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Preface

The book describes the concept of advanced control strategies ofACmachine drives alongwith

their complete simulation models using MATLAB/Simulink. Electrical Motors consume the

most energy of the electricity generated worldwide. Thus, there exists a huge scope of saving

energy by devising efficient operation schemes of these electrical machines. One approach

could be the special design of motors with high-energy efficiency. Other approach lies in the

proper control of the machines. The electrical motors employed in various applications run at

fixed speed. However, it is found that by varying the speed of motors depending upon the load

requirements, the efficiency can be improved significantly; thus, the variable speed operation is

extremely important in obtaining highly efficient operations of the machines. As a result, the

speed control of a machine for industrial and household applications is most vital for limiting

greenhouse gas emission and offering an environment-friendly solution. Controlling the

operation of an electrical machine by varying its speed, in literature, is called ‘variable speed

drives’ or ‘adjustable speed drives’.

This book discusses the advanced technology used to obtain variable speed AC drives. This

book also describes the basic modeling procedures of power electronic converters and AC

machines. The mathematical model thus obtained will be used to develop a simulation model

usingMATLAB/Simulink. The PulseWidthModulation (PWM) techniques for voltage source

inverters and their simulation models are described in one chapter. The AC machines that are

taken up for discussion are the most popular squirrel cage induction machine, permanent

magnet synchronous machine, and the double-fed induction machine. The book illustrates

the advance control techniques of electric drives such as ‘field-oriented control’, ‘direct

torque control’, ‘feedback linearization control’, ‘sensorless operation’, and advances in

‘multi-phase (more than three-phase) drives’. A separate chapter is dedicated to a five-phase

motor drive system. The effect of using an output LCfilter at the inverter side on themotor drive

control is elaborated on in another chapter.

These control techniques are in general called ‘high-performance drives’ as they offer

extremely fast and precise dynamic and steady-state response of electric machines. Thus, this

book describes the most important and industrially accepted advanced control technology of

AC machines. The book encompasses these diverse topics in a single volume.

This book features exhaustive simulation models based onMATLAB/Simulink. MATLAB/

Simulink is an integral part of taught courses at undergraduate and postgraduate programs and

is also extensively used in industries. Thus, the simulation models will provide a handy tool to

students, practicing engineers, and researchers to verify the algorithms, techniques, and

models. Once familiar with themodels presented in the book, students and practicing engineers

can develop and verify their own algorithms and techniques.

The book is useful for students studying electric drives/motor control at UG/PG levels.

The prerequisite will be the basic courses of electric machines, power electronics, and



controls. Lecturers can find tutorial materials and Solutions to the problems set out in

the book on the companion website: www.wiley.com/go/aburub_control. The contents

of the book will also be useful to researchers and practicing engineers, as well as

specialists.

xviii Preface



1

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 field. Electric drives is a multi-disciplinary

field of study, requiring proper integration of knowledge of electrical machines, actuators,

power electronic converters, sensors and instrumentation, control hardware and software,

and communication 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) byNikola Tesla in 1888 [2]. Initial research focused onmachine

design with the aim of reducing theweight per unit power and increasing the efficiency of the

motor. Constant efforts by researchers have led to the development of energy efficient

industrial motors with reduced volume machines. The market is saturated with motors

reaching a 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 (Ns ¼ 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 of electric

machines used for specific applications, such as stepper motors, hysteresis motors, permanent

magnet assisted synchronous reluctancemotors, hysteresis-reluctancemotors, universalmotors,

High Performance Control of AC Drives with MATLAB/Simulink Models, First Edition.
Haitham Abu-Rub, Atif Iqbal, and Jaroslaw Guzinski.
� 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



claw pole motors, frictionless active bearing-based motors, linear induction motors, etc.

Activemagnetic bearing systems work on the principle of magnetic levitation and, therefore,

do not requireworking 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

industrial 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 material, 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 ofmotors and the lattermaximizes

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 non-adjustable 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 optimizing efficiency over the whole machine

operation range, enhancing torque at low speed, extending the high speed operating range,

and reducing the likelihood of an excessively high back-EMF being induced at high speed

Figure 1.1 Electric drive system

2 High Performance Control of AC Drives with MATLAB/Simulink Models



during inverter fault conditions. The VFPM 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 fluxmachines 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

converters, 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 ofmachine 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

commonly, 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 induction motor, but the most popular of these is the stator

orientation scheme.

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.

DFIG

Wind Turbine

Grid-end

Converter

Machine-side

Converter

Grid

Supply

Figure 1.2 General view of a DFIG connected to wind system and utility grid
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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 semiconductor 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 (cyclo-converters and

matrix converters) modes. In AC drive systems, inverters are used with two-level output or

multi-level output (particularly 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 conven-

tional two-level inverter has the disadvantages of the poor source side (grid side) power

factor and distorted source current. The situation 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 multi-level inverter system.

In modern motor drives, the transistor-based (IGBT, 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/dt and the common mode

voltage generated by the inverter PWM control results in undesirable bearing currents, shaft

voltages, motor terminal over-voltages, reduced motor efficiency, acoustic noise, and elec-

tromagnetic interference (EMI) problems, which are aggravated by the long length of the cable

between the converter 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 thewhole drive system, especially

when sophisticated speed, sensorless control methods are employed, requiring some estima-

tion and control modifications 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.

However, for practical implementation, the control platform for the electric drive system is

provided with microcontrollers (mCs), digital signal processors (DSPs), and/or field program-

mable gate arrays (FPGAs). These control platforms offer flexibility of control and make

possible the implementation of complex control algorithms, such as field oriented control

(FOC), direct torque control (DTC), non-linear control, and artificial intelligence-based

control. The first microprocessor, the Intel 4004 (US Patent # 3821715), was invented by

Intel engineers Federico Faggin, TedHoff, and StanMazor inNovember 1971 [31]. Since then,

the development of faster andmore capablemicroprocessors andmCs has grown tremendously.

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 produced by Texas Instruments, TMS32010, in 1983 [32], followed by

several DSPs being produced and used for several applications, ranging from motor control
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to multi-media applications 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 serve

by controlling power converters. 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 have logic

blocks with memory elements 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 had 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 micro-

controller (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 systems offer more flexible

control and increased drive efficiency when compared to the fixed speed drive. DC motors

inherently 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, 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

processing 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 auto-

learning 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 information 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 sensorless drives is too vast to list, but 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 in drive automation, there are still a number of
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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 a rapid dynamic response and a good, steady state response. High performance drives are

considered 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 suitable 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 ACmachine drives.

Other alternatives are direct AC-AC converters, such as cyclo-converters and matrix con-

verters. However, these direct AC-AC converters suffer from some serious drawbacks,

including the limited output frequency, as low as one-third in cyclo-converters, 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 converters 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 iswell-known that thevariable speed driveoffers significant energy savings in an industrial

set-up. Thus, by employing variable speed drives in industry, there exists huge scope for energy

saving. The older installations relied on DCmachines for variable speed applications, 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,’ were achieved in more robust

induction machines. Later, it was realized that such control was also possible in synchronous
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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

complex 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 incorporatingmore advanced features for highly

precise and accurate control, such as sensorless operation, and utilization of on-line parameter

adaptations. The effect of parameter variations, magnetic saturation, and stray-load losses on

the behavior of field oriented controlled drives are the subject of research in obtaining robust

sensorless drives.

Theoretical principles of ‘direct torque control’ for high performance driveswere introduced

in the mid- and second half of the 1980s. Compared with FOC which had its origin at the

beginning 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 industry relatively quickly, in only ten years. While FOC predominantly relies on

the mathematical modeling of an induction machine, DTC makes direct use of physical

interactions that take placewithin the integrated systemof themachine and its supply. TheDTC

scheme requires simple signal processing methods, relying entirely on the non-ideal 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 non-linear structure of the AC machines.

The most frequently discussed and used power electronic converter in DTC drives is a voltage

source inverter.

Figure 1.3 Motor control schemes
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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 dispenseswith one of themain 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

current 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 co-ordinate transformation. However,

correct estimations of stator flux and torque is important for the accurate operation of hysteresis

controllers. An accurate mathematical model of an inductionmachine 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;

. absence of co-ordinate 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 invector drives for co-ordinate 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 non-linearity 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 manymanufacturers 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 non-linearity in the

mechanical part of the equation during the changing 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, andmore 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 encom-

passed 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’. Multi-

scalar-based non-linear control or MM control was presented for the first time in 1987 [38,39],

and is discussed in the book. The multi-scalar model-based control relies on the choice of

specific state variables and, thus, the model obtained completely decoupled mechanical and

electromagnetic subsystems. It has been shown that it is possible to have non-linear control and
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decoupling between electromagnetic torque and the square of linear combination of a stator

current vector and the vector of rotor linkage flux.

When amotor is fed by voltage source inverters, andwhen the rotor flux linkagemagnitude is

kept constant, the non-linear control system control is equivalent to the vector control method.

In many other situations, the non-linear control gives more system structure simplicity and

good overall drive response [35,38,39].

The use of variables transformation to obtain non-linear model variables makes the control

strategy easy to perform, because only four state variables have been obtained with a relatively

simple non-linearity 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

system. 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 economical operation of drive systems in which this flux is reduced if the load is decreased.

The use of variables transformation to obtain MMmakes the control strategy easier than the

vector control method, because four variables are obtained within simple non-linearity form.

This makes it possible to use this method in the field-weakening region (high speed applica-

tions) more easily when compared to the vector control methods. Extensive research has been

done on the non-linear control theory of induction machines, leading to a number of suggested

improvements. 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.

Currents and voltage sensors are robust and give sufficiently accuratemeasurements, and so are

adopted for the closed-loop control. The speed sensors aremore 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

typically obtained using ‘observer’ systems. Much research efforts occurred throughout the

1990s to develop robust and precise observer systems. Improvements have been offered by the

development 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 non-linearities. Themethods 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 asymptot-

ically 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 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

category comprises 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

either implemented as open-loop structures, such as the stator model, or as closed-loop

observers. The adaptive flux observer is a combination of the non-linear observer with a speed

adaptation process. This structure is now receiving considerable attention and many new

solutions follow a similar generic approach [41].
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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

(generation) and right-of-way and initial cost (transmission). A five-phase induction motor

drive systemwas first tested for in 1969 [43]. The supply to a five-phase drive systemwasmade

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/parallel combination and eliminating the problem of static and dynamic voltage

sharing. Furthermore, the stress on the power semiconductor switches reduces due to the

reduced dv/dt. The attractive features of multi-phase drive systems means 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

multi-phase drive systems, such as ship propulsion, traction, ‘more electric aircraft’ fuel

pumps, and other safety critical applications. Due to their complex control structure, their

widespread use in 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 multi-phase 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 (0.2–40MWat the voltage

level of 2.3–13.8 kV) are more popular for use in 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 set-up. 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/dt, torsional

vibration, and traveling wave reflections), and power semiconductor switching devices

(e.g. switching 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 challenge to the designer of the controlled electric drive system. The Pulse Width
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Modulation of inverter generates a common mode voltage on the motor side, which poses

another challenge. The rating of the power semiconductor devices is also an important factor to

be consideredwhile designing an electric drive.High-quality voltage and current waveforms at

the converter input and output is essential 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 strategy.

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

maximumpower 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

multi-level 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 multi-level 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 low switching

frequency 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 themaximumvoltage limit of the inverter and themotor in an

electric drive system. Referring to the two-level voltage source inverter and the maximum

conducting current (600A) of available voltage IGBT switches, the obtained maximum

apparent 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 de-rating of the inverter. There is a need 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 usingmachines and converters with a

high phase number (more than three). Drive systems usingmotors 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 quality

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

converters on the load side, which poses a serious problem that needs to be effectively solved.

Uncontrolled diode based rectifiers at the source side of the inverter draw distorted currents

from the grid and cause notches in voltagewaveforms. 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
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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 compen-

sation. Such LC filtersmay exhibit resonance phenomena. The supply system at theMV level

has very low impedance, therefore lightly damped LC resonances may cause undesired

oscillations or over-voltages. 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/dt using just a reactor instead of an LCfilter, 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 common-mode (CM) currents, EMI, shaft voltage, with consequent generation of

bearing currents, and deterioration of the winding insulation of motors and transformers.

Switching losses is 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

portion of total device losses. A reduction of switching frequencies increases the maximum

output power of the power converter. However, the reduction of switching frequencymay 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

causes 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

switching 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 voltagewaveform. Thismay cause failure of themotorwinding insulation

due to partial discharges and high stress. High dv/dt also produces rotor shaft voltages, which

creates current flow into the shaft bearing through the stray coupling capacitors, ultimately

leading to motor bearings failure. This is a common problem in adjustable speed drive systems

in industry.

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 themotor terminals at each

switching transient, if the cable length exceeds a certain limit. The critical cable length for

500V/ms is in the 100-m range, while for 10,000V/ms it is in the 5-m range [45]. The dv/dt also
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causes electromagnetic emission in the cables between the inverter and the motor. Expensive

shielded cables are used to avoid these effects; nevertheless, the electromagnetic emissionmay

affect the operation of nearby sensitive electronic equipment, which is called electromagnetic

interference.

The design of the filters should achieve international standards (e.g. IEEE 519-1999). Filters

also reduce the switching frequency. Thewidely 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

betweenL andCparameters. Such phenomena aremostly observed in over-modulation 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 voltage

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 over-voltages 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 filters 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

systems are generally designed assuming the inverter’s output voltages and currents are equal

to themotor input values. In the case of a discrepancy betweenvoltages 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

control algorithm.

1.4 Organization of the Book

This book is comprised 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 on High Performance Drives.
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The classification of electrical machines and their state-of-the-art control strategies, including

field oriented control and direct torque control, are elaborated on. The persisting challenges for

the industrial application ofACdrives are further illustrated in Section 1.3. This chapter give an

overall view of High Performance Drives.

Chapter 2 discusses the basic modeling 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

further simulation and generalization of this approach. This is followed by the modeling of

double-fed induction machine and permanent magnet synchronous machine. The simulation

using MATLAB/Simulink is also presented.

Chapter 3 describes the Pulse Width Modulation control of DC-AC converter system.

The basic modeling 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 additionmethods, and space vector PWM techniques. This is followed

by discussion on multi-level inverter operation and control. Three most popular topologies

(Diode clamped, Flying capacitor, and Cascaded H-bridge) are illustrated. 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 discussed techniques

are further simulated using MATLAB/Simulink and the simulation models are presented.

Chapter 4 is dedicated to the field oriented control or vector control of AC machines,

including the squirrel cage induction machine, the double-fed induction machine, and the

permanent magnet synchronous machine. For consistency, scalar control (v/f¼ constant) is

also presented. Different types of vector control are presented along with their simulation

models.Wide speed control range from low to high (fieldweakening) is elaborated on. Thefield

weakening region is discussed in detail, with the aim of producing high torque at high speed.

Vector control of DFIGwith 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

current 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 d 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

non-linearity in the mechanical part of the equation during the changing of rotor flux linkage.

Although good results from vector control have been observed, attempts to obtain new control

methods are still being made. Non-linear 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
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mathematical model for induction motors, which makes it possible to avoid using sin/cos

transformation of state variables. Themodel consists of two completely decoupled subsystems,

mechanical and electromagnetic. It has been shown that in such a situation it is possible to have

non-linear control and decoupling between electromagnetic torque and the rotor linkage flux.

Non-linear control of induction machine based on multi-scalar model is discussed. Non-linear

control of a separately excited DC motor is also presented. Non-linear control of non-linear

induction machine and permanent magnet synchronous machine is illustrated. 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

applications of a multi-phase (more than three phases) system are described. The chapter

discusses the dynamic modeling of a five-phase induction machine, followed by space vector

model of a five-phase voltage source inverter. The pulse width modulation 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 inverter for current control is also 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 themost 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

sensorswith the observer system that compute the speed and use 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 induction

machine is described along with their simulation model. Sensorless control scheme of

permanent magnet synchronous machine is also discussed. Model reference adaptive speed

estimator system for a three-phase permanent magnet synchronous motor is also illustrated.

Nowadays, electric drives with induction motors and voltage source type inverters are

commonly 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/dt at

the rising and falling edges of the inverter output waveform. High dv/dt in modern inverters is

the source of numerous disadvantageous effects in the drives systems. The main negative

effects are faster motor bearings degradation, over-voltages on motor terminals, failure or

degradation of the motor winding insulation due to partial discharges, 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 the Chapter 9.

The problems due to use of passive LC filters at the output of the inverter and their solutions

are discussed.

