanical and electro-
magnetic subsystems. It has been shown that it is possible to have nonlinear control and decou-
pling between electromagnetic torque and the square of the linear combination of a stator
current vector and the vector of rotor linkage flux.

When a motor is fed by voltage source inverters, and when the rotor flux linkage magnitude
is kept constant, the nonlinear control system control is equivalent to the vector control method.
In many other situations, the nonlinear control leads to more system structure simplicity and
good overall drive response [35, 38, 39].

The use of variables transformation to obtain nonlinear model variables makes the control
strategy easy to perform because only four state variables have been obtained with a relatively
simple nonlinearity form [38]. This makes it possible to use this method in the case of change
flux vector, as well as to obtain simple system structures. In such systems, it is possible to
change the rotor flux linkage with the operating point without affecting the dynamic of the sys-
tem. The relations occurring between the new variables make it possible to obtain novel control
structures that guarantee a good response of the drive system, which is convenient for the eco-
nomical operation of drive systems in which this flux is reduced if the load is decreased. The use
of variables transformation to obtain MM makes the control strategy easier than the vector con-
trol method, because four variables are obtained within simple nonlinearity form. This makes it
possible to use this method in the field-weakening region (high-speed applications) more easily
when compared to the vector control methods. Extensive research has been conducted on the
nonlinear control theory of induction machines, leading to a number of suggested improve-
ments. It is expected that more such control topology will evolve in time.

High-performance control of AC machines requires the information of several electromag-
netic and mechanical variables, including currents, voltages, fluxes, speed, and position. Cur-
rents and voltage sensors are robust and provide sufficiently accurate measurements and so are
adopted for the closed-loop control. The speed sensors are more delicate and often pose serious
threats to control issues, so speed sensorless operation is sought in many applications that
require closed-loop control. Several schemes have been developed recently to extract speed
and position information without using speed sensors. Similarly, rotor flux information is typ-
ically obtained using ‘observer’ systems. Much research efforts occurred throughout the 1990s
to develop robust and precise observer systems. Improvements have been offered by the devel-
opment of the methods, including the ‘model reference adaptive system,’ the ‘Kalman filters,’
and the ‘Luenberger observers,” [40—42].

Initially, observers were designed based on the assumption of a linear magnetic circuit and
were later improved by taking into account different nonlinearities. The methods developed so
far still suffer from stability problems around zero frequency. They fail to prove global stability
for sensorless AC drives. This has led many researchers to conclude that globally asymptoti-
cally stable model-based systems for sensorless induction motor drives may not exist. Indeed,
most investigations on sensorless induction motor drives today focus on providing sustained
operation at a high dynamic performance at very low speed, particularly at zero speed or at zero
stator frequency. Two advanced methodologies are competing to reach this goal. The first cat-
egory includes the methods that model the induction motor by its state equations. A sinusoidal
flux density distribution in the air gap is then assumed, neglecting space harmonics and
other secondary effects. The approach defines the class of fundamental models. They are
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implemented either as open-loop structures, such as the stator model, or as closed-loop obser-
vers. The adaptive flux observer is a combination of the nonlinear observer with a speed adap-
tation process. This structure is now receiving considerable attention, and many new solutions
follow a similar generic approach [41].

Three-phase electric power generation, transmission, distribution, and utilization have been
well known for over a century. It was realized that generation and transmission of power with
more than three phases do not offer significant advantages in terms of power density (gener-
ation) and right-of-way and initial cost (transmission). A five-phase induction motor drive sys-
tem was first tested in 1969 [43]. The supply to a five-phase drive system was made possible by
using a five-phase voltage source inverter, since simply adding an extra leg increases the output
phases in an inverter. It was realized that the five-phase induction motor drive systems offered
some distinct advantages over three-phase drive system counterparts, such as reduced torque
pulsation and enhanced frequency of pulsation, reduced harmonic losses, reduced volume for
the same power output, reduced DC link current harmonics, greater fault tolerance, and better
noise characteristics.