Chapter 1 was prepared by Atif Iqbal with help fromHaithamAbu-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 respon-

sibility of Atif Iqbal. Chapter 5 was written by Truc Pham-dinh and Chapter 9 was written by

Jaroslaw Guzinski with help from Haitham Abu-Rub. All chapters were revised by an English

expert from the research team of Haitham Abu-Rub.
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2

Mathematical and Simulation
Models of AC Machines

2.1 Preliminary Remarks

This chapter describes the basic modeling procedures of power electronic converters and AC

machines. The mathematical model thus obtained will be used to develop simulation models

usingMATLAB/Simulink. The standard approach ofmathematicalmodelingwill be described

in addition to advanced modeling procedures such as the signal flow graph.

The modeling and simulation of AC machines will be presented. DC motors will be briefly

modeled and discussed for educational benefit; those machines are currently rarely used and

analyzed, therefore will not be discussed in depth. The ACmachines that will be discussed are

the most popular three-phase induction machine (squirrel cage and rotor-wound) and three-

phase permanent magnet synchronousmachine.Machinemodeling is a first important step in a

better understanding of the topic. The modeling of these machines will introduce the reader to

the basics for understanding and analyzing the advanced control techniques of electric drives,

such as ‘field oriented control,’ ‘direct torque control,’ ‘feedback linearization control,’

‘predictive control,’ and ‘sensorless operation.’

Themodeling ofmultiphasemachines and IMwith inverter output filterswill be discussed in

later chapters. This also applies to non-linear models of AC machines.

2.2 DC Motors

This section presents the modeling of separately excited and series DC motors, to provide

educational benefits rather than for practical use. The mathematical models AC and DC

machines can be found in [1–5].

High Performance Control of AC Drives with MATLAB/Simulink Models, First Edition.
Haitham Abu-Rub, Atif Iqbal, and Jaroslaw Guzinski.
� 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



2.2.1 Separately Excited DC Motor Control

An equivalent circuit of a separately excited DC motor is shown on Figure 2.1. The armature

side of the motor is modeled using an ideal voltage source (back EMF) and an armature

resistance. The excitation circuit is represented by a field resistor and an inductor. The two

circuits are fed by separate voltage sources.

The mathematical model of the separately excited DC motor can be represented as [1–5]

ua ¼ Ra � ia þ La � dia
dt

þ e ð2:1Þ

uf ¼ Rf � if þ dYf

dt
ð2:2Þ

J � dvr

dt
¼ te � tl ð2:3Þ

where ua, uf, ia, and if are armature voltage, field voltage, armature current, and field current,

respectively; Ra, Rf are armature and field resistances; La is armature inductance; J is machine

inertia; vr is rotor angular speed; cf is field flux; e is electromagnetic force induced in the

armature; and tl is the load torque.

The induced voltage e and motor torque (te) in the motor are given by

e ¼ cE � if �vr ð2:4Þ

te ¼ cM �Yf � ia ð2:5Þ

+

_

+

_

Rf

Lf

Ra ia

e

+

_

if

uauf

Figure 2.1 An equivalent circuit of a separately excited DC motor
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Assuming a linear magnetic path, the flux is

Yf ¼ Lf � if ð2:6Þ

Using the above equations, the mathematical model presented as differential equations of state

is described as

dia

dt
¼ 1

La
� ua � Ra

La
� ia � ce � if �vr

La
ð2:7Þ

dif

dt
¼ uf � Rf � if

Lf
ð2:8Þ

dvr

dt
¼ 1

J
cM � Lf � if � ia � tl
� � ð2:9Þ

Let us now assume the next nominal values:

Tm ¼ J �vrn

tn
ð2:10Þ

Ta ¼ La

Ra

ð2:11Þ

Tf ¼ Lf

Rf

ð2:12Þ

K1 ¼ una

ina
� 1

Ra

ð2:13Þ

K2 ¼ unf

inf
� 1

Rf

ð2:14Þ

K3 ¼ En

in �Ra

ð2:15Þ

where una, unf, ina, and inf are rated values of armature voltage, field voltage, armature current,

and field current, respectively; tn is the rated torque;vrn is the rated speed; and the rated induced

voltage is

En ¼ cE � inf �vrn ð2:16Þ

This voltage can be also presented as

En ¼ una � Ra � ina ð2:17Þ
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The per unit model of the motor is

dia

dt
¼ K1 � 1

Ta
� ua � 1

Ta
� ia � Ka � if �vr

Ta
ð2:18Þ

dif

dt
¼ K2 � uf

Tf
� if

Tf
ð2:19Þ

dvr

dt
¼ 1

Tm
if � ia � tl
� � ð2:20Þ

The Simulink sub-blocks of the motor model are shown in Figures 2.2–2.4.

2.2.2 Series DC Motor Control

An equivalent circuit of a series DC motor is shown in Figure 2.5. The armature side of the

motor is connected in series with the field side.

Figure 2.2 Model of an armature current loop

OmegaR

1Product

Integrator

1
s

1/Tm

1/Tm
If

3

m0

2

Ia

1

OmegaR

Figure 2.3 Model of a rotor speed loop
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The mathematical model of a series DC motor is

di

dt
¼ 1

L
us � ia �R� eð Þ ð2:21Þ

dvr

dt
¼ 1

J
te � tl � ttð Þ ð2:22Þ

where us is the voltage source; ia is the armature current; tl is load torque; and J is themoment of

inertia. The electromagnetic torque te is

te ¼ c � i2 ð2:23Þ
where c is the motor constant and the tt friction torque is

tt ¼ B �vr ð2:24Þ
The back EMF is

e ¼ c � i �vr ð2:25Þ

Figure 2.4 Model of a field current loop

ia

e
+
–

–

Ra Rs Ls iL

us

+

Figure 2.5 An equivalent circuit of a series DC motor
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The resistance R is

R ¼ Rf þ Ra ð2:26Þ

The inductance L is

L ¼ Lf þ La ð2:27Þ

The DC series motor model, consisting of an armature current subsystem and a rotor speed

subsystem, is shown in Figures 2.6 and 2.7.

Figure 2.6 Armature current loop model

OmegaR

1

c

c

Product

Integrator

1
s

B

B

1/J

1/J

m0

2

Ia

1

OmegaR

Figure 2.7 Rotor speed loop model
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2.3 Squirrel Cage Induction Motor

2.3.1 Space Vector Representation

A three-phase AC machine may be described using the space vector method [1–9], as was

shown by Kovacs and Racz [6]. For this reason, the ACmotor variablesKAðtÞ;KBðtÞ;KCðtÞ for
a symmetrical machine fulfill the condition:

KAðtÞ þ KBðtÞ þ KCðtÞ ¼ 0 ð2:28Þ

The summation of these variables gives the space vector:

K ¼ 2

3
KAðtÞ þ aKBðtÞ þ a2KCðtÞ
� � ð2:29Þ

where a ¼ e j
2
3
p and a2 ¼ e j

4
3
p

Figure 2.8 shows the stator current complex space vector.

The space vector K may represent the motor variables (e.g. current, voltage, and flux).

The vector control principle on AC machines takes advantages of transforming the variables

from the physical three-phase ABC system to a stationary frame ab, or rotating frame

dq [3,6].

Let us analyze, as an example, the stator sinusoidal currents iSA; iSB; iSC½ � transformation. The

first transformation can be done to a stationary frame ab (Clark transformation), and then to a

rotating frame dq (Park transformation) [1–9].

A

B

C

K

aKB

a2KC

KA

Figure 2.8 Space vector representation for three-phase variables
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2.3.2 Clarke Transformation (ABC to ab)

The sinusoidal three-phase variables can be represented as a space vector expressed on a two

orthogonal axis (ab), as shown in Figure 2.9.

The stator current as a vector is described by the complex form:

�is ¼ isa þ jisb ð2:30Þ

where

isa ¼ Re

2

3
isA þ aisB þ a2isC
� �� �

ð2:31Þ

isb ¼ Im
2

3
isA þ aisB þ a2isC
� �� �

ð2:32Þ

then

isa ¼ isA ð2:33Þ

isb ¼ 1ffiffiffi
3

p isA þ 2isBð Þ ð2:34Þ

B

C

isα

isβ

β

is

α, Α

Figure 2.9 Stator current vector ab components
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This is equivalent to

isa

isb

" #
¼

1 0 0

1ffiffiffi
3

p 2ffiffiffi
3

p 0

2
64

3
75

isA

isB

isC

2
64

3
75 ð2:35Þ

The inverse Clarke transformation from ab to ABC is

isA

isB

isC

2
64

3
75 ¼

1 0

� 1

2
�

ffiffiffi
3

p

2

� 1

2

ffiffiffi
3

p

2

2
66666664

3
77777775

isa

isb

" #
ð2:36Þ

The above transformation does not take into account zero components and it concedes

maintaining variable vector length. It is also possible to have a transformation that maintains

system power.

The matrix of variables transformation from the three-phase system ABC to the stationary

ab0 system with retaining vector length is

AW ¼

1

3

1

3

1

3

2

3
� 1

3
� 1

3

0
1ffiffiffi
3

p � 1ffiffiffi
3

p

2
666666664

3
777777775

ð2:37Þ

where subscript W denotes transformation with retaining vector length.

The matrix of variables transformation from ab0 to ABC with retaining vector length is

A�1
W ¼

1 1 0

1 � 1

2

ffiffiffi
3

p

2

1 � 1

2
�

ffiffiffi
3

p

2

2
66666664

3
77777775

ð2:38Þ

Thematrix of variables transformation from the three-phase systemABC to the stationaryab0
system with retaining system power is
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AP ¼

1ffiffiffi
3

p 1ffiffiffi
3

p 1ffiffiffi
3

p
ffiffiffi
2

pffiffiffi
3

p � 1ffiffiffi
6

p � 1ffiffiffi
6

p

0
1ffiffiffi
2

p � 1ffiffiffi
2

p

2
6666666664

3
7777777775

ð2:39Þ

where AP denotes transformation with retaining system power.

The matrix of variables transformation from ab0 to ABC with retaining system power is

A�1
P ¼

1ffiffiffi
3

p
ffiffiffi
2

pffiffiffi
3

p 0

1ffiffiffi
3

p � 1ffiffiffi
6

p
ffiffiffi
2

p

2

1ffiffiffi
3

p � 1ffiffiffi
6

p �
ffiffiffi
2

p

2

2
66666666664

3
77777777775

ð2:40Þ

Variables transformation from one reference frame to another is done according to the

procedures:

. For transformation with retaining vector length:

x0

xa

xb

2
64

3
75 ¼ AW

xA

xB

xC

2
64

3
75 ð2:41Þ

xA

xB

xC

2
64

3
75 ¼ A�1

W

x0

xa

xb

2
64

3
75 ð2:42Þ

. For transformation with retaining system power:

x0

xa

xb

2
64

3
75 ¼ AP

xA

xB

xC

2
64

3
75 ð2:43Þ
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xA

xB

xC

2
64

3
75 ¼ A�1

P

x0

xa

xb

2
64

3
75 ð2:44Þ

where x denotes arbitrary variable in specific reference system.

2.3.3 Park Transformation (ab to dq)

This transformation aims to project the two phase components ab in stationary frame to the dq
rotating reference frame rotating with angular speed vk� If we consider the d-axis aligned with
the rotor flux in axis d, then we speak about rotor flux oriented system. As an example, stator

current space vector and its component in (a,b) and in the (d,q) are shown in Figure 2.10.

The current vector in dq frame is

�is ¼ isd þ jisq ð2:45Þ

which is equivalent to

�is ¼ isa cosðgsÞ þ isb sinðgsÞ
� �þ j isb cosðgsÞ � isa sinðgsÞ

� � ð2:46Þ

Following this:

�is ¼
isd

isq

" #
¼ cosðgsÞ sinðgsÞ

�sinðgsÞ cosðgsÞ

" #
isa

isb

" #
ð2:47Þ

d

q

is

isα

isβ

isd

isq

β

Ψr

γs

α, A

Figure 2.10 Stator current space vector and its component in (a,b) and in the (d q) rotating reference

frame
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The inverse Park transformation is

�is ¼
isa*

isb*

" #
¼ cosðgsÞ �sinðgsÞ

sinðgsÞ cosðgsÞ

" #
isd*

isq*

" #
ð2:48Þ

The transformation may be applied to all space vectors (e.g. stator voltage, rotor flux, etc.).

2.3.4 Per Unit Model of Induction Motor

A per-phase equivalent circuit of an induction motor is shown in Figure 2.11. It consists of

stator side resistance and leakage inductance, mutual inductance, rotor side resistance,

inductance, and induced voltage.

The inductionmotor in arbitrary reference frameK can be presented per unit rotating angular

speed vk as

usk ¼ Rskisk þ dcsk

dt
þ jvkcsk ð2:49Þ

urk ¼ Rrkirk þ dcrk

dt
þ j vk � vrð Þcsk ð2:50Þ

csk ¼ Lsisk þ Lmirk ð2:51Þ

crk ¼ Lrirk þ Lmisk ð2:52Þ
dvr

dt
¼ 1

TM
Im csk*iskð Þ � tl½ � ð2:53Þ

where TMis the mechanical time constant; where us; is; ir;cs;crare voltage, current, and flux

(stator and rotor) vectors;Rs;Rr are stator and rotor resistances;vr is rotor angular speed;va an

angular speed of reference frame; J a moment of inertia; and tl is load torque.

RrRs lσ s
lσ r

jωr ψrLmus

im
is ir

Figure 2.11 Per-phase equivalent circuit of induction motor
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The currents relations are:

is ¼ 1

Ls
Ys � Lm

Ls
ir; ð2:54Þ

ir ¼ 1

Lr
Yr � Lm

Lr
is; ð2:55Þ

The inductionmotor (IM)model presented per unit in the rotating framewith arbitrary speed

is given by [10,21]

disx

dt
¼ RsL

2
r þ RrL

2
m

Lrws
isx þ RrLm

Lrws
crx þ vk � isy þ vr

Lm

ws
cry þ

Lr

ws
usx ð2:56Þ

disy

dt
¼ RsL

2
r þ RrL

2
m

Lrws
isy þ RrLm

Lrws
cry � vk � isx � vr

Lm

ws
crx þ

Lr

ws
usy ð2:57Þ

dcrx

dt
¼ �Rr

Lr
crx þ vrcry þ

RrLm

Lr
isx ð2:58Þ

dcry

dt
¼ �Rr

Lr
cry þ vrcrx þ

RrLm

Lr
isy ð2:59Þ

dvr

dt
¼ Lm

JLr
crxisy � cryisx
� �� 1

J
to ð2:60Þ

Here, us; is; ir;cs;cr are voltage, current, and flux (stator and rotor) vectors;Rs;Rr are stator and

rotor resistances;vr is rotor angular speed;vk is angular speed of reference frame; J is moment

of inertia; and t0 is load torque.

The mathematical model of IM as differential equations of state variables presented in (ab)
stationary reference frame and (vk ¼ 0) is [10]

disa

dt
¼ a1 � isa þ a2 �Yra þ vr � a3 �Yrb þ a4 � usa ð2:61Þ

disb

dt
¼ a1 � isb þ a2 �Yrb � vr � a3 �Yra þ a4 � usb ð2:62Þ

dYra

dt
¼ a5 �Yra þ ð�vrÞ �Yrb þ a6 � isa ð2:63Þ

dYrb

dt
¼ a5 �Yrb þ ð�vaÞ �Yra þ a6 � isb ð2:64Þ

dvr

dt
¼ Lm

LrJ
craisb � crbisa
� �� 1

J
to ð2:65Þ
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where:

a1 ¼ �RsL
2
r þ RrL

2
m

Lrw
ð2:66Þ

a2 ¼ RrLm

Lrw
ð2:67Þ

a3 ¼ Lm

w
ð2:68Þ

a4 ¼ Lr

w
ð2:69Þ

a5 ¼ �Rr

Lr
ð2:70Þ

a6 ¼ Rr

Lm

Lr
ð2:71Þ

w ¼ sLrLs ¼ LrLs � L2m ð2:72Þ

s ¼ 1� L2m
LrLs

ð2:73Þ

The above equations are modeled in Figure 2.12.