In addition, there is a significant advantage on the power converter end, due to the reduced
power per leg, the power semiconductor switch rating reduces, thus avoiding their series/par-
allel combination and eliminating the problem of static and dynamic voltage sharing. Further-
more, the stress on the power semiconductor switches reduces due to the reduced dv/ds. The
attractive features of multiphase drive systems mean enormous research efforts have been made
globally in the last decade to develop commercially feasible and economically viable solutions.
Niche application areas are then identified for multiphase drive systems, such as ship propul-
sion, traction, ‘more electric aircraft’ fuel pumps, and other safety-critical applications. Due to
their complex control structure, their widespread use in a general-purpose application is still not
accepted. One of the commercial applications of a 15-phase induction motor drive system is in
the British naval ship ‘Destroyer II.” Similar drive systems are under preparation for US naval
ships and will be commissioned soon. Nevertheless, there are many challenges still to be met
before the widespread use of multiphase drive systems, especially in general-purpose electric
drive systems [44].

1.3 Challenges and Requirements for Electric Drives for Industrial
Applications

Industrial automation requires precisely controlled electric drive systems. The challenges and
requirements for electric drive systems depend upon the specific applications being used.
Among different classes of electric drives, medium voltage drives (0.2—40 MW at the voltage
level of 2.3-13.8 kV) are more popular for use in the industry, such as in the oil and gas sector,
rolling and milling operations, production and process plants, petrochemical industry, cement
industry, metal industry, marine drive, and traction drive. However, only 3% of the existing
medium voltage (MV) motors are variable-speed drives, with the rest of these running at a fixed
speed [45]. The installation of properly speed-controlled MV drives will significantly reduce
losses and total drive costs, as well as improve power quality in any industrial setup. There are
several challenges associated with the controlled MV drives that are related to the line/source
side (e.g. power quality, resonance, and power factor), motor side (e.g. dv/d¢, torsional vibration
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the and travelling wave reflections), and power semiconductor switching devices (e.g. switch-
ing losses and voltage and current handling capability). The power rectifier at the source side
produces distorted currents at the source, in addition to poor power factors, thus posing a chal-
lenge to the designer of the controlled electric drive system. The PWM of inverter generates a
CM voltage on the motor side, which poses another challenge. The rating of the power sem-
iconductor devices is also an important factor to be considered while designing an electric
drive. High-quality voltage and current waveforms at the converter input and output are essen-
tial in all types of electric drive systems.

The power quality is a factor of the converter topology used and refers to the characteristic of
the load, the size and type of the filter, the switching frequency, and the adopted control strat-
egy. The switching losses of power converter devices contribute to the major portion of the
drive losses; therefore, operation at a low switching frequency makes it possible to increase
the maximum power of the inverter. However, an increase in the switching frequency of an
inverter increases the harmonic distortion of the input and output waveforms. Another solution
is to use multilevel inverters that deliver waveforms with better harmonic spectrum and lower
dv/dt, which limits the insulation stress of the motor windings. However, increasing the number
of switching devices in multilevel inverters tends to reduce the overall reliability and efficiency
of the power converter. On the other hand, an inverter with a lower level of output voltage
requires a large LC output filter to reduce the motor winding insulation stress. The challenge
then is to reduce output voltage and current waveform distortions when the low switching fre-
quency is used to ensure high power quality and high efficiency.

The maximum voltage blocking capability of modern power semiconductor switching
devices is nearly 6.5 kV. This sets the maximum voltage limit of the inverter and the motor
in an electric drive system. Referring to the two-level voltage source inverter and the maximum
conducting current (600 A) of available voltage IGBT switches, the obtained maximum appar-
ent power is less than 1 MVA [45]. To overcome the limits of inverter ratings, series and/or
parallel combinations of power devices are suggested. In such instances, extra measurements
are required to balance the current between devices during turning on and turning off. Due to
inherent differing device characteristics, more losses are generated, requiring a reduction in the
derating of the inverter. There is a requirement to find a solution to increase the power range of
inverter, while avoiding the problems associated with series/parallel connections of switches.
One possible solution is using machines and converters with a high phase number (more than
three). Drive systems using motors and converters of high phase orders have gained popularity
in recent times, and extensive research efforts are being put into developing such commercially
feasible drives.