2.3.5 Double Fed Induction Generator (DFIG)

The mathematical model of DFIG is similar to the squirrel cage induction machine, the only

difference being that the rotor voltage is not zero [10–15]. The equations representing the

DFIG [10–15] are

~vs ¼ Rs
~is þ d~cs

dt
þ jvs

~cs ð2:74Þ

~vr ¼ Rr
~ir þ d~cr

dt
þ j vs � vrð Þ~cr ð2:75Þ

~cs ¼ Ls~is þ Lm~ir ð2:76Þ

~cr ¼ Lr~ir þ Lm~is ð2:77Þ

where vr and vs are rotor and stator voltages;cr andcs are rotor and stator fluxes;Rr,Rs , Lr, and

Ls are rotor and stator resistances and inductances;Lm representsmutual inductance; andvr and

vs are rotor and synchronous angular speeds.
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In the rotating dq reference frame, the machine model is

vds ¼ Rsids � vscqs þ
dcds

dt
ð2:78Þ

vqs ¼ Rsiqs � vscds þ
dcqs

dt
ð2:79Þ

vdr ¼ Rridr � vs � vrð Þcqr þ
dcdr

dt
ð2:80Þ

vqr ¼ Rriqr þ vs � vrð Þcdr þ
dcqr

dt
ð2:81Þ

cds ¼ Lsids þ Lmidr ð2:82Þ

wr

5

epsiry
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epsi rx
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2

isx

1

ux

ux

ux

ux

ux

Int5

1
s

Int4

1
s

Int3

1
s

Int2

1
s

Int1

1
s

(4)

a5*u[1]+u[2]*u[3]+a6*u[4]

(3)

a5*u[1]-u[2]*u[3]+a6*u[4]

(1)

a1*u[1]+a2*u[2]+a3*u[3]*u[4]+a4*u[5]

 (5)

(Lm/(Lr*J))*(u[1]*u[2]-u[3]*u[4])-(u[5]/J)

 (2)

a1*u[1]+a2*u[2]-a3*u[3]*u[4]+a4*u[5]

Tor

3

usy

2

usx

1

Figure 2.12 Induction motor model
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cqs ¼ Lsiqs þ Lmiqr ð2:83Þ

cdr ¼ Lridr þ Lmids ð2:84Þ

cqr ¼ Lriqr þ Lmiqs ð2:85Þ

The produced torque is

Te ¼ 3

2
p cdriqs � cqrids
� � ¼ 3

2
pLm idriqs � iqrids

� � ð2:86Þ

and the mechanical part of the model is

dvm

dt
¼ p

J
Te � TLð Þ ð2:87Þ

The base values of the machine used to derive the above per unit model are shown in

Table 2.1.

The ab (xy) per unit model of DFIG, connected with the grid, is described by following

deferential equations of state variables (stator flux components and rotor current referred to the

rotor side) as

dfsx

dt
¼ a11fsx þ a12usxirx ð2:88Þ

dfsy

dt
¼ a11fsy þ a12usyiry ð2:89Þ

Table 2.1 Base values of DFIG

Base Values

Voltage Vb ¼ Vn

Power Sb ¼ Sn

Current Ib ¼ Sbffiffiffi
3

p
Vb

Impedance Zb ¼ V2
b

Sn
Speed vb ¼ 2pfn

Torque Tb ¼ Sb
vb=p

Flux cb ¼
Vb

vb

Torque Tb ¼ Sb
v3
b
=p
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dirxR

dt
¼ a21irxR þ a22fsxR � a23vrfsyR þ b21urx � b22usxR ð2:90Þ

diryR

dt
¼ a21iryR þ a22fsyR � a23vrfsxR þ b21ury � b22usyR ð2:91Þ

dgfir

dt
¼ vr ð2:92Þ

dgksi

dt
¼ vs � vr ð2:93Þ

The system constants a; b are defined as

a11 ¼ �Rs

Ls
; a12 ¼ RsLm

Ls
ð2:94Þ

a21 ¼ � L2sRr þ L2mRs

� �
Ls LsLr � L2m
� � ; a22 ¼ � LmRs

Ls LsLr � L2m
� � ; a23 ¼ � Lm

LsLr � L2m
ð2:95Þ

b21 ¼ � Ls

LsLr � L2m
; b22 ¼ � Lm

LsLr � L2m
ð2:96Þ

In these formulas, us; is are stator voltage and current vectors;Rs; Ls are stator resistances and
inductances; and vr;vsare rotor and stator angular speed. The angle gfir is in the rotor angular
position (fir inMATLAB/Simulink) andgksi is the angle between stator flux and rotor speed (ksi
in MATLAB/Simulink). The above equations are modeled using MATLAB/Simulink, as

shown in Figure 2.13.

2.4 Mathematical Model of Permanent Magnet SynchronousMotor

The mathematical model of PMSM per unit in an arbitrary reference frame rotating with vk

is [16–20,22,23]

~us ¼ Rs
~is þ d~cs

dt
þ jvk

~cs; ð2:97Þ

~cs ¼ Ls~is þ~cf ; ð2:98Þ

dvr

dt
¼ 1

J
ðte � tlÞ; ð2:99Þ

du

dt
¼ vr; ð2:100Þ
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where vr is the rotor angular speed; u is the position of the rotor angle; and cf is the permanent

magnet flux.

2.4.1 Motor Model in dq Rotating Frame

It is convenient to design the control scheme and represent the motor model in a dq frame

rotating with rotor speed. The variables transformation from/to the stationary frame (ab) to/
from the rotating one (dq) is realized according to space vector theory, using the equations

presented earlier in this chapter.

The schematic of the PMSM for the dq-axis is represented in Figure 2.14.

In the PMSM, the main magnetic field is produced by permanent magnets. Those magnets

are placed on the rotor. The result flux is constant in time, assuming that stator current has no

effect (no armature reaction). In reality the stator current produces its own magnetic field

affecting the original, which is called the armature reaction. The net stator flux is the

summation of the two fluxes (Figure 2.15) as [20]
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4

irxR

3

fsy

2

fsx

1

d/dt iryR

a21*u[1] + a22*u[2] + a23*u[3]*u[4] + b21*u[5] - b22*u[6]

d/dt irxR

a21*u[1] + a22*u[2] - a23*u[3]*u[4] + b21*u[5] - b22*u[6]

d/dt fsy

a11*u[1] + a12*u[2] + u[3]

d/dt fsx
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Figure 2.13 DFIG model in a-b-axis
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Yd ¼ Yad þYf ¼ Ldid þYf ; ð2:101Þ

Yq ¼ Yaq ¼ Lqiq: ð2:102Þ

where stator leakage fluxes are

Yad ¼ Ldid ð2:103Þ

Rsisd

usd

Ld

Rsisq

usq

Lq

ed = −Lqωr isq

ed = Ldωr isd +ωrΨf

Figure 2.14 Schematics of the PMSM in dq frame
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Figure 2.15 Phasor diagram of stator flux and stator current
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Yaq ¼ Lqiq ð2:104Þ

From Figure 2.15 it is evident that the distortion of the magnetic field depends on the stator

current position and magnitude. At no load condition, the armature reaction is assumed to be

zero because of negligible amounts of stator current.

Back EMF (e) induced in the motor coils can be presented on the dq-axis as

ed ¼ �Lqvriq ð2:105Þ

eq ¼ Ldvrid þ vrcf ð2:106Þ

The produced torque of the machine can be presented as a function of the back EMF in the ab
reference frame as

te ¼
eaia þ ebib
� �

vr

ð2:107Þ

The maximum rotor speed can be identified from the relationship:

vmax ¼ Es max

Ys

ð2:108Þ

where Es max is the maximum induced phase voltage in the machine and vmax is the maximum

motor speed for the rated flux. Higher speed can be obtained by weakening the flux.

Therefore, for a motor with Es max ¼ 248V and vmax ¼ 209.4 rad/sec, the flux is

Ys ¼ ES max

vmax

¼ 248

209:4
¼ 1:18 Wb½ �

2.4.2 Example of Motor Parameters for Simulation

Motor parameters are presented in Tables 2.2 and 2.3 for rated values and in per unit [17,18].

2.4.3 PMSM Model in Per Unit System

Mathematical models of the PMSM can be presented as differential equations of state

variables. This can be presented either on the dq-axis, which is the preferred solution, or in

a stationary frame. The motor model in the dq-axis rotating with rotor speed is [18,22]

did

dt
¼ � Rs

Ld
id þ Lq

Ld
vriq þ 1

Ld
ud ð2:109Þ
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diq

dt
¼ �Rs

Lq
iq � Ld

Lq
vrid � 1

Lq
vrcf þ

1

Lq
uq ð2:110Þ

dvr

dt
¼ 1

TM
cf iq þ Ld � Lq

� �
id iq � tl

� � ð2:111Þ

dur
dt

¼ vr ð2:112Þ

where us; is are stator voltage and current vectors; Rs is stator resistances; Rs;Rq; Ld ; Lq
are rotor resistances and inductances when referring to d and q axes; vr is rotor angular

speed; J is moment of inertia; tl is the load torque and TM is the mechanical time

constant.

The above equations are modeled in MATLAB/Simulink, as shown in Figure 2.16.

Table 2.2 Base values for PMSM motor model

Variable Value Unit Description

Ub 429.5 [V] voltage

Ib 467.7 [A] current

Zb 0.918518519 [Ohm] impedance

Wmb 868.7 [rad/s] mechanical speed

Yb 0.514020925 [Wb] flux

Lb 0.001099149 [H] inductance

Tb 961.5 [Nm] torque

W0 835.7 [rad/s] electrical pulsation

Jb 0.001324577 [kg�m^2] inertia

Table 2.3 Motor parameters in per unit system [21]:

Parameter Value Unit Description

Rs 0.021774 [p.u.] for 20[C]

Rs 0.032988 [p.u.] for 150[C]

lf 0.24564 [p.u.]

Lad¼Lm 0.61866 [p.u.]

Ld 0.86431 [p.u.]

Lq 0.864305343 [p.u.]

ce 2.304 [p.u.]

J 189 [p.u.] For the motor only

Tn 0.65 [p.u.] Rated torque
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The parameters of the interior type PMSM to be simulated are

Rs¼ 0.032988;

Ld¼ 0.86431;

Lq¼ 0.86431;

cf¼ fe¼ 2.3036;

J¼ 0.00529. Rated speed is 2000 rpm.

2.4.4 PMSM Model in a–b (x–y)-Axis

The Permanent Magnet Synchronous Machine (PMSM) model presented in per unit a-b
reference frame is given by [23]

disx

dt
¼ 1

Ld
vrfsy þ usx � Rsisxð Þ 1

Ld
cos2uþ 1

Lq
sin2u

	 

þ 0:5 usy � Rsisy

� �
sin2u

1

Ld
� 1

Lq

	 

ð2:113Þ

Figure 2.16 Simulink model of interior PMSM
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disy

dt
¼ 1

Ld
vrfsx þ usy � Rsisy

� � 1

Ld
sin2uþ 1

Lq
cos2u

	 

þ 0:5 usx � Rsisxð Þsin2u 1

Ld
� 1

Lq

	 

ð2:114Þ

dvr

dt
¼ J fsxisy � fsyisx � tl

� � ð2:115Þ

du

dt
¼ vr ð2:116Þ

where

fsx ¼ Ld

Lq
Ff cosu� 1� Ld

Lq

	 

L0 isx cos 2uþ isy sin a2u
� �þ L2isx ð2:117Þ

fsy ¼
Ld

Lq
Ff sin u� 1� Ld

Lq

	 

L0 isy cos 2uþ isx sin a2u
� �þ L2isy ð2:118Þ

L0 ¼ Ld þ Lq

2
and L2 ¼ Ld � Lq

2
ð2:119Þ

where, us; is are stator voltage and current vectors; Rs is stator resistances, which are rotor

inductances when referred to on the d and q axes;vr is rotor angular speed; J is the moment of

inertia; and tl is the load torque. The above equations are modeled in Figure 2.17.

Figure 2.17 PMSM model in a-b-axis
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2.5 Problems

Design the models for IM, DFIG, and PMSM, by working with sinusoidal input signals.
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3

Pulse Width Modulation of Power
Electronic DC-AC Converter

3.1 Preliminary Remarks

The Pulse Width Modulation (PWM) technique is applied in the inverter (DC/AC converter)

to output an AC waveform with variable voltage and variable frequency for use in mostly

variable speed motor drives. The input to the inverter is DC, obtained from either a controlled

or uncontrolled rectifier. Hence, an inverter is a two-stage power converter that transforms

first the grid AC to DC and then DC to AC. PWM and the control of the Power Electronic DC-

AC converter has attracted much attention in the last three decades. Research is still active in

this area and several schemes have been suggested in the literature [1–6]. The basic idea is to

modulate the duration of the pulses or duty ratio in order to achieve controlled voltage/

current/power and frequency, satisfying the criteria of equal area. The implementation of the

complex PWM algorithms have been made easier due to the advent of fast digital signal

processors, microcontrollers, and Field Programmable Gate Arrays (FPGA). The PWM is the

basic energy processing technique used in Power Electronic converters initially implemented

with the analog technology using discrete electronic components. Nowadays, they are

digitally implemented through modern signal processing devices. This chapter gives an

overview of the PWM techniques based on the most basic and classical sinusoidal carrier-

based scheme to modern space vector PWM (SVPWM). The literature shows an implicit

relationship between the sinusoidal carrier-based PWM (SPWM) and SVPWM technique.

A section is devoted to understanding the underlying relationship between these two

techniques. The linear modulation range is mostly covered by PWM techniques and a

special section is devoted to over-modulation methods (Section 3.4.8). The analytical

approach is validated using a MATLAB/Simulink based simulation. An artificial neural

network offers a good non-linear mapping tool used to produce PWM for a three-phase

voltage source inverter and elaborated on in Section 3.4.11. A comprehensive relationship

between the SVPWM and SPWM is discussed in Section 3.5. For medium voltage high power

High Performance Control of AC Drives with MATLAB/Simulink Models, First Edition.
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applications, multi-level inverters are employed. Basic topologies and PWM for multi-level

inverters are discussed in Section 3.6. Special inverters based on an impedance source to

incorporate the boost function, called Z-source and quasi Z-source inverters, are described in

Section 3.7. The effect of using dead time between the switching on and off of one inverter leg

is presented in Section 3.9, and the summary is given in Section 3.10.

3.2 Classification of PWM Schemes for Voltage Source Inverters

Different types of PWM techniques are available in the literature, but the most basic PWM is

the SPWM. The high frequency carrier-wave is compared with the sinusoidal modulating

signals to generate the appropriate gating signals for the inverters. The other PWM

techniques are evolved from this basic PWM technique. SVPWM, although appearing

different to the SPWM, has a strong implicit relationship with SPWM [1–5]. The gating time

of each power switch is directly calculated from the analytical time equations in SVPWM[6].

The power switches are then switched according to the predefined switching patterns. The

achievable output in the case of SVPWM is higher when compared to the SPWM. The main

aim of the modulation techniques is to attain the maximum voltage with the lowest Total

Harmonic Distortion (THD) in the output voltages. The PWM techniques can be broadly

classified as:

. Continuous PWM;

. Discontinuous PMW.

In discontinuous PWM techniques, the power switches are not switched at regular intervals.

Some of the switches do not change states in a sampling period. This technique is employed to

reduce the switching losses. The SVPWM method is modified to achieve discontinuous

switching. A detailed discussion is provided in Section 3.4.6.

3.3 Pulse Width Modulated Inverters

This section elaborates on some basic inverter circuit topologies. The square wave and PWM

operation are described along with the harmonic spectrum of the output voltages.

3.3.1 Single-Phase Half-bridge Inverters

The power circuit topology of a single-phase half-bridge voltage source inverter is shown in

Figure 3.1. As shown in Figure 3.1a, the inverter consists of two power semiconductor

switching devices. Each switch is composed of a transistor (BJT, MOSFET, IGBTs, etc.)

and a freewheeling diode that provides an alternating path for the current. In this circuit

topology, either S1 is on or S1’ is on. The freewheeling diodes conduct when the load is

inductive and a sudden change in the output voltage polarity does not change the direction

of the current simultaneously. Indeed, for resistive loads, the diodes do not operate.

When switching device S1 is conducting, the input voltage 0.5Vdc appears across the

46 High Performance Control of AC Drives with MATLAB/Simulink Models



load. On the other hand, when transistors S1 is turned on, the voltage across the load is

reversed and is ð�0:5VdcÞ. The switching states, the path of current flow, and the output

voltage polarity are illustrated in Figure 3.2 and switching signals along with the output

voltage waveform are depicted in Figure 3.3. The operation of the inverter can be well

understood from Figures 3.2 and 3.3. The output fundamental frequency of the inverter can

be varied by altering the switching period and the voltage can be changed by changing the

value of the DC link voltage.

vao

S1

S' 1 Da2

Da1

2

dcV

2

dcV

Load AV

Figure 3.1 Power Circuit of a half-wave bridge inverter

Figure 3.2 Switching states in half-bridge inverter: (a) and (c) ia o > 0; (b) and (d) iao < 0
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The output voltage is a square wave, as shown in Figure 3.3, and the Fourier analysis gives

vao tð Þ ¼
X1
n¼1

4

np
0:5Vdcð Þsin n vtð Þ ð3:1Þ

where v ¼ 2pf ¼ 2p=T ; T is the output period and f is the output fundamental frequency.

The fundamental component of vao is obtained as vao1 ¼ 4
p 0:5Vdcð Þsin vtð Þ; the peak value of

the fundamental is Vao ¼ 4
p 0:5Vdcð Þ; and the rms value is Vao;rms ¼ 4

p
ffiffi
2

p 0:5Vdcð Þ. A graphical

view of the harmonic content in the output phase voltage is shown in Figure 3.4. The figure

shows that the output contains a considerable amount of low-order harmonics such as 3rd, 5th,

7th, etc. and the magnitude of the harmonics varies as the inverse of its order.
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Figure 3.3 Switching signal and the output voltage and current in a half-bridge inverter
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Figure 3.4 A typical harmonic spectrum of output voltage in a half-bridge inverter
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An SPWM scheme is implemented in this inverter topology by comparing a sinusoidally/

cosinusoidally varying control/modulating voltage vm tð Þwith amplitudeVm and frequency fm
(the frequency of the modulating signal is low corresponding to the motor speed, if motor

load is assumed)with a high frequency carrier signal. The carrier frequency is fc and the shape

of the carrier wave is triangular in most applications. If a triangular shape of the carrier wave

is chosen, it is called a double-edge modulation. A simpler shape is a saw tooth carrier and

the modulation using this type of carrier is called a single-edge modulation. Other shapes

of the carrier wave, such as the inverted rectified sine wave, are also reported in the

literature [6,7]. Nevertheless, the triangular carrier is the most popular, as it offers good

harmonic performance.

The ratio of the amplitude of the carrier signal and the control signal is called ‘amplitude

modulation ratio’ or ‘modulation index’:

m ¼ vmj j
vcj j ¼

Vm

Vc

ð3:2Þ

When the modulating signal is less than equal to the carrier signal, it is called the ‘linear

modulation region.’ When the amplitude of the modulating signal becomes more than the

carrier signal, it is called the ‘pulse droppingmode’ or the ‘over modulation region’. The name

is given because some of the edges of the modulating signal will not intersect with the carrier.

The modulating signal is then modified accordingly. The output voltage increases or the

modulation range increases, but low-order harmonics are introduced. Details on over-mod-

ulation are discussed separately in Section 3.4.8. The discussion here is limited to linear

modulation region. Another parameter defined by the SPWM is called the ‘frequency

modulation ratio,’ and is given as

mf ¼ fc

fm
ð3:3Þ

This is also an important parameter that decides the harmonic performance of the output

voltage. The choice of this ratio is discussed later in this chapter.

The inverter leg switching frequency is equal to the frequency of the triangular carrier signal

and the switching period is Tc ¼ 1
fc
.

The gating signals/switching signals are generated at the instant of intersection of the carrier

signal and control or modulating signal. If the control or modulating signal amplitude Vm is

more than the carrier signal amplitude Vcð Þ, the upper switch S1 is On and vao ¼ Vdc

2
.

If the control or modulating signal amplitude Vmð Þ is less than the carrier signal amplitude

Vcð Þ, the lower switch S1’ is On and vao ¼ � Vdc

2
.

With this type of switching of the inverter leg, the output voltage varies between Vdc=2 and
�Vdc=2, as shown in Figure 3.5 and is called the bipolar PWM. The name ‘bipolar’ is given

since the output leg voltage has both positive and negative values. The value of the average leg

voltage VAO during a switching period Tc can be determined from Figure 3.6, which shows one

period of the triangular waveform. During an inverter switching period Tc, the amplitude of

the modulating signal can be assumed to be nearly constant, as the switching frequency of the

triangular carrier wave is high compared to modulating signal. The duration of S1 being On is

Pulse Width Modulation of Power Electronic DC-AC Converter 49



denoted by d1 and the On period of S1’ is denoted by d
0
1. By using equivalence of triangles, the

following relation can be written:

d01=2
Tc=2

¼ Vc þVm

Vc þVc

d01 ¼ Tc
Vc þVm

2Vc

0
@

1
A ð3:4Þ

and; d1 ¼ Tc � d01 ¼ Tc 1� Vc þVm

2Vc

� �� �
ð3:5Þ

Figure 3.5 Bipolar PWM of single inverter leg
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Figure 3.6 One switching cycle in SPWM
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To determine the average output voltage during one switching period, the equal volt-second

principle (the product of voltage and time should be equal for the two switches and the average

output) is applied:

d1
Vdc

2
� d01

Vdc

2
¼ TcVAo ð3:6Þ

VAo ¼ 1

Tc

Vdc

2
d1 � d01
� � ¼ Vm

Vc

Vdc

2
ð3:7Þ

VAo ¼ m
Vdc

2
ð3:8Þ

The average leg voltage of the inverter is proportional to the modulation index (m) and the

maximum value is Vdc=2 when the modulation index is 1. When the modulation signal is

sinusoidal in nature, the output voltage varies sinusoidally with peak value of Vdc=2 form¼ 1.

In the SPWMmethod, the harmonics in the inverter output voltagewaveform appear as side

bands centered on the switching frequency and its multiples, i.e. around fc, 2fc, 3fc, etc. A

general form for the frequency at which harmonics appear is [3]

fh ¼ j
fc

fm
� k

� �
fm ð3:9Þ

and the harmonic order h is

h ¼ fh

fm
¼ j

fc

fm
� k

� �
ð3:10Þ

It is important to note that for all odd j, the harmonics will appear for even values of k and

vice-versa. Normally the frequency modulation ratio is chosen to be an odd integer, to avoid

even harmonics appearing in the output voltage. The choice of switching frequency of an

inverter depends upon the application. Ideally, the switching frequency should be as low as

possible to avoid losses due to the switching of the power switches. However, when the

switching frequency is low, the output voltage quality is poor. Hence, the switching frequency

for the medium power motor drive system is kept between 4 kHz and 10 kHz.

For low values of the frequency modulation ratio, usually for mf � 21, the modulating or

control signal and carrier signal are synchronized with each other, called synchronous PWM.

The frequency modulation ratio is chosen as an integer number to facilitate the proper

synchronization. If the frequency modulation ratio is a non-integer, sub-harmonics (lower

than the fundamental frequency) appear in the output voltage waveform. Hence, in syn-

chronous PWM, the switching frequency should be changed with the change in the

fundamental output frequency, to keep the ratio an integer and subsequently to avoid the

production of sub-harmonics.

For higher values of the frequency modulation ratio, mf > 21, the synchronization of the

carrier wave and modulating signals are not necessary and the result is asynchronous PWM.

Since the amplitude if the sub-harmonics will be small, asynchronous PWM can be used.
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Nevertheless, in high power applications, even small sub-harmonics may lead to appreciable

losses. Thus it is recommended to use synchronous PWM for high power applications.

3.3.1.1 MATLAB/Simulink Model of Half-bridge Inverter

The Simulink model shown in this section uses ‘simpowersystem’ block-sets of the Simulink

library. The IGBT switches are chosen from the built-in library. The gating signals are

generated using the SPWM principle. The modulating signal is assumed to be a sinusoidal

wave of unit amplitude and 50Hz fundamental frequency. The switching frequency of the

inverter is chosen as 1250Hz (mf ¼ 25) (this can be changed by varying the frequency of the

carrier wave) and hence the frequency of the triangular carrier wave is 1250Hz. The gating

signal generated is split into two complimentary switching signals using a NOT gate (Note:

dead band is not used in themodel). The amplitude of themodulating signal is kept at 0.475 p.u.

(m¼ 0.95) (Note: themaximumoutput voltage is 0.5Vdc, hence themaximum amplitude of the

modulating signal is limited to 0.5Vdc). The DC link voltage is assumed at 1 p.u. The load used

in the simulationmodel is R-L,with valuesR¼ 10W andL¼ 100mH. The simulationmodel is

shown in Figure 3.7 and the resulting spectrum of the output voltage waveforms is shown in

Figure 3.8. The harmonic components are marked in the output voltage spectrum.
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Figure 3.7 Simulinkmodel to implement SPWM: (a) mainmodel; (b) gate signal generation (file name:

Half_bridge_PWM.mdl)
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Practically, the switching signals or gate drive signals are complimentary but have somedead

band that is introduced intentionally to prevent the two power switches of the same leg

conducting simultaneously. An example of the dead band is shown in Figure 3.9a. To observer

the effect of introducing dead band (the two switches are not On at the same time for safety

purpose) in the switching signal, the dead band circuit shown in Figure 3.9b can be added to the

gate signals of each switch. The dead band period can be defined and adjusted in the dialog box

of the edge detector ‘sample time.’ Adding the dead band is left to the reader.
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Figure 3.9 (a) Dead band between upper and lower gating signals; and (b) Dead band circuit
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3.3.2 Single-Phase Full-bridge Inverters

The power circuit topology of a single-phase full-bridge inverter is depicted in Figure 3.10a.

There are four power semiconductor switches and two legs in this topology. This is also called

the ‘H-bridge’ inverter due to its shape. Each switch is composed of a transistor (IBGTs,

MOSFETs, BJT, etc.) and a freewheeling diode, which provides an alternating path for the

current. When transistors S1 and S2’ are conducting simultaneously, the input voltage Vdc

appears across the load.On the other hand, when transistors S2 and S2’ are turned on at the same

time, the voltage across the load is reversed and is �Vdcð Þ and therefore an alternating current
is obtained at the output side while the input side is DC. The output voltage frequency can

be varied by varying the switching time of the power switches and the voltagemagnitude can be

changed by changing the DC link voltage. The switching states and the path of the current flow

and the output voltage polarity are shown in Figure 3.10a. The alteration in the direction of the

voltage and current is evident from Figure 3.10b.
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Figure 3.10 Power circuit topology of a single-phase full-bridge inverter: (b) Switching states in full-

bridge inverter; (a) and (c) iab > 0; (b) and (d) iab < 0
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The output voltage and current waveforms for a fictitious R-L load is shown in Figure 3.11.

The currents do not change direction instantaneously due to the inductive load. The pole

voltages vary between 0.5Vdc and �0.5Vdc, while the voltages across the load vary between

Vdc and �Vdc. The switching signals are shown to be applied for 180 degrees but in practice

some dead band is given between the application of gating pulses for the upper and lower power

switch. The output the voltage is the same as that of the half-wave bridge inverter, except that

themagnitude of the phase voltage,which is doubled in this case. Hence the harmonic spectrum

remains the same as that of a half-bridge inverter output, except with double fundamental

voltage.

The SPWM technique is implemented in a full-bridge inverter by comparing either one or

two modulating or control signals (180-degree phase shifted) with the high frequency

triangular carrier wave. The former is called the bipolar PWM and the latter is called the

unipolar PWM. The fundamental frequency of the output is decided by the frequency of

the modulating or control signal. The switching frequency of the inverter is dictated by the

frequency of the carrier wave. The frequency of the carrier wave is usually much higher than

the frequency of themodulating signal. In the bipolar PWMscheme, the switching of the power

switches is decided by the intersection of the modulating and carrier wave. The switch pair S1
and S2’ operatewhen themodulating signal is greater than the triangular carrier wave (vm > vc)

and the switch pair S2 and S1’ operatewhen themodulating signal is smaller than the triangular

carrier wave (vm < vc). It is also noted that the operation of the upper and lower switch is still

complimentary. A small dead band is introduced between the switching of the upper and lower

switches in real time implementation. The switching scheme for the bipolar PWMis not shown,

as it is similar to that shown for the half-bridge inverter.

In the case of a unipolar PWMscheme, the two pairs of switches (S1 and S2’) and (S2 and S1’)

operate simultaneously, as in the previous case. The switching signal for the upper switch S1 is

produced by comparing the positive modulating signal with the carrier signal. The switching
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Figure 3.11 Switching signal and the output voltage and current in a half-bridge inverter
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signal for the upper switch S2 is produced by comparing the phase shifted or negative

modulating signal with the carrier signal. The switching is done at the instant where

vm > vc for both S1 and S2 switches. The switching of the switches S1 and S1’ and switches

S2 and S2’ are complimentary. To obtain a better harmonic spectrumwith reduced ripples in the

current, a unipolar switching scheme is suggested. The switching scheme and the voltages are

depicted in Figure 3.12. The leg voltages vary between þVdc/2 and�Vdc/2 for both legsA and

B. The output voltages across the load vary between þVdc and 0 in the positive half cycle and

�Vdc and 0 for the negative half cycle, thus it is called the ‘unipolar PWM.’

Themaximum fundamental output voltage is Vdc for both unipolar and bipolar PWM. In the

case of bipolar PWM, the harmonic components in the output voltage is centered on mf and

multiples of mf, i.e. 2mf, 3mf and so on, similar to the half-bridge inverter.

In the case of a unipolar PWM scheme, the ratio between the modulating signal and the

triangular carrier signal is chosen as even. The harmonic components at the output voltage is

once again given by equation (3.9), but the harmonic at the switching frequency, three times the

switching frequency, five times the switching frequency etc. do not appear, i.e. to say that j is

only even and k is odd. The harmonic at the carrier signal frequency is eliminated due to the fact

that the output voltage is the difference between the leg voltages (VAB¼VAO�VBO). The

harmonic in the leg voltages appears at the multiple of the switching frequency or the carrier

signal frequency. Since the modulation signals are out of phase by 180 degrees, the harmonics

at the switching will cancel out during subtraction at the load side.

3.3.2.1 MATLAB/Simulink Model of Single-phase Full-bridge Inverter

The Simulink model shown uses ‘simpowersystem’ block-sets of the Simulink library.

The IGBT switches are chosen from the built-in library. The gating signals are generated

using the unipolar SPWM principle. The implementation of bipolar PWM is left as an

exercise. The modulating signals are assumed as two sinusoidal waves of unit amplitude

and have a 180-degree phase shift and 50-Hz fundamental frequency. The switching

frequency of the inverter is chosen as 1250Hz (this can be changed by varying the

frequency of the carrier wave) and hence the frequency of the triangular carrier wave is

1250Hz. The gating signal generated is split into two complimentary switching signals

using a NOT gate (Note: dead band is not used in the model). The load used in the

simulation model is R-L, with values R¼ 10W and L¼ 100mH. The modulating signal is

given as sinusoidal waves with a 180-degree phase shift and a peak value of 0.95 p.u. The

simulation model is shown in Figure 3.13 and the resulting voltage spectrum is shown in

Figure 3.14. The spectrum shows the peak magnitude of the fundamental frequency. The

effect of introducing a dead band can be observed by adding the dead band circuit of

Figure 3.9. This PWM can also be implemented by using two 180-degree phase shifted

triangular carrier signals and one sinusoidal modulating signal. The resulting waveform

will have the same quality as that of the method elaborated in this section.

3.4 Three-phase PWM Voltage Source Inverter

The power circuit topology of a three-phase voltage source inverter is shown in Figure 3.15.

Each power switch is a transistor or IGBT with anti-parallel diodes. The pole or the leg
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voltages are denoted by a capital suffix letter VA, VB, VC and can attain the value þ 0.5Vdc

when the upper switch is operating and �0.5Vdc when the lower switch is operating.

The phase voltage applied to the load is denoted by the letters van, vbn, vcn. The operation of

the upper and the lower switches are complimentary (a small dead band is provided in real

time implementation).
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The relationship between the leg voltage and switching signals are

Vk ¼ SkVdc; k 2 A;B;C ð3:11Þ

where Sk ¼ 1when the upper power switch is ‘ON’ and Sk ¼ 0 when the lower switch is ‘ON.’

If the load is assumed to be a star connected three-phase, then the relation between the phase-to-

neutral load voltage and the leg voltages can be written as

VA tð Þ ¼ va tð Þþ vnN tð Þ
VB tð Þ ¼ vb tð Þþ vnN tð Þ
VC tð Þ ¼ vc tð Þþ vnN tð Þ

ð3:12Þ
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Figure 3.14 Voltage (VAB) and its spectrum for unipolar PWM scheme in a single-phase inverter
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where vnN is the voltage difference between the star point n of the load and the negative rail of

the DC bus N, called the ‘Common Mode Voltage’. This common mode voltage or neutral

voltage is responsible for leakage bearing currents and their subsequent failure. This issue is

taken up in more detail in Chapter 9.