Essential requirements for general-purpose electric drives for industrial application include
high efficiency, low cost, compact size, high reliability, fault protection features, easy instal-
lation, maintenance, and, in some applications, high dynamic performance, better power qual-
ity at the input side, precise position control, and regeneration capability.

1.3.1 Power Quality and LC Resonance Suppression

Unwanted harmonics are introduced in power grids due to the power electronic switching con-
verters on the load side, which poses a serious problem that needs to be effectively solved.
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Uncontrolled diode-based rectifiers at the source side of the inverter draw distorted currents
from the grid and cause notches in voltage waveforms. This results in several problems, such
as computer data loss, malfunction of communication equipment and protective equipment,
and noise. Therefore, many standards define the limit of harmonics injected into the power grid,
including IEEE 519-1999, IEC 1000-3-2 International Standard, 1995, and IEC 61000-3-2
International Standard, 2000. Current research and industrial applications tend to comply with
these international standards.

The LC line-side filter is used for current harmonic reduction or power factor compensation.
Such LC filters may exhibit resonance phenomena. The supply system at the MV level has very
low impedance; therefore, lightly damped LC resonances may cause undesired oscillations or
overvoltages. This may shorten the life of the switching devices or other components of the
rectifier circuits. Effective solutions should guarantee low harmonics and low dv/df using just
a reactor instead of an LC filter or using a small filter to solve the problem of LC resonance.

1.3.2  Inverter Switching Frequency

The use of high switching frequency devices in power converters causes rapid voltages and
current transitions. This leads to serious problems in the drive system, such as the generation
of unwanted CM currents, EMI, shaft voltage, with consequent generation of bearing currents
and deterioration of the winding insulation of motors and transformers.

Switching losses are a crucial issue that should be taken into account in designing electric
drives because they pose a limit on the switching frequency value and the output power level of
the power converters. The switching losses of semiconductor devices contribute to a major por-
tion of total device losses. A reduction of switching frequencies increases the maximum output
power of the power converter. However, the reduction of switching frequency may cause an
increase in harmonic distortion of the line and motor side. Hence, a trade-off exists between
these two conflicting requirements.

1.3.3 Motor-Side Challenges

Fast switching transients of the power semiconductors devices at high commutation voltages
cause high switching losses and poor harmonic spectrum of the output voltages, generating
additional losses in the machine. The problems are aggravated due to the long length of the
cables between the converters and motors, as well as generating bearing currents due to switch-
ing transients.

1.3.4 High dv/dt and Wave Reflection

The high switching frequency of power devices causes high dv/dt at the rising and falling edges
of the inverter output voltage waveform. This may cause the failure of the motor winding insu-
lation due to partial discharges and high stress. High dv/dr also produces rotor shaft voltages,
which creates current flow into the shaft bearing through the stray coupling capacitors, ulti-
mately leading to motor bearings failure. This is a common problem in adjustable-speed drive
systems in the industry.
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The wave reflections are caused by the mismatch between the cable, the inverter, and the
motor wave impedance. Wave reflections can double the voltage on the motor terminals at each
switching transient, if the cable length exceeds a certain limit. The critical cable length for
500 V/ps is in the 100-m range, while for 10,000 V/ps it is in the 5-m range [45]. The dv/dz
also causes electromagnetic emission in the cables between the inverter and the motor. Expen-
sive shielded cables are used to avoid these effects; nevertheless, the electromagnetic emission
may affect the operation of nearby sensitive electronic equipment, which is called electromag-
netic interference.

The design of the filters should achieve international standards (e.g. IEEE 519-1999). Filters
also reduce the switching frequency. The widely used passive filters are designed to ensure very
low total harmonic distortion (THD) in both motor and line sides. A large inductor in the LC
filter must be used in most high-power drive systems, resulting in undesirable voltage drops
across the inductor. The increase in capacitor size reduces LC resonant frequency, which is
then affected by the parallel connection of the filter capacitor and motor magnetizing
inductance.

In an electric drive with an LC filter, instability could appear due to electric resonance
between L and C parameters. Such phenomena are mostly observed in overmodulation regions
when some inverter output voltage harmonics are close to LC filter resonant frequency. Active
damping techniques could be then employed to resolve the problem of instability, while at the
same time suppressing the LC resonance.