By adding each termof the equation (3.12), and setting the sumof phase-to-neutral voltage to

zero (assuming a balanced three-phase voltage whose instantaneous sum is always zero), the

following is obtained:

vnN tð Þ ¼ 1

3
VA tð ÞþVB tð ÞþVC tð Þ½ � ð3:13Þ

Substituting equation (3.13) back into equation (3.12), the following expressions for the

phase-to-neutral voltage are obtained:

va tð Þ ¼ 2

3
VA tð Þ � 1

3
VB tð ÞþVC tð Þ½ �

vb tð Þ ¼ 2

3
VB tð Þ � 1

3
VA tð ÞþVC tð Þ½ �

vc tð Þ ¼ 2

3
VC tð Þ � 1

3
VB tð ÞþVA tð Þ½ �

ð3:14Þ

Equation (3.14) can also bewritten using the switching function definitionof equation (3.11):

va tð Þ ¼ Vdc

3

� �
2SA � SB � SC½ �

vb tð Þ ¼ Vdc

3

� �
2SB � SA � Sc½ �

vc tð Þ ¼ Vdc

3

� �
4SC � SB � SA½ �

ð3:15Þ

Equation (3.15) can be used to model a three-phase inverter in MATLAB/Simulink. The

switching signals can be generated by analog circuits or by a digital signal processors/

microprocessor for operation in six-step or PWMmodes. The following section describes the

operation of the inverter in both square wave/six-step mode and PWM mode.

For inverter operation in square wave or six-step mode, switching/gate signals are provided

in such a way that the power switches change the state only twice in one fundamental cycle

(OFF to ON and then ON to OFF). Each leg receives the gating signal with a phase shift of

120 degrees, so as to maintain the same phase shift among three output voltages. The output in

this case is highest and the switching losses are minimal; however, the output voltages contain

strong low-order harmonics, especially 5th and 7th. With the advent of fast signal processing

devices, it is easier to implement a PWM operation and hence a normal step operation is

avoided. The associated waveforms for six-step modes are shown in Figure 3.16. The leg
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voltage takes on the values þ 0.5 Vdc and �0.5Vdc and the phase voltage has six steps in one

fundamental cycle. The steps in the phase voltages have amplitudes of�1/3Vdc and�2/3Vdc

and the line voltage varies between þVdc and �Vdc, while the common mode voltage varies

between þ 1/6Vdc and�1/6Vdc. During the six-step operation of the inverter, the values of the

leg voltages are shown in Table 3.1.

To determine the phase-to-neutral voltages for the six-step mode, the leg voltages from

Table 3.1 is substituted into equation (3.14), and the corresponding values are listed in Table 3.2

for a star-connected load. The line voltages are obtained by using equation (3.16) and are listed

in Table 3.3:

vab ¼ van � vbn

vbc ¼ vbn � vcn

vca ¼ vcn � van

ð3:16Þ
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Figure 3.16 Waveforms for square wave/six-step mode of operation of a three-phase inverter
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The maximum output peak phase-to-neutral voltage in the six-step mode is 0.6367Vdc or

(2/p) Vdc and that of the line-to-line voltage is 1.1Vdc. The Fourier series of phase-to-neutral

voltage and line-to-line voltage can be obtained as

vanðtÞ ¼ 2

p
VDC sin vtþ 1

5
sin 5vtþ 1

7
sin 7vtþ 1

11
sin 11vtþ 1

13
sin 13vtþ . . . . . .

� �
ð3:17Þ

vabðtÞ ¼ 2
ffiffiffi
3

p

p
VDC sin vt� p

6

	 

þ 1

5
sin 5 vt� p

6

	 

þ 1

7
sin 7 vt� p

6

	 

þ . . . . . .

� �
ð3:18Þ

Table 3.1 Leg/Pole voltages of a three-phase VSI during six-step mode of operation

Switching Mode Switches ON Leg voltage VA Leg voltage VB Leg voltage VC

1 S1, S
0
2, S3 0.5Vdc �0.5Vdc 0.5Vdc

2 S1, S
0
2, S

0
3 0.5Vdc �0.5Vdc �0.5Vdc

3 S1, S2, S
0
3, 0.5Vdc 0.5Vdc �0.5Vdc

4 S01, S2, S03 �0.5Vdc 0.5Vdc �0.5Vdc

5 S01, S2, S3 �0.5Vdc 0.5Vdc 0.5Vdc

6 S01, S02, S3 �0.5Vdc �0.5Vdc 0.5Vdc

Table 3.2 Phase-to-neutral voltages for six-step mode of operation

Switching mode Switches ON Phase Voltage van Phase voltage vbn Phase voltage vcn

1 S1, S
0
2, S3 1/3Vdc �2/3Vdc 1/3Vdc

2 S1, S
0
2, S

0
3 2/3Vdc �1/3Vdc �1/3Vdc

3 S1, S2, S
0
3, 1/3Vdc 1/3Vdc �2/3Vdc

4 S01, S2, S03 �1/3Vdc 2/3Vdc �1/3Vdc

5 S01, S2, S3 �2/3Vdc 1/3Vdc 1/3Vdc

6 S01, S’2, S3 �1/3Vdc �1/3Vdc 2/3Vdc

Table 3.3 Line voltages for six-step mode of operation

Switching mode Switches ON Line Voltage vab Phase voltage vbc Phase voltage vca

1 S1, S
0
2, S3 Vdc �Vdc 0

2 S1, S
0
2, S

0
3 Vdc 0 �Vdc

3 S1, S2, S
0
3, 0 Vdc �Vdc

4 S01, S2, S03 �Vdc Vdc 0

5 S01, S2, S3 �Vdc 0 Vdc

6 S01, S02, S3 0 �Vdc Vdc
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The Fourier series of a phase-to-neutral voltage and the line-to-line voltage shows that the

triplen harmonic (multiple of three) does not appear (since the load is assumed with isolated

neutral). The other harmonics have the inverse amplitude of their order. The output voltage

magnitude can be controlled by controlling the DC link voltage Vdc.

TheMATLAB/Simulinkmodel for generating the six-stepwaveform is given in Figure 3.17.

The gating signal is generated using the repetitive block of the Simulink where the switching

signal values are stored. In the six-step mode, the switching is done at fundamental frequency,

and hence the period of the gate drive signal depends upon the fundamental frequency of

the output.
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Figure 3.17 Simulink for six-step operation of inverter (File name: Six-stepmode.mdl)
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3.4.1 Carrier-based Sinusoidal PWM

In the carrier-based sinusoidal PWM method (SWPM), three-phase sinusoidal wave:

vAm ¼ Vm sin vtð Þ
vBm ¼ Vm sin

�
vt� 2

p

3

�

vCm ¼ Vm sin

�
vtþ 2

p

3

� ð3:19Þ

are used for the modulating or control signal and compared with a high frequency triangular

wave. One common triangular wave is used for the comparison for all three phases. The upper

switch of legA isONwhen themodulating signal of phaseA is greater than the amplitude of the

triangular carrier wave, i.e. vAm � Vc. The lower switch has a complimentary operation.

A small dead band is provided between the switchingOFFof upper switch and switchingONof

the lower switch and vice versa. The waveforms associated with the SPWM are given in

Figure 3.19. The leg voltage, phase voltage, and line voltage are illustrated. The waveform is

shown for mf ¼ 9.

TheMATLAB/Simulink model for implementing a SPWM is shown in Figure 3.20a (power

circuit is the same as that in Figure 3.17). The modulating index chosen is 0.95 (the reference

modulating signal is given as 0.95� 0.5Vdc, where Vdc¼ 1 p.u.). The switching frequency or

the carrier frequency is chosen as 1500Hz (hencemf ¼ 1500/50¼ 30). No dead band is shown

in the simulation. The resulting phase-to-neutral voltage waveform and its spectrum are given

in Figure 3.20b. The harmonics appear as the side band of the switching frequency.

The choice ofmf is important from the harmonic spectrumpoint of view.Harmonic spectrum

for six-step phase voltage is shown on Figure 3.18. Normally, this frequency rationmf is chosen

to be an odd multiple of three. This will ensure that the triple harmonic (multiple of three) will
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Figure 3.18 Harmonic spectrum for six-step phase voltage
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be eliminated from themotor phase currents, since for the three-phase inverter, these harmonics

are in phase and cancel out.

In an adjustable speed drive system with constant v/f control, variable frequency output is

required. If the frequency modulation ration mf is kept constant, the switching frequency will

VAm VBm VCm
Vdm/2

V
A

O
V

an
V

A
B

Vdc/2

2/3Vdc

1/3Vdc

Vdc

Figure 3.19 SPWM of a three-phase inverter

Pulse Width Modulation of Power Electronic DC-AC Converter 65



be constant and high at a high fundamental output frequency (fc¼mf fm). Therefore, the

frequency modulation ratio mf is varied for different frequency operations of the drive

system. Changing the frequency modulation ratio in essence changes the slope of

the line between fc and fm. There is sudden jump in the slope of the line and this may

cause jittering at the transition points. A typical relationship is shown in Figure 3.21. To avoid

this, usually a hysteresis block is used. For a low range of fundamental output frequencies up

to say fL, asynchronous PWM is employed. The synchronous PWM method is used until it

reaches a frequency value fM and then a six-step operation is initiated. The typical value of fL
and fM are 10Hz and 50Hz, respectively.
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Figure 3.20 (a) Gate signal generation in MATLAB for three-phase inverter (File name: PWM_Three_

phase_CB.mdl); (b) Phase-to-neutral voltage and spectrum for SPWM
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3.4.2 Third-harmonic Injection Carrier-based PWM

Theoutputvoltageusing theSPWMtechnique is limited to0.5Vdc. If theSPWMtechnique isused

in motor drive applications, the available voltage may not be sufficient to run the motor at rated

condition. In this situation, themachine needs to be derated and a reduced torque is produced. To

enhance the output voltage from the PWM inverter using carrier-based scheme, third-harmonic

injection in themodulating signal isdone. It is shownthatbyaddinganappropriate third-harmonic

component of themodulating signal in the fundamental modulating signal leads to a reduction in

the peak of the resultantmodulating signal. Hence, the referencevalue of the resultingmodulated

signals can be increased beyond 0.5Vdc and that leads to the higher output voltage at the inverter.

The injected third-harmonic component in themodulated signal or reference leg voltages cancels

out in the legs and does not appear in the output phase voltages. Thus the output voltage does not

contain the undesired low-order harmonics. The optimal level of the third-harmonic injection can

be determined by considering the modulating signals:

vAm ¼ Vm1sin vtð ÞþVm3 sin 3vtð Þ

vBm ¼ Vm sin

�
vt� 2

p

3

�
þVm3 sin 3vtð Þ

vCm ¼ Vmsin

�
vtþ 2

p

3

�
þVm3 sin 3vtð Þ

ð3:20Þ

For the SPWM without harmonic injection, the fundamental peak magnitude of the output

voltage is 0.5Vdc. It is noted that the third harmonic has no effect on the value of the reference
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Figure 3.21 Varying frequency modulation ratios for different output frequency
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waveform when vt ¼ 2kþ 1ð Þ p
3
, since sin 3 2kþ 1ð Þ p

3

� � ¼ 0 for all odd k. Thus the third

harmonic is chosen tomake the peakmagnitude of the reference of equation (3.20) occurwhere

the third harmonic is zero. This ensures the maximum possible value of the fundamental

component. The reference voltage reaches a maximum when

dvam

dvt
¼ Vm1cos vtð Þþ 3Vm3cos 3vtð Þ ¼ 0 ð3:21Þ

This yields

Vm3 ¼ � 1

3
Vm1cos

p

3

	 

for vt ¼ p

3
ð3:22Þ

So the maximum modulation index can be

vamj j ¼ Vm1sin vtð Þ � 1

3
Vm1cos

p

3

	 

sin 3 vtð Þ

����
���� ¼ 0:5 Vdc, The above equation gives;

Vm1 ¼ 0:5 Vdc

sin p
3

� � forvt ¼ p

3
ð3:23Þ

Thus the output fundamental voltage is increased by 15.47% of the value obtainable using

simple SPWM by injecting 1/6th third-harmonic originally.

The implementation block diagramof the proposedmethod of PWMis shown in Figure 3.22.

The reference modulating signal, the third-harmonic signal, and the resultant modulating

signal after injecting third harmonic are shown in Figure 3.23.

3.4.3 MATLAB/Simulink Model for Third Harmonic Injection PWM

The MATLAB/Simulink model of third-harmonic injection based PWM is shown in

Figure 3.24. The power circuit remains the same as that of Figure 3.17 and the gate signal

generation is shown in Figure 3.24. The output voltage spectrum is shown in Figure 3.25, where
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Figure 3.22 Block diagram of SPWM with third-harmonic injection
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the output is increased by 15.47%when compared to the simple SPWM scheme. The reference

of the modulating signal is increased to 0.575Vdc.

3.4.4 Carrier-based PWM with Offset Addition

The output voltage magnitude from a three-phase voltage source inverter can be enhanced

by adding an offset to the sinusoidal modulating signal. The offset addition PWM scheme

follows the same principle as that of the third-harmonic injection; reducing the peak of the

modulating signal and hence increasing the modulation index. In essence, the offset

addition injects the triplen-harmonics (multiple of three) into the modulating signal,
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Figure 3.23 Modulating signals and carrier-wave for third-harmonic injection PWM
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reducing the peak of the resultant, as shown in Figure 3.26. The resultant modulating

signals are given as

vAm ¼ Vm1 sin vtð Þþ offset

vBm ¼ Vm sin

�
vt� 2

p

3

�
þ offset

vCm ¼ Vm sin

�
vtþ 2

p

3

�
þ offset

ð3:24Þ
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where offset is given as

Offset ¼ �Vmax þVmin

2
;Vmax ¼ Max vAm; vBm; vCmf g;Vmin ¼ Min vAm; vBm; vCmf g ð3:25Þ

The output voltage magnitude reaches the same value as that of the third-harmonic injection

PWM. The MATLAB/Simulink model is shown in Figure 3.27. The resulting voltage and

spectrum is shown in Figure 3.28.
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3.4.5 Space Vector PWM

The SVPWM technique is one of the most popular PWM techniques due to a higher DC bus

voltage use (higher output voltage when compared with the SPWM) and easy digital

realization [8]. The concept of the SVPWM relies on the representation of the inverter output

as space vectors or space phasors. Space vector representation of the output voltages of the

inverter is realized for the implementation of SVPWM. Space vector simultaneously represents

three-phase quantities as one rotating vector, hence each phase is not considered separately.

The three phases are assumed as only one quantity. The space vector representation is valid for

both transient and steady state conditions in contrast to phasor representation, which is valid

only for steady state conditions. The concept of the space vector arises from the rotating air-gap

MMF in a three-phase induction machine. By supplying balanced three-phase voltages to the

three-phase balanced winding of a three-phase induction machine, rotating MMF is produced,

which rotates at the same speed as that of individual voltages, with an amplitude of 1.5 times the

individual voltage amplitude.

The space vector is defined as

f
s
¼ 2

3
fa þ ej2

p
3 fb þ ej4

p
3 fc

h i
ð3:26Þ

where fa, fb, and fc are the three-phase quantities of voltages, currents, and fluxes. In the inverter

PWM, the voltage space vectors are considered.

Since the inverter can attain either þ 0.5Vdc or�0.5Vdc (if theDCbus hasmid-point) orVdc,

0, i.e. only two states, the total possible outputs are 23¼ 8 (000, 001, 010, 011, 100, 101, 110,

111). Here 0 indicates the upper switch is ‘OFF’ and 1 represents the upper switch is ‘ON.’

Thus there are six active switching states (power flows from the input/DC link side of the

inverter to the output/load side of the inverter) and two zero switching states (no power transfer

from input/DC link to the load/load side). The operation of the lower switches are compli-

mentary. By using equation (3.26) and Table 3.2, the possible space vectors are computed and

listed in Table 3.4.

The space vectors are shown graphically in Figure 3.29. The tips of the space vectors, when

joined together, form a hexagon. The hexagon consists of six distinct sectors spanning over

360 degrees (one sinusoidal wave cycle corresponds to one rotation of the hexagon) with each

sector of 60 degrees. Space vectors 1, 2. . ..6 are called active state vectors and 7, 8 are called
zero statevectors. The zero state vectors are redundant vectors but they are used tominimize the

switching frequency. The spacevectors are stationarywhile the reference vector v*s is rotating at

the speed of the fundamental frequency of the inverter output voltage. It circles once for one

cycle of the fundamental frequency.