1.3.5 Use of Inverter Output Filters

The output voltage quality at the inverter side can be improved by using active and passive
filters. Today, passive filtering is widely used at the output of the inverter to improve the volt-
age waveform. Such filters are hardware circuits that are installed on the output of the converter
structure. The most common approach is the use of filters based on resistors, inductors, and
capacitors (LC filters). In order to reduce the overvoltages that can occur, because of wave
reflection at the motor terminals when long cables are used, differential-mode LC filters are
used. The cable length is important in determining the output performance of the drive system;
however, the cable layout on the user end is generally unknown to the inverter manufacturer.
Moreover, such filter components are decided according to the switching frequency of the
inverter. When an inverter output filter is installed in the electric drive, the voltage drops
and the phase shifts between the filter’s input while output voltages and currents appear. This
complicates the control system design, particularly for low-speed conditions. The control sys-
tems are generally designed assuming the inverter’s output voltages and currents are equal to
the motor input values. In the case of a discrepancy between voltages and currents, the region of
proper motor operation is limited. Therefore, in a control system of electric drives with an
inverter output filter, it is essential to provide modification in the measurement circuits or in
the control algorithms. A simple way to improve the performance of the electric drive with
inverter output filter is to introduce additional sensors for motor voltages and current measure-
ments. Such a solution is not practical because it requires changes in the inverter structure so, in
this case, an accepted solution is to keep the inverter structure unchanged but to modify a con-
trol algorithm [46].
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1.4 Wide Bandgap (WBG) Devices Applications in Electric Motor Drives

Due to the high efficiency of the wide bandgap (WBG) semiconductor device-based power
converters, the WBG device-based power converters have been highly researched for their
applications for the electric motor drive applications. The distinct merits of the WBG devices
over the conventional Si-based devices are: the low losses, high switching operation with their
ability to handle higher temperature operations. The two key materials for the WBG-based
devices are silicon carbide (SiC) and gallium nitride (GaN). Presently, GaN devices are man-
ufactured up to a voltage level of 650 V; however, the SiC-based systems have been developed
with much higher levels with an operating temperature of 200°C [47, 48]. The converters based
on WBG devices have found numerous applications in the motor drive especially for high-
speed operation, high-ambient temperature operation, and operation of low inductance motors.
The WBG devices enable high-power, high-frequency operation with the ability to handle the
high-temperature environment. The specially designed very high-speed motor requires the out-
put voltage of a higher fundamental frequency of kHz. Similarly, the low-inductance motors
require the converter operation of 50—100 kHz for the lower current ripple [48]. For these two
types of motor operations, the Si-based converters have a limited-frequency operation
(>20kHz) [49]. Furthermore, for the motor drives for high ambient temperature operation,
the Si-based devise cannot sustain such high-temperature operations. The maximum junction
temperature for Si is 200°C, whereas, for the SiC and GaN, it is theoretically up to 300°C and
600°C, respectively [50, 51]. Therefore, for the motor operation with high-speed and higher-
temperature operations, the WBG-based devices provide a suitable alternative to Si-based
devices.

1. Application of WBG devices for low-inductance motors: For the low-inductance motors,
the converters are operated with high-frequency PWM with frequency varying from 50 to
100 kHz. The high-frequency PWM operation is necessary to minimize the ripple current,
which is unwanted and will cause power loss as well as responsible for higher torque pul-
sation. Slotless motor is one of the typical examples of a low-inductance motor with induc-
tance in the range of 10—100 pH [52]. These type of motors have ironless composite stator.
These motors are very much suitable for the application that requires positioning accuracy,
torque linearity, higher power-to-weight ratio, and small cogging toque. Some applications
that require these features are electric vehicles, aerospace, portable industrial application,
defense, and precision manufacturing [53]. Another type of motor with low inductance
is a surface-mounted permanent magnet (SMPM), which has effectively longer airgap.
High-speed PM brushless DC (BLDC) motors have a compact size, are efficient and reliable
[54, 55].

With few kW of power rating, the low-inductance motors can be operated with conven-
tional Si-based MOSFET, which can operate up to 50 kHz; however, for higher power rat-
ings, Si-based IGBTs are preferred due to their higher-power handling capabilities over
MOSFET. However, the switching frequency of Si-based IGBT is limited to 20 kHz, which
will not be able to reduce the current ripple of low-inductance motors. Therefore, the WBG-
based devices make the possibility of the use of low-inductance motor at higher power
rating.



Introduction to High-Performance Drives 15

2. High-speed motors: Due to the higher power density of the high-speed machines, they are
gaining their popularity in the field of EVs, gas compressors, energy storage systems, indus-
trial air compressors, and blowers, etc. High-speed motors (10,000-20,000 rpm) have been
used for the petroleum industries. For the MW operations, with the standard 60 Hz supply,
the motor is made to run at 1800-3600 rpm, whereas the speed of the compressor is about
15,000-20,000 rpm. To match both speeds, the gearbox is used to increase the speed of the
motor. Now, with the use of WBG devices, the motor can be made to run at higher speeds
with the increase of fundamental frequency in kHz. This also enhances the reliability of the
overall system by the removal of the gearbox.

3. High-temperature applications: The maximum junction temperature of power switches
could be 200°C for Si and more than 300°C for SiC and GaN [48]. Therefore, the WBG
devices can operate at higher operating temperatures compared to the Si.

1.4.1 Industrial Prototype Using WBG

The products based on WBG devices are being developed by several companies such as Mit-
subishi Electric, KSB Group, Beckhoff, etc. Mitsubishi Electric designed a drive system for EV
with a SiC inverter for a PM motor. It was found out that the 60 kW system has less than 50%
losses compared to the conventional Si-based system [56]. Another 22 kW synchronous reluc-
tance motor-based high-efficiency system was designed using SiC-based devices [57]. The use
of WBG devices reduces the overall system volume by more than 25% compared to the con-
ventional system design. Similarly, a 22 kW, 1050 V system was designed by John Deere
employing WBG devices for their inverter part [57]. The designed inverter has a power density,
which is almost 20-25% more than that of conventional design. In addition to these drive sys-
tems, a 1.6 MW, 15,000 rpm motor has been driven using a SiC-based inverter for a gas com-
pression, which yields the overall efficiency of 94% without using any gearbox [58]. In 2018, a
650V, 100 A WBG device-based electric drive train system was developed by Tesla [59].

1.4.2 Major Challenges for WBG Devices for Electric Motor Drive
Applications

As the cost of the WBG devices is high compared to the conventional Si-based devices, these
switches must be operated at very high switching frequencies to achieve better utilization with
the higher power density and improved efficiency. These benefits of the WBG-based drive sys-
tem can be an important aspect to eliminate the higher cost. However, at the higher switching
frequency, the additional challenges develop in the system in terms of EMI generation, high
dv/dt, which will affect the performance of the motor insulation and bearings. The high value
of dv/dr will create voltage stresses of higher magnitude in the insulation of the motor. This can
cause premature failure due to partial discharge in the windings. Similarly, the high dv/ds can
cause the flow of bearing current, which will reduce the life span of bearings.

Another important aspect of the WBG device is their packing for high-temperature and
high-voltage operation. For the compact high-voltage WBG-based modules, the consideration
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regarding the parasitic components, terminal connections, and insulation must be taken care of
with higher priorities as these factors affect the performance of the overall system. Similarly,
the design of the overall power module must be optimized in order to reduce the stray induc-
tance between different loops of the circuits. The gate drive design has also a crucial role in
order to improve the performance of the overall system. As the chip area for the WBG devices
is small compared to the Si-based devices, the chance of short-circuiting in WBG-based con-
verter is more. For the optimal control of the WBG devices, the response of the gate driver
circuit should be higher than that of the WBG devices in order to protect them from the
short-circuit situations. The faster response from the gate driver circuit protects the WBG
devices from the thermal breakdown. Other types of protection required for WBG devices
are voltage clamp protection and soft turn-off after a short-circuit fault. With the higher switch-
ing speed and higher dv/dt, the presence of intrinsic capacitances increases the noise. Therefore,
the design of the gate driver circuit should also consider noise immunity. Furthermore, the gate
voltage required for the WBG MOSFET falls in the range of (=5 V to +50 V) compared to the
gate voltage of Si-based MOSFET, which is 10-15V [60-63].