The reference voltage follows a circular trajectory in a linear modulation range and

the output is sinusoidal. The reference trajectory will change in over-modulation and the

trajectory will be a hexagon boundary when the inverter is operating in the six-step mode.

In implementing the SVPWM, the reference voltage is synthesized by using the nearest

two neighboring active vectors and zero vectors. The choice of the active vectors depends

upon the sector number in which the reference is located. Hence, it is important to locate

the position of the reference voltage. Once the reference vector is located, the vectors to be

used for the SVPWM implementation to be identified. After identifying the vectors to
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be used, the next task is to find the time of application of each vector, called the ‘dwell

time’. The output voltage frequency of the inverter is the same as the speed of the reference

voltage and the output voltage magnitude is the same as the magnitude of the reference

voltage.
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Figure 3.29 Voltage space vector locations corresponding to different switching states

Table 3.4 Phase-to-neutral Space vector for a three-phase voltage source inverter

Switching

States

Space Vector

Number

Phase-to-neutral Voltage

Space Vectors

000 7 0

001 5
2

3
Vdce

j
4p
3

010 3
2

3
Vdce

j
2p
3

011 4
2

3
Vdce

jp

100 1
2

3
Vdce

j0

101 6
2

3
Vdce

j
5p
3

110 2
2

3
Vdce

j
p
3

111 8 0
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Themaximummodulation index or themaximum output voltage that is achievable using the

SVPWM technique is the radius of the largest circle that can be inscribed within the hexagon.

This circle is tangential to themid-points of the lines joining the ends of the active space vector.

Thus the maximum obtainable fundamental output voltage is calculated from the right-angled

triangle (Figure 3.30) as

Vmax ¼ 2

3

� �
Vdc cos

p

6

	 

¼ 1ffiffiffi

3
p Vdc ð3:27Þ

The maximum possible output voltage using SPWM is 0.5Vdc and hence the increase in the

output, when using SVPWM, is 2=3Vdcð Þ= 0:5Vdcð Þ ¼ 1:154.
The time of application of the different space vectors are calculated using the ‘equal volt-

second principle’. According to this principle, the product of the reference voltage and the

sampling/switching time (Ts) must be equal to the product of the applied voltage vectors

and their time of applications, assuming that the reference voltage remains fixed during the

switching interval. When the reference voltage is in sector I, the reference voltage can be

synthesized by using the vectors V1, V2, and Vo (zero vector), applied for time ta, tb, and to,

respectively. Hence, using the equal volt-second principle, for sector I:

v*s Ts ¼ V1ta þV2tb þVoto ð3:28aÞ

where Ts ¼ ta þ tb þ to ð3:28bÞ

The space vectors are given as

v*s ¼ v*s
�� ��eja V1 ¼ 2

3
Vdce

jo V2 ¼ 2

3
Vdce

jp
3

Vo ¼ 0 ð3:29Þ
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Figure 3.30 Determining the maximum possible output using SVPWM
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Substituting equation (3.29) into equation (3.28a) and separating the real (a-axis) and

imaginary (b-axis) components:

v*s
�� �� cos að ÞTs ¼ 2

3
Vdcta þ 2

3
Vdc cos

p

3

	 

tb ð3:30aÞ

v*s
�� �� sin að ÞTs ¼ 2

3
Vdc sin

p

3

	 

tb ð3:30bÞ

Where a¼p/3.
Solving equations (3.30a) and (3.30b) for the time of applications ta and tb:

ta ¼
ffiffiffi
3

p
v*s
�� ��

Vdc

sin

�
p

3
� a

�
Ts

tb ¼
ffiffiffi
3

p
v*s
�� ��

Vdc

sin að ÞTs

to ¼ Ts � ta � tb

ð3:31Þ

Generalizing the above equation for six sectors gives the following, where k¼ 1, 2, . . ..6 is the
sector number:

ta ¼
ffiffiffi
3

p
v*s
�� ��

Vdc

sin

�
k
p

3
� a

�
Ts

tb ¼
ffiffiffi
3

p
v*s
�� ��

Vdc

sin

�
a� k � 1ð Þp

3

�
Ts

to ¼ Ts � ta � tb

ð3:32Þ

After locating the reference location and calculating the dwell time, the next step in SVPWM

implementation is the determination of the switching sequence. The requirement is the

minimum number of switchings to reduce switching loss, ideally one power switch should

turn ‘ON’ and turn ‘OFF’ in one switching period.

In order to obtain a fixed switching frequency and optimum harmonic performance from

SVPWM, each leg should change its state only once in each switching period. This is achieved

by applying the zero state vector followed by two adjacent active state vectors in a half

switching period. The next half of the switching period is the mirror image of the first half.

The total switching period is divided into seven parts, the zero vector (000) is applied for 1/4th

of the total zero vector time, followed by the application of active vectors for half of their

application time and then again zero vector (111) is applied for 1/4th of the zero vector time.

This is then repeated in the next half of the switching period. This is how symmetrical SVPWM

is obtained. The switching patterns showing the leg voltages in one switching period is depicted

in Figure 3.31 for sectors I to VI.
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Figure 3.31 Switching pattern for SVPWM for sector I to VI
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Average leg voltages can be determined from the switching patterns of Figure 3.31, for

example, for sector I:

VA;avg ¼ Vdc=2ð Þ
Ts

t0 þ ta þ tb � t0½ �

VB;avg ¼ Vdc=2ð Þ
Ts

t0 � ta þ tb � t0½ �

VC;avg ¼ Vdc=2ð Þ
Ts

t0 � ta � tb � t0½ �

ð3:33Þ

Substituting the equation of time of applications from equation (3.31) into equation (3.33), the

following is obtained for sector I and similarly can be derived for other sectors:

VA;avg ¼
ffiffiffi
3

p

2
v*s
�� ��sin aþ p

3

	 

; VB;avg ¼ 3

2
v*s
�� ��sin a� p

6

	 

;

VC;avg ¼ �
ffiffiffi
3

p

2
v*s
�� ��sin aþ p

3

	 
 ð3:34Þ

3.4.6 Discontinuous Space Vector PWM

Discontinuous SVPWM results when one of the two zero vectors is not used in the

implementation of the SVPWM. One leg of the inverter does not switch during the whole

switching period and remains tied to either the positive or negative DC bus [9,10]. This is

known as discontinuous SVPWM, since the switching is not continuous. Due to the manip-

ulation of the zero space vector application in a switching period, one branch of the inverter

remains unmodulated during one switching interval. Switching takes place in two branches:

one branch is either tied to the positive DC bus or the negative DC bus, as shown in Figure 3.32

(when zero voltage (000) is eliminated, the leg voltage is tied to positive DC bus 0.5Vdc and

when zero voltage (111) is eliminated, the leg voltage is tied to the negative bus voltage

�0.5Vdc). The number of switchings is thus reduced to two-thirds compared to the continuous

SVPWM and hence switching losses are reduced significantly. This type of PWM is especially

useful when switching losses are to be reduced. There are several schemes of discontinuous

SVPWM; however, all essentially merely rearrange the placement of the zero output voltage

pulsewithin eachhalf carrier or carrier interval.DiscontinuousSVPWMare classified according

to the location of the zero space vector and for how long it is not applied. The nine different

discontinuous SVPWM techniques are:

1. t7¼ 0 for all sectors, known as DPWMMAX;

2. t8¼ 0 for all sectors, known as DPWMMIN;

Zero vectors are made inoperative alternatively in a different sector:

3. Discontinuous modulation DPWM0 (zero vector (000), i.e. t7 eliminated in odd sectors and

zero vector (111), i.e. t8 is eliminated in even sectors);
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4. DiscontinuousmodulationDPWM1(zero vector (000), i.e. t7 eliminated in even sectors and

zero vector (111), i.e. t8 is eliminated in odd sectors);

5. Discontinuous modulation DPWM 2 (each sector is subdivided into parts and zero vector

(000), i.e. t7 eliminated in odd sectors and zero vector (111), i.e. t8 is eliminated in even

sectors);

6. Discontinuous modulation DPWM 3 (each sector is subdivided into parts and zero vector

(000), i.e. t7 eliminated in even sectors and zero vector (111), i.e. t8 is eliminated in odd

sectors);

7. Discontinuous modulation DPWM 4 (region is divided into 4 sectors each spanning

90 degrees and zero vector (000), i.e. t7 eliminated in odd sectors and zero vector

(111), i.e. t8 is eliminated in even sectors);

8. Discontinuous modulation DPWM 5 (zero vector (000), i.e. t7 eliminated in sectors 1, 2, 3

and zero vector (111), i.e. t8 is eliminated in sectors, 4, 5, 6);

9. Discontinuous modulation DPWM 6 (the whole region is divided into 8 sectors of 45

degrees each, zero vector (000), i.e. t7 eliminated in odd sectors and zero vector (111), i.e. t8
is eliminated in even sectors).

The placement of the zero vectors and corresponding voltages (Vavg (leg voltage), Va (phase

voltage), VnN (voltage between neutral point)) for the discontinous SVPWM are shown in

Figure 3.33.

3.4.7 MATLAB/Simulink Model for Space Vector PWM

The MATLAB/Simulink model can be developed using different approaches, using all

Simulink blocks or all MATLAB coding [11,12]. This section shows a model developed

using theMATLAB function block and Simulink blocks. Themodel shown is flexible in nature

and can be used to model continuous as well as discontinuous SVPWM by changing in the

MATLAB function command. The simulation model is shown in Figure 3.34. Each block is

further elaborated on in Figure 3.35.

Figure 3.32 Leg voltage (switching pattern) for discontinuous SVPWM.
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3.4.7.1 Reference Voltage Generation Block

This block is used to simulate the balanced three-phase input reference. The three-phase input

sinusoidal voltage is generated using the ‘function’ block from the ‘Functions & Tables’ sub-

library of Simulink. This is then converted into a two-phase equivalent using Clark’s
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SVPWM

Pulse Width Modulation of Power Electronic DC-AC Converter 79



0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04

–0.4

–0.2

0

0.2

0.4

0.6

V
o

lt
ag

e 
(v

o
lt

s)
V

o
lt

ag
e 

(v
o

lt
s)

V
o

lt
ag

e 
(v

o
lt

s)
V

o
lt

ag
e 

(v
o

lt
s)

Time(sec)

va

 VnN

Vavg

DPWM1

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04

–0.4

–0.2

0

0.2

0.4

0.6

Time(sec)

va

Vavg

VnN

DPWM2

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04

–0.4

–0.2

0

0.2

0.4

0.6

Time(sec)

va

VnN

Vavg

DPWM3

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04

–0.4

–0.2

0

0.2

0.4

0.6

Time(sec)

va

Vavg

VnN

DPWM4

V1

V2
V3

V4

V5
V6

(1 0 0 )

(1 1 0 )(0 1 0 )

(0 1 1 )

(0 0 1 ) (1 0 1 )

t8= 0

t8= 0

t8= 0
t8= 0

t8= 0

t8= 0
t8= 0

t8= 0

t7= 0
t7= 0

t7= 0

t7= 0

t7= 0

t7= 0

t7= 0

t7= 0

t8= 0

t8= 0

t8= 0

t8= 0

t8= 0

t8= 0

t8= 0

t7= 0

t7= 0

t8= 0

t7= 0

t7= 0
t7= 0

t8= 0

t7= 0

t7= 0 t7= 0

(a)  (b)

 (b)

 (b)

DPWM1

V1

V2
V3

V4

V5
V6

(1 0 0 )

(1 1 0 )(0 1 0 )

(0 1 1 )

(0 0 1 ) (1 0 1 )

t7 = 0

)a(

DPWM2

V1

V2
V3

V4

V5
V6

(1 0 0 )

(1 1 0 )(0 1 0 )

(0 1 1 )

(0 0 1 ) (1 0 1 )

(a)

DPWM3

 (b)(a)

DPWM4

V1

V2V3

V4

V5 V6

(1 0 0 )

(1 1 0 )
(0 1 0 )

(0 1 1 )

(0 0 1 ) (1 0 1 )

Figure 3.33 (Continued)

80 High Performance Control of AC Drives with MATLAB/Simulink Models



transformation equations. This is once again implemented using the ‘function’ blocks.

Furthermore, the two-phase equivalent is transformed into polar form using the ‘Cartesian

to polar’ block from the ‘Simulink extras’ sub-library. The output of this block is the

magnitude of the reference as the first output and the corresponding angle of the reference as

the second output. The waveform of the magnitude is simply a constant line, as its value

remains fixed in an open-loop mode. In the closed-loop mode, the reference voltage can be

dictated by the closed-loop controller. The waveform of the angle is shown in Figure 3.36. It

is a saw tooth signal with peak value of �p. Sector identification is done using the

comparison of the angle waveform with the predefined values, as shown in Figure 3.36.

The number inside the waveform represents the sector number.

3.4.7.2 Switching Time Calculation

The switching time and the corresponding switch state for each power switch is calculated in

MATLAB function block ‘sf.’ The MATLAB code requires magnitude of the reference, the

angle of the reference, and the timer signal for comparison. The angle of the reference voltage is

kept constant for one sampling period using the ‘zero order hold’ block so that its value does not

change during time calculation. The angle information is used for sector identification in the
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MATLAB code ‘aaa’ for continuous SVPWM and code ‘a1’ for the discontinuous SVPWM

(DPWMMAX). Furthermore, a ramp time signal is generated to be used in theMATLAB code.

The height and width of the ramp signal is equal to the switching time of the inverter branch.

This ramp is generated using a ‘repeating sequence’ from the source sub-library.

Zero-Order
Hold

3-Ph

VSI

Sa

Sb

Se

Va

Vb

Ve

Voltage
Acquisition

Low pass
Filter
Bank

Repeating
Sequence

reference
voltage

generator

mag

angle

MATLAB
Function

MATLAB Fcn

Figure 3.34 MATLAB/Simulink Model of space vector PWM

Figure 3.35 Sub-blocks of MATLAB/Simulink model: (a) Reference voltage generation; (b) VSI;

(c) Filters (File name: Space3.mdl and aaa.m)
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The MATLAB code first identifies the sector of the reference voltage. The time of

application of the active and zero vectors are then calculated. The times are then arranged

according to the predefined switching pattern (Figure 3.31). This time is then compared with

the ramp timer signal. The height andwidth of the ramp is equal to the switching period of the

inverter branch. Depending upon the location of the time signal within the switching period,

the switch state is defined. This switch state is then passed on to the inverter block for further

calculation.

3.4.7.3 Three-phase Inverter Block

This block is built to simulate a voltage source inverter assuming a constant DC link voltage.

The inputs to the inverter block are the switching signals and the outputs are the PWMphase-to-

neutral voltages. The inverter model is built using ‘function’ blocks.

3.4.7.4 Filter Blocks

To visualize the actual output of the inverter block, the filtering of the PWM ripple is required.

The PWM voltage signal is filtered here using the first-order filter. This is implemented using

the ‘Transfer function’ block from ‘Continuous’ sub-library. The time constant of the first-

order filter is chosen as 0.8ms.

3.4.7.5 Voltage Acquisition

This block stores the output results. The results are stored in a ‘workspace’ taken from the ‘sink’

library of the Simulink. The simulation waveform is shown in Figure 3.37. The input reference

fundamental frequency is kept at 50Hz and the switching frequency of the inverter in chosen as

5 kHz. The output is seen to be sinusoidal without any ripple except the switching harmonics.

By simply changing the input reference’s magnitude and the frequency, the output voltage

magnitude and frequency can be varied.

I
II

III

IV

V
VI0

π

/3π /32π

−π

/32π− /3π− 0

Figure 3.36 Sector Identification logic
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3.4.7.6 Continuous SVPWM – % MATLAB Code to Generate Switching Functions

% Inputs are magnitude u1(:),angle u2(:), and
% ramp time signal for comparison u3(:)

function [sf]=aaa(u)
ts=0.0002;vdc=1;peak_phase_max= vdc/sqrt(3);
x=u(2); y=u(3);
mag=(u(1)/peak_phase_max) * ts;
%sector I
if (x>=0) & (x<pi/3)
ta = mag * sin(pi/3-x);
tb = mag * sin(x);
t0 =(ts-ta-tb);
t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
t1=cumsum(t1);

v1=[0 1 1 1 1 1 0];
v2=[0 0 1 1 1 0 0];

v3=[0 0 0 1 0 0 0];
for j=1:7
if(y<t1(j))
break

end
end

sa=v1(j);
sb=v2(j);
sc=v3(j);
end

% sector II
if (x>=pi/3) & (x<2*pi/3)
adv= x-pi/3;
tb = mag * sin(pi/3-adv);
ta = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
t1=cumsum(t1);
v1=[0 0 1 1 1 0 0];
v2=[0 1 1 1 1 1 0];
v3=[0 0 0 1 0 0 0];

for j=1:7
if(y<t1(j))
break

end
end
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sa=v1(j);
sb=v2(j);
sc=v3(j);
end

%sector III
if (x>=2*pi/3) & (x<pi)
adv=x-2*pi/3;
ta = mag * sin(pi/3-adv);
tb = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
t1=cumsum(t1);
v1=[0 0 0 1 0 0 0];
v2=[0 1 1 1 1 1 0];
v3=[0 0 1 1 1 0 0];

for j=1:7
if(y<t1(j))
break

end
end

sa=v1(j);
sb=v2(j);
sc=v3(j);
end

%sector IV
if (x>=-pi) & (x<-2*pi/3)
adv = x + pi;
tb= mag * sin(pi/3 - adv);
ta = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
t1=cumsum(t1);
v1=[0 0 0 1 0 0 0];
v2=[0 0 1 1 1 0 0];
v3=[0 1 1 1 1 1 0];

for j=1:7
if(y>t1(j))

break
end

end
sa=v1(j);
sb=v2(j);
sc=v3(j);
end
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% sector V
if (x>=-2*pi/3) & (x<-pi/3)
adv = x+2*pi/3;
ta = mag * sin(pi/3-adv);
tb = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
t1=cumsum(t1);
v1=[0 0 1 1 1 0 0];
v2=[0 0 0 1 0 0 0];
v3=[0 1 1 1 1 1 0];

for j=1:7
if(y<t1(j))

break
end

end
sa=v1(j);
sb=v2(j);
sc=v3(j);
end

%Sector VI
if (x>=-pi/3) & (x<0)
adv = x+pi/3;
tb = mag * sin(pi/3-adv);
ta = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[t0/4 ta/2 tb/2 t0/2 tb/2 ta/2 t0/4];
t1=cumsum(t1);
v1=[0 1 1 1 1 1 0];
v2=[0 0 0 1 0 0 0];
v3=[0 0 1 1 1 0 0];
for j=1:7

if(y<t1(j))
break

end
end

sa=v1(j);
sb=v2(j);
sc=v3(j);

end
sf=[sa, sb, sc];
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3.4.7.7 Discontinuous SVPWM – % MATLAB Code

function [sf]=a1(u)
f=50;
ts=0.0002;
vdc=1;
peak_phase_max = vdc/sqrt(3);
x=u(2); y=u(3);
mag=(u(1)/peak_phase_max) * ts;

%sector I
if (x>=0) & (x<pi/3)

ta = mag * sin(pi/3-x);
tb = mag * sin(x);

t0 = (ts-ta-tb);
t1 = [ta/2 tb/2 t0 tb/2 ta/2];
t1 = cumsum(t1);
v1 = [ 1 1 1 1 1];
v2 = [ 0 1 1 1 0];

v3 = [0 0 1 0 0];
for j = 1:5
if(y<t1(j))
break

end
end
sa=v1(j);
sb=v2(j);
sc=v3(j);

end

% sector II
if (x>=pi/3) & (x<2*pi/3)

adv= x-pi/3;
tb = mag * sin(pi/3-adv);

ta = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[ta/2 tb/2 t0 tb/2 ta/2 ];
t1=cumsum(t1);
v1=[0 1 1 1 0];
v2=[1 1 1 1 1];

v3=[ 0 0 1 0 0];
for j=1:5
if(y<t1(j))
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break
end

end
sa=v1(j);
sb=v2(j);
sc=v3(j);
end

%sector III
if (x>=2*pi/3) & (x<pi)

adv=x-2*pi/3;
ta = mag * sin(pi/3-adv);

tb = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[ta/2 tb/2 t0 tb/2 ta/2];
t1=cumsum(t1);
v1=[ 0 0 1 0 0];
v2=[ 1 1 1 1 1];

v3=[ 0 1 1 1 0];
for j=1:5
if(y<t1(j))

break
end

end
sa=v1(j);
sb=v2(j);
sc=v3(j);

end

%sector IV
if (x>=-pi) & (x<-2*pi/3)

adv = x + pi;
tb= mag * sin(pi/3 - adv);

ta = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[ta/2 tb/2 t0 tb/2 ta/2];
t1=cumsum(t1);
v1=[ 0 0 1 0 0];
v2=[ 0 1 1 1 0];

v3=[ 1 1 1 1 1];
for j=1:5
if(y<t1(j))

break
end

end
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sa=v1(j);
sb=v2(j);
sc=v3(j);

end

% sector V
if (x>=-2*pi/3) & (x<-pi/3)

adv = x+2*pi/3;
ta = mag * sin(pi/3-adv);

tb = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[ta/2 tb/2 t0 tb/2 ta/2];

t1=cumsum(t1);
v1=[0 1 1 1 0];
v2=[0 0 1 0 0];
v3=[1 1 1 1 1];
for j=1:5
if(y<t1(j))

break
end

end
sa=v1(j);
sb=v2(j);

sc=v3(j);
end

%Sector VI
if (x>=-pi/3) & (x<0)

adv = x+pi/3;
tb = mag * sin(pi/3-adv);

ta = mag * sin(adv);
t0 =(ts-ta-tb);
t1=[ta/2 tb/2 t0 tb/2 ta/2];
t1=cumsum(t1);
v1=[1 1 1 1 1];
v2=[0 0 1 0 0];

v3=[0 1 1 1 0];
for j=1:5
if(y<t1(j))

break
end

end
sa=v1(j);
sb=v2(j); sc=v3(j); end sf=[sa, sb, sc]
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3.4.8 Space Vector PWM in Over-modulation Region

In the SVPWM method, the maximum sinusoidal output is obtained when the reference is

v*s
�� �� ¼ 1=

ffiffiffi
3

p
Vdc and the trajectory is a circle inscribed inside the hexagon, called the linear

modulation range. If the references increase more than this value, then the output cannot be

realized by using the linear modulation technique and this is called the over-modulation

region [13–16]. Since the time of application of the zero space vector becomes negative, it does

not make any physical sense. Considering equation (3.31) and assuming v*s
�� �� ¼ 1=

ffiffiffi
3

p
Vdc,

Vdc ¼ 1p:u: and Ts ¼ 1 sec:, the time of application of the zero space vector in sector I is

calculated (Figure 3.38). It is seen that the zero vector time of application just touches zero in

the middle of the sector at 30 degrees. Increasing further the length of the reference voltage

space vector will lead to a negative value of time of application. This is true for the other sectors

too. Hence, for reference voltage vectors exceeding this limit, the zero voltage vectors cannot

be used as such.

When the reference voltage vector is more than this limiting value of v*s
�� �� ¼ 1=

ffiffiffi
3

p
Vdc, the

inverter moves into the over-modulation region for 1ffiffi
3

p Vdc < v*s
�� �� < 2

pVdc. When the reference

voltagevector is v*s
�� �� ¼ 2

pVdc, the inverter operates in the squarewavemode or six-stepmode, as

shown in Figure 3.39.
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Figure 3.37 (a) Filtered leg voltages for continuous SVPWM; (b) Filtered phase voltages for DSVPWM

Figure 3.38 Zero vector time of application in linear modulation range in sector I
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The over-modulation region is further divided into two sub-modes, the over-modulation

region I 0:5773 < v*s
�� �� < 0:6061

� �
and the over-modulation region II 0:6061 <ð

v*s
�� �� < 0:6366Þ. In over-modulation region I, the reference voltage space vector is modified

in such a way that it becomes a ‘distorted continuous reference voltage space vector.’ The

magnitude of the reference voltage vector is altered but the angle is not modified. However, in

the over-modulation region II, both the reference voltage space vector magnitude and the

angles are modified in such a way that it becomes a ‘distorted discontinuous reference voltage

space vector.’

3.4.8.1 Over-modulation Region I

Consider Figure 3.40 (called Case-1): the outer circle shows the trajectory of the desired

reference voltage vector, while the inner circle shows the end of linear modulation region.

The reference voltage vector follows the desired circular trajectory from point x to point y.

When the reference voltage space vector goes beyond the hexagon from point y to point p, the

reference voltage space vector trajectory slides along the hexagonal straight line. After the end

of the straight line (at point p), the trajectory once again follows the circular path from point p

to q; this repeats in other sectors too. In this way the reference voltage vector is modified for

over-modulation region I.

The reference voltage space vector follows a circular trajectory for some time and then a

straight line trajectory. The time of the application of the active space vectors for the circular

trajectory is given by equation (3.31). The time of application of the active space vectors for the

region y to p (straight line) can be obtained as follows:
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Figure 3.39 Linear and over-modulation range
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Let the modified space vector be v*0s
�� ��and be decomposed into a real and an imaginary

part:

v*0s
�� ��cos að Þ ¼ vaj j þ vbj jcos

�
p

3

�

for g < a <
p

3
� g

v*0s
�� ��sin að Þ ¼ vbj jsin

�
p

3

� ð3:35Þ

Solving equation (3.35) for va;

vaj j ¼ v*0s
�� �� cos að Þ � 1ffiffiffi

3
p sin að Þ

� �
ð3:36Þ

From Figure 3.40, ABC forms an equilateral triangle, hence:

OB ¼ OAþAB ¼ vaj j þ vbj j ¼ 2

3
Vdc ð3:37Þ

Using equations (3.35), (3.36), and (3.37) to determine the length of the modified space

vector:

v0s
�� �� ¼

2

3
Vdc

cos að Þþ 1ffiffiffi
3

p sin að Þ
� � ð3:38Þ
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The length of the component vectors are obtained for g < a <
p

3
� g:

vaj j ¼ 2

3
Vdc

ffiffiffi
3

p
cos að Þ � sin að Þffiffiffi

3
p

cos að Þþ sin að Þ

" #
ð3:39aÞ

vbj j ¼ 2

3
Vdc

2 sin að Þffiffiffi
3

p
cos að Þþ sin að Þ

" #
ð3:39bÞ

To obtain the expression for the time of application of the active space voltage vectors, the

equal volt-second principle is applied:

vata þ vbtb ¼ v*s Ts ð3:40Þ

ta ¼
ffiffiffi
3

p
cos að Þ � sin að Þffiffiffi

3
p

cos að Þþ sin að Þ

0
@

1
ATs

tb ¼ Ts � ta

to ¼ 0

ð3:41Þ

These equations are valid for the first sector; nevertheless, a similar relationship can be

derived for other sectors. Implementation of the SVPWMfollows the same procedure as that of

the linear mode, except the time of application is now governed by equation (3.41).

From Figure 3.41 (called Case-2), it is seen that by modifying the trajectory of the

reference space vector, the actual output becomes smaller than the desired reference. This is

due to the fact that the volt-second balance is not met and the loss in the output corresponds to

the volt-second area A2. To compensate for this loss and to maintain the volt-second balance,

the reference voltage vector is further modified. The trajectory of the reference voltage vector

follows the outer circle for a small distance when the hexagon boundary is met at point r. It

then slides along the hexagon straight line up to point s, where it meets the circular trajectory
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Figure 3.41 Over-modulation I in SVPWM-Case 2
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and then moves along this circle. In this way the volt-second lost in A2 is gained in area A1

and A3. A more precise calculation of the modified trajectory is needed in this case. The

modified reference voltage expression is derived for different parts of the sectors. Once the

voltage modified voltage reference is known, the time of application of the vector is

calculated using equation (3.31) and accordingly the switching pattern is obtained and

further used for the SVPWM implementation. The modified space voltage vector expression

is obtained as [14].

v*s
�� �� ¼ 1ffiffiffi

3
p Vdctan að Þ for 0 < a <

p

6
� g

	 

ð3:42aÞ

v*0s
�� �� ¼ 1ffiffiffi

3
p Vdc

1

cos
p

6
� g

	 
 for
p

6
� g

	 

< a <

p

6
þ g

	 

ð3:42bÞ

v*s
�� �� ¼ 1ffiffiffi

3
p Vdc

1

cos p
3
� a

� � for
p

6
þ g

	 

< a <

p

2
� g

	 

ð3:42cÞ

v*0s
�� �� ¼ 1ffiffiffi

3
p Vdc

1

cos p
6
� g

� � for
p

2
� g

	 

< a <

p

2
ð3:43Þ

A linearized relationship between the angle g and the modulation index is obtained as [14]

g ¼
�30:23MIþ 27:94 for 0:9068 � MI < 0:9095

�8:58MIþ 8:23 for 0:9095 � MI < 0:9485

�26:43MIþ 25:15 for 0:9485 � MI < 0:9517

8>><
>>: ð3:44Þ

whereMI ¼ v*s
�� ��
2
3
Vdc

. After determining the angle g, themodified reference voltage vectors length

is calculated from equation (3.43), which is then used to calculate the time of application of the

space vector using equation (3.31).

3.4.8.2 Over-modulation Region-II

In the over-modulation region I, the angular velocity of the modified reference voltage space

vector and desired referencevoltage spacevector is the same and constant for each fundamental

cycle. The reference voltage and actual output voltage is equal during the over-modulation

region I, due to the fact that the loss in the Area A2 (due to reduced length of the reference

vector, since it cannot go beyond the hexagon boundary) is compensated for by increasing

the length of the reference in area A1 and area A3. A situation arises when the desired reference

voltage vector reaches 0.6061Vdc, where no more room exists in area A1 and area A3 to

compensate for the loss in area A2. At this point, over-modulation region II starts. During this

mode of over-modulation, both the reference voltage space vector length and angle ismodified.

For the region x to y and p to q (Figure 3.42), the modified space vector is held constant at the

vertex of the hexagon. Hence, the desired reference voltage moves while the modified voltage

vector does not. Once the desired reference reaches point y, the modified vector starts to
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slide along the side of the hexagon. In this way the reference becomes discontinuous. The angle

of the modified reference voltage vector is

am ¼

0 0 � a � g

p

6

a� g

p=6� g
g � a � p=3� g

p=6 p=3� g � a � p=3

8>>>><
>>>>:

ð3:45Þ

The expression for the modified reference voltage vector is [14]

v*0s
�� �� ¼ 1ffiffiffi

3
p Vdc tan að Þ for 0 < a <

p

6
� g

	 

ð3:46aÞ

v*0s
�� �� ¼ 1

3
Vdc for

p

6
� g

	 

< a <

p

6
þ g

	 

ð3:46bÞ

v*0s
�� �� ¼ 1ffiffiffi

3
p Vdc

1

cos
p

3
� am

	 
 for
p

6
þ g

	 

< a <

p

2
� g

	 

ð3:46cÞ

v*0s
�� �� ¼ 2

3
Vdc for

p

2
� g

	 

< a <

p

2
ð3:46dÞ

The linearized equation is found for the modified angle is

g ¼
6:4MI � 6:09 for 0:95 � MI < 0:98

11:75MI � 11:34 for 0:98 � MI < 0:9975

48:96MI � 48:43 for 0:9975 � MI < 1:0

8>><
>>: ð3:47Þ

TheSVPWMin the over-modulation region II is implemented using equations (3.31), (3.46),

and (3.47).
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3.4.9 MATLAB/Simulink Model to Implement Space Vector PWM in
Over-modulation Regions

TheMATLAB/Simulink model for implementing over-modulation using SVPWM is the same

as that in Figure 3.34. TheMATLAB function block ismodified in order to account for the over-

modulation. The time of application of the space vector is calculated using equation (3.31) for

the period when the reference space vector lies between the region 0 < a � g andð
p=3� g < a � p=3Þ and for the remaining period, time of application is computed using

equation (3.41). The angle g is calculated using equation (3.44). The MATLAB code requires

the magnitude of the reference, the angle of the reference, and the timer signal for comparison.

The angle of the reference voltage is on hold for each switching period, so that its value does not

change during time calculation. The angle information is used for sector identification in the

MATLAB code ‘aaa_OM1’ for over-modulation I and ‘aaa_OM2’ for over-modulation II and

subsequent generation of gating signals for the inverter. For the 50-Hz fundamental, filtered

output voltages for different modulation indices are shown in Figure 3.43.