1.5 Organization of the Book

This book consists of nine different chapters dealing with different issues of high-performance
AC drives along with the MATLAB/Simulink models. Chapter 1 discusses the components of
AC drive system and presents an overview of high-performance drives.

The classification of electrical machines and their state-of-the-art control strategies, includ-
ing FOC and DTC, are elaborated on. The persisting challenges for the industrial application of
AC drives are further illustrated in Section 1.3. Section 1.4 is devoted to the overview of appli-
cations of newly developed WBG devices in electro motor drives. This chapter gives an overall
view of high-performance drives.

Chapter 2 discusses the basic modelling procedures of different types of electrical machines.
For the sake of completeness, DC machine modeling is presented in Section 2.2, followed by
the modeling of the squirrel cage induction machine, which is presented based on the space
vector approach. The obtained dynamic model is then converted into a per-unit system for fur-
ther simulation and generalization of this approach. This is followed by the modelling of DFIM
and permanent magnet synchronous machine. The simulation using MATLAB/Simulink is
also presented.

Chapter 3 describes the PWM control of DC-AC converter system. The basic modelling of a
two-level inverter based on the space vector approach is discussed, followed by different PWM
approaches such as carrier-based sinusoidal PWM, harmonic injection schemes, offset addition
methods, selective harmonic elimination PWM, and space vector PWM techniques. This is fol-
lowed by a discussion on multilevel inverter operation and control. Three most popular topol-
ogies (diode clamped, flying capacitor, and cascaded H-bridge) are illustrated. A comparison
between phase-shifted and level-shifted PWM methods is given. A new class of inverter, most
popular in renewable energy application, called the Z-source inverter and its modified form
called the quasi Z-source are discussed in this chapter. The design procedure for the passive
network of impedance source inverter is given. The chapter includes also knowledge of space
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vector modulation and DC-link voltage balancing in three-level neutral point clamped (NPC)
inverters. The discussed techniques are further simulated using MATLAB/Simulink and the
simulation models are presented.

Chapter 4 is dedicated to the FOC or vector control of AC machines, including the squirrel
cage induction machine, the DFIM, and the permanent magnet synchronous machine. For con-
sistency, scalar control (v/f = constant) is also presented. Different types of vector control are
presented along with their simulation models. Wide speed control range from low to high (field
weakening) is elaborated on. The field weakening region is discussed in detail, with the aim of
producing high torque at high speed. Vector control of DFIG with grid interface is also
described, as is the basic rotor flux estimation scheme using the Luenberger observer system.

Principles of DTC for high-performance drives are introduced in Chapter 5. DTC takes a
different look at the induction machine and the associated power electronic converter. First,
it recognizes that, regardless of how the inverter is controlled, it is by default a voltage source
rather than a current source. Next, it dispenses with one of the main characteristics of vector
control, indirect flux, and torque control, by means of two stator current components. In
essence, DTC recognizes that if flux and torque can be controlled indirectly by these two cur-
rent components, then it should not be possible to control flux and torque directly, without
intermediate current control loops. This concept is discussed in Chapter 5. The main features,
advantages, shortcomings, and implementation of DTC are elaborated on. A simulation model
for implementing d DTC is presented.

High-performance drives are a solution intended to embed separately excited DC motor
characteristics into AC machines. This goal has been almost achieved with the inception
of vector control principle. The main disadvantage of vector control methods is the presence
of nonlinearity in the mechanical part of the equation during the change of rotor flux linkage.
Although good results from vector control have been observed, attempts to obtain new con-
trol methods are still being made. Nonlinear control of induction motors is another alternative
to obtain decoupled dynamic control of torque and flux. This method of control to obtain
high-performance drive is presented in Chapter 6. Such a control technique introduces a
novel mathematical model for induction motors, which makes it possible to avoid using
sin/cos transformation of state variables. The model consists of two completely decoupled
subsystems, mechanical and electromagnetic. It has been shown that in such a situation it
is possible to have nonlinear control and decoupling between electromagnetic torque and
the rotor linkage flux. Nonlinear control of induction machine based on the multiscalar model
is discussed. Nonlinear control of a separately excited DC motor is also presented. Nonlinear
control of nonlinear induction machine and permanent magnet synchronous machine is illus-
trated. The discussed techniques are supported by their simulation model using MATLAB/
Simulink.

Chapter 7 is devoted to a five-phase induction motor drive system. The advantages and appli-
cations of a multiphase (more than three phases) system are described. The chapter discusses
the dynamic modelling of a five-phase induction machine, followed by space vector model of a
five-phase voltage source inverter. The PWM control of a five-phase voltage source inverter is
elaborated on. The vector control principle of a five-phase induction motor in conjunction with
the current control in the stationary reference frame and the synchronously rotating reference
frame is presented. Finite-state model predictive control applied to a five-phase voltage source
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inverter for current control is also presented. DTC of a five-phase induction motor is presented.
The simulation models of a five-phase induction motor and five-phase voltage source inverter
are illustrated using MATLAB/Simulink.

Chapter 8 describes the speed sensorless operation of high-performance drive systems.
Speed sensors are the most delicate component of a drive system, which are susceptible to faults
and malfunctioning. A more robust drive system is obtained by replacing the physical speed
sensors with the observer system that computes the speed and uses the information for the
closed-loop control. Several observer systems and their tuning are elaborated on in this chapter.
A model reference adaptive-speed estimator system for a three-phase and a five-phase induc-
tion machine is described along with their simulation model. The sensorless control scheme of a
permanent magnet synchronous machine is also discussed. Model reference adaptive-speed
estimator system for a three-phase PMSM is also illustrated.

Nowadays, electric drives with induction motors and voltage source-type inverters are com-
monly used as adjustable-speed drives in industrial systems. The inverters are built with the
insulated gate bipolar transistors, IGBT, whose dynamic parameters are high, i.e. the on-
and off-switch times are extremely short. Fast switching of power devices causes high dv/dr
at the rising and falling edges of the inverter output waveform. High dv/dr in modern inverters
is the source of numerous disadvantageous effects in the drive systems. The main negative
effects are faster motor bearings degradation, overvoltages on motor terminals, failure or deg-
radation of the motor winding insulation due to partial discharges, an increase of motor losses,
and a higher EMI level. The prevention or limiting of the negative effects of dv/dt is possible if
proper passive or active filers are installed in the drive. Particularly passive filters are preferable
for industrial applications. This issue is described in detail in Chapter 9. The problems due to
the use of passive LC filters at the output of the inverter and their solutions are discussed.

Medium voltage drives have found extensive applications in several industries, such as in the
oil and gas, petrochemical, mining, water/waste, pulp/paper, cement, chemical, power gener-
ation, metal production and processes, traction, and marine drive sectors. To improve power
quality, system response and to reduce operation cost and energy loss, the installed MV drives
should be adjustable-speed drives (ASD). The state of the art and the challenges posed by MVD
are discussed in Chapter 10.

Chapter 11 describes the current source inverter-fed drives. The structure of the current
source inverter based on IGBT transistors is presented in this chapter. The PWM strategy of
the inverter output current is given. Special attention is paid to the control system of induction
machine supplied by current source inverter with open loop as well as direct field control.

Chapter 1 was prepared by Atif Igbal with help from Haitham Abu-Rub. Chapters 2, 4, and 8
were mainly prepared by Haitham Abu-Rub with help from Jaroslaw Guzinski. Chapter 6 was
prepared by Zbigniew Krzeminski and Haitham Abu-Rub. Chapters 3 and 7 are the responsi-
bility of Atif Igbal, whereas Section 3.9 was written by Arkadiusz Lewicki and Section 3.10
was written by Arkadiusz Lewicki and Marcin Morawiec.

Chapter 5 was written by Truc Pham-dinh, and Chapter 9 was written by Jaroslaw Guzinski
with help from Haitham Abu-Rub. Chapter 10 was written by Haitham Abu-Rub, Sertac Bay-
ham, Shaikh Moinoddin, and Mariusz Malinowski. Chapter 11 was written by Marcin Mora-
wiec and Arkadiusz Lewicki. All the chapters were revised by an English expert from the
research team of Haitham Abu-Rub.
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