3.4.10 Harmonic Analysis

Harmonic components of the output voltage are given, using the Fourier series expression, as

FnðuÞ ¼ 4

p

ðp=2
0

f ðuÞsin ðnuÞdu

2
64

3
75 ð3:48Þ

where f ðuÞis given by equations (3.42a)–(3.42d) in the over-modulation mode I and

equations (3.46a)–(3.46d) in the over-modulation mode II. A numerical integration of

equation (3.48) shows that even-ordered harmonics and triplen harmonics are eliminated in

the output voltages. The six lowest harmonic components (3rd, 5th, 7th, 9th, 11th, and 13th)

versus the modulation index (MI) are shown in Figure 3.44. The low-order harmonic

components increase with the increase of the modulation index.

The THD factor is defined as

THD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
r � V2

1

� �q
V2
1

ð3:49Þ

where Vr and V1 are the rms values of the rth harmonic components and fundamental

component of the phase voltage, respectively. Figure 3.45 shows the THD factor of the output

voltage up to the 25th harmonic. As the modulation index increases, especially in over-

modulation mode II, the THD increases steeply and culminates to 31.1% at MI¼ 1.

3.4.11 Artificial Neural Network-based PWM

The SVPWM can be implemented by a feed-forward neural network, because the SVPWM

algorithm is a non-linear input/output mapping and the Artificial Neural Network (ANN) is a
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powerful non-linear mapping technique. This means that the reference voltage vector V�

magnitude, and the angle, a�, can be impressed at the input of the network and the

corresponding pulse width pattern of the three phases can be generated at the output. There

are two approaches in implementing the SVPWM; using the ANN called ‘Direct method’

and the second is the ‘Indirect method’ [1]. In the so-called ‘Direct method,’ the feed-forward

back-propagation ANN directly replaces the conventional SVPWM algorithm. Since the

feed-forward ANN network can map only one input pattern onto only one output pattern,

the switching period Ts is divided into n subintervals. Thus each sub-interval includes only one

output switching pattern for every input pattern, so requires a huge data set for proper training

of the network. Therefore this approach is limited in use [17–21]. The ‘indirect method’ uses

two separate feed-forward back-propagation ANN; one for the magnitude of the reference

voltage and other for the reference voltage position. The magnitude network yields a voltage

magnitude scaling function, which is linear in the linear modulation region and is a non-linear
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Figure 3.43 Inverter Phase ‘a’ voltage waveform at different modulation indices
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function of VDC in the over-modulation region. The reference position network yield turn on

pulse width function at unit voltage magnitude. This pulse-width functions are then multiplied

by a suitable bias signal and the product is compared with the up/down counter to generate the

appropriate switching signals for the inverter. The complete implementation block is shown in

Figure 3.46.

The phase ‘A’ turn on time can be given as

TA¼ON ¼

t0

4
¼ Ts

4
þK:V* �sin

p

3
� a*

	 

� sin a*

� �h i
; S ¼ 1; 6

t0

2
þ tb ¼ Ts

4
þK:V* �sin

p

3
� a*

	 

þ sin a*

� �h i
; S ¼ 2

t0

2
þ t0 þ tb ¼ Ts

4
þK:V* sin

p

3
� a*

	 

þ sin a*

� �h i
; S ¼ 3; 4

t0

2
þ ta ¼ Ts

4
þK:V* sin

p

3
� a*

	 

� sin a*

� �h i
; S ¼ 5

0
BBBBBBBBBBBBBBBBB@

ð3:50Þ

where S is the sector number andK ¼ ffiffiffi
3

p
Ts=4Vdc. Equation (3.50) can bewritten in the general

form:

TA�ON ¼ Ts=4þ f V*
� �

gA a*
� � ð3:51Þ

where f V*ð Þ is the voltage amplitude scale factor; Ts/4 is the bias time; and g a*ð Þ is called the
turn-on signal at unit voltage and is given as (Figure 3.47).

Figure 3.44 Harmonic spectra by FFT, normalized to fundamental component
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gA a*
� � ¼

K �sin
p

3
� a*

0
@

1
A� sin a*ð Þ

2
4

3
5; S ¼ 1; 6

K �sin
p

3
� a*

0
@

1
Aþ sin a*ð Þ

2
4

3
5; S ¼ 2

K sin
p

3
� a*

0
@

1
Aþ sin a*ð Þ

2
4

3
5; S ¼ 3; 4

K sin
p

3
� a*

0
@

1
A� sin a*ð Þ

2
4

3
5; S ¼ 5

0
BBBBBBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCCCCCA

ð3:52Þ
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3.4.12 MATLAB/Simulink Model of Implementing ANN-based SVPWM

The MATLAB/Simulink model for implementing the ANN-based SVPWM is shown in

Figure 3.48. Initially a neural network is trained with the reference voltage input and the turn-

on time as output using equations (3.50–3.52). The ANN model is then generated using the

neural network toolbox and the generated model is placed in the Simulink, as shown in

Figure 3.48. The input signal to the neural network is the reference voltage position a*. The

model uses a multilayer function in the first and second layers. The number of nodes can

be set at the training stage. The number of hidden nodes can be chosen between 10 and 20.

The weights are generated during the training mode. The digital words corresponding to turn-

on time are generated by multiplying the output of the neural network with V*TS and then

adding Ts=4, as shown in the figure. The PWM signals are then generated by comparing the

turn-on time with a triangular reference having a time period of Ts and amplitude Ts=2, and
the PWM signals thus obtained are then applied to the inverter.

The resulting simulation waveform is presented in Figure 3.49.

3.5 Relationship between Carrier-based PWM and SVPWM [22]

Although the two PWM schemes, carrier-based and SVPWM, appear different, there exists a

similarity between the two approaches. In the SPWM approach, the three-phase modulating

waves are compared with a triangular high frequency carrier to determine the switching

instants of the three phases. The modulating wave of a given phase is the average leg voltage

corresponding to that phase. The most commonly used modulating signals are sinusoidal

waves. The triplen (multiple of three) frequency component can be added as a zero sequence

component to the three-phase sinusoidal waves or modulating signals. Hence, the choice of the

triplen frequency components to be added to the fundamental signals lead to different

modulating waveforms with different harmonic spectrum. The choice of these triplen

frequency components is thus a degree of freedom in the SPWM technique.
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In the SVPWM technique, the voltage reference is provided in terms of a rotating space

vector. The magnitude and the frequency of the fundamental component of the output are

specified by the magnitude and frequency of the reference vector. The reference vector is

sampled once in every switching period. The inverter is switched such that the average voltage

vector is equal to the sampled reference vector in every switching period. The inverter

switching is done according to the reference voltage vector location. Two active and two

zero vectors are used in every switching period. The time of application of each vector is

obtained from the relationship obtained on the basis of the ‘equal volt-second’ principle. The

degree of freedom used in the SVPWM is the division of the time between the two zero states

(000 and 111). The distribution of the time duration between the two zero states 7(000) and

8(111) is equivalent to adding the zero sequence component to the three-phase average leg

voltages. Hence, the two PWM approaches are equivalent in this sense.
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3.5.1 Modulating Signals and Space Vectors

The switching pattern generated due to the interaction between a triangular carrier signal and

the modulating signal is shown in Figure 3.50; the magnitude of the modulating signal is

assumed constant during the sampling period. The switching pattern shown is the leg voltage

with magnitude �0:5Vdc. By comparing Figures 3.50 and 3.31, it is seen that the same

switching pattern and space vector disposition is available in the SVPWM in sector I.

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04
–1

0

1

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04
0

0.5

1

0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04
–1

0

1

Time (s)

V
A

-f
il

te
re

d 
(p

.u
.)

L
eg

 v
ol

ta
ge

 (
p.

u.
)

V
A

 (
p.

u.
)

Figure 3.49 ANN-based SVPWM waveforms

A

B

C

VA

t 0
/4 t a
/2 tb/2 t0/2 t 0
/4tb/2 t a
/2

V
1

V
1

V
7

V
7

V8 V
2

V
2

CarrierModulating signals

sT

VC

VB

Figure 3.50 Relationship between carrier-based and SVPWM in sector I

102 High Performance Control of AC Drives with MATLAB/Simulink Models



The same similarity also exists in other sectors. The relationship between the modulating

signals and space vector in different sectors can be found from Figure 3.31 as

VATs ¼ 0:5Vdc V*
A þ vnN

� �
Ts ¼ 0:5Vdc ta þ tb þ t8 � t7ð Þ

VBTs ¼ 0:5Vdc V*
B þ vnN

� �
Ts ¼ 0:5Vdc �ta þ tb þ t8 � t7ð Þ

VATs ¼ 0:5Vdc V*
A þ vnN

� �
Ts ¼ 0:5Vdc ta þ tb þ t8 � t7ð Þ

ð3:53Þ

The relationship between the modulating signal and the space vector in sector I is

UA ¼ ta þ tb þ t8 � t7ð Þ=Ts
UB ¼ �ta þ tb þ t8 � t7ð Þ=Ts
UC ¼ �ta � tb þ t8 � t7ð Þ=Ts

ð3:54Þ

where t8 is the time of application of the zero vector 111; t7 is the time of application of the zero

vector 000; and UA, UB, UC represents the three-phase modulating signals for the SPWM.

The modulating signals for SPWM are

UA ¼ V*
A þ vnN

UB ¼ V*
B þ vnN

UC ¼ V*
C þ vnN

ð3:55Þ

where vnN ¼ 1

3
UA þUB þUCð Þ ð3:56Þ

is the zero sequence signal.

The relationship between the modulating signals and the space vectors in the other five

sectors can be obtained in a similar fashion by using Figure 3.31, and are listed in Table 3.5.

The relation between the zero sequence signal and the space vector time of applications can

be determined by substituting equation (3.54) into equation (3.56). The resulting relationships

Table 3.5 Relationship between the space vector and modulating signal

Sector No. UA UB UC

I ta þ tb þ t8 � t7ð Þ=Ts �ta þ tb þ t8 � t7ð Þ=Ts �ta � tb þ t8 � t7ð Þ=Ts
II ta � tb þ t8 � t7ð Þ=Ts ta þ tb þ t8 � t7ð Þ=Ts �ta � tb þ t8 � t7ð Þ=Ts
III �ta � tb þ t8 � t7ð Þ=Ts ta þ tb þ t8 � t7ð Þ=Ts �ta þ tb þ t8 � t7ð Þ=Ts
IV �ta � tb þ t8 � t7ð Þ=Ts ta � tb þ t8 � t7ð Þ=Ts ta þ tb þ t8 � t7ð Þ=Ts
V �ta þ tb þ t8 � t7ð Þ=Ts �ta � tb þ t8 � t7ð Þ=Ts ta þ tb þ t8 � t7ð Þ=Ts
VI ta þ tb þ t8 � t7ð Þ=Ts �ta � tb þ t8 � t7ð Þ=Ts ta � tb þ t8 � t7ð Þ=Ts
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are given for odd sectors (sectors I, III, and V) and for even sectors (sectors II, IV, and VI) in

equations (3.57) and (3.58), respectively:

vnN ¼ 1

3Ts
�ta þ tb � 3t7 þ 3t8½ � ð3:57Þ

vnN ¼ 1

3Ts
ta � tb � 3t7 þ 3t8½ � ð3:58Þ

3.5.2 Relationship between Line-to-line Voltages and Space Vectors

A relationship between the line-to-line voltage and space vectors can be obtained using the

equations of Table 3.5 and equation (3.54), now listed in Table 3.6:

UijTs ¼ Ui � Uj

� �
Ts ¼ Vdc

2
U*

i � U*
j

	 

Ts; Where i; j ¼ a; b; c and i 6¼ j ð3:59Þ

Adirect relationship between the line-to-line voltages and spacevectors exist. It can be noted

that the line-to-line voltages are determined by only active vectors, there being no role of zero

vectors.

3.5.3 Modulating Signals and Space Vector Sectors

The relationship between the modulating signals and the sectors of the space vector can be

obtained by plotting the three-phase sinusoidal waveform and identifying the region of 0 to

60 degrees (sector I), 60 to 120 degrees (sector II), 120 to 180 degrees (sector III), 180

to 240 degrees (sector IV), 240 to 300 degrees (sector V), and 300 to 360 degrees (sector VI).

The relationship is shown in Figure 3.51.

3.6 Multi-level Inverters

Thevoltage source inverters discussed so far produces only two levels of output, either�0:5Vdc

or 0 and Vdc, hence called the two-level inverter. Two-level inverters pose several problems

in high power medium voltage applications, due to limited voltage blocking capability of the

Table 3.6 Line-to-line voltages and space vectors

Sector No. UAB UBC UCA

I 2ta=Ts 2tb=Ts �2 ta þ tbð Þ=Ts
II �2tb=Ts 2 ta þ tbð Þ=Ts �2ta=Ts
III �2 ta þ tbð Þ=Ts 2ta=Ts 2tb=Ts
IV �2ta=Ts �2tb=Ts 2 ta þ tbð Þ=Ts
V 2tb=Ts �2 ta þ tbð Þ=Ts 2ta=Ts
VI 2 ta þ tbð Þ=Ts �2ta=Ts �2tb=Ts
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power semiconductor switches. Moreover, dv/dt is considerably higher, causing high stress on

the switching devices. The solution to this problem lies in using a series connection of several

power switching devices or alternatively using multi-level inverters [23–30]. The former

solution may lead to unequal voltage sharing among the devices. Hence, the later solution is

preferred. The output voltage waveform of the multi-level inverter is significantly improved

when compared to a two-level output. TheTHD is lowand the output quality is acceptable, even

at low switching frequency. In high power drives, switching losses constitute a considerable

portionof thetotal lossesandhence thereductionof this isamajorgoal.Nevertheless, thenumber

of power switching devices used in a multi-level inverter is high and additional diodes and

capacitorsareneeded.Another important shortcomingof themulti-level inverter is imbalance in

the capacitor voltages at the DC link. This issue is addressed in [31–34].

Multi-level inverters have many attractive features, such as high voltage capability, reduced

commonmode voltages near sinusoidal outputs, low dv/dt, and smaller or even no output filter;

sometimes no transformer is required at the input side, called the transformer-less solution,

making them suitable for high power applications [35–38].

There are several topologies of multi-level inverters proposed in the literature. However, the

most popular configurations are:

. Diode Clamped or Neutral point clamped multi-level inverters;

. Capacitor clamped or flying capacitor multi-level inverters;

. Cascaded H-bridge multi-level inverters.

The neutral point topology uses diodes to clamp the voltage levels, while the flying-capacitor

topology uses floating capacitors to clamp the voltage levels. The major problems associated

with these two topologies are the balancing of capacitors voltages. Additional problems

associated with the flying capacitor type is the starting procedure, as the clamping capacitors

are required to be charged to the appropriate voltage level. The balancing problem becomes

more pronouncedwith increasing number of levels. However, the cascadedH-bridge inverter is

modular in nature, with each unit connected in series and there is no problem of balancing.

The major problem with this type of topology is the requirement of complex transformers [5].

Figure 3.51 Relationship between modulating signal and space vector sectors
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3.6.1 Diode Clamped Multi-level Inverters

The three-level neutral point/diode clamped inverter was first proposed by [39]. The

power circuit topology of a three-level neutral point clamped or diode clamped inverter is

shown in Figure 3.52. One leg consists of four power semiconductor switches (IGBTs) and

two power diodes for clamping. At the DC link side, one capacitor is needed at the source

end and two capacitors are halved and connected in series to form a neutral point N. In this

configuration, two power switches conduct simultaneously. When the upper two switches,

middle two switches, and lower two switches are on the inverter leg, voltage attains

0.5 Vdc, 0, and �0.5 Vdc voltages, respectively. The switches Sa and S0
a, Sb and S0

b, and

Sc, and S0
c are complimentary in operation. Defining the switching function Sk1, Sk0,

and Sk2 (k¼A, B, C) (zero when switch is off and one when switch is 1, with the

constraint: Sk1 þ Sk0 þ Sk2 ¼ 0) when the upper two switches are on, the middle two

switches are on, and the lower two switches are on, respectively. The leg voltages can then

be written as

VAN ¼ SA1 � SA2ð ÞVdc

VBN ¼ SB1 � SB2ð ÞVdc

VCN ¼ SC1 � SC2ð ÞVdc

ð3:60Þ
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Figure 3.52 Neutral Point Clamped three-level inverter topology
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The line voltage relation can be obtained as

vab ¼ VAN � VBN ¼ SA1 � SA2 � SB1 þ SB3ð ÞVdc

vbc ¼ VBN � VCN ¼ SB1 � SB2 � SC1 þ SC3ð ÞVdc

vca ¼ VCN � VAN ¼ SC1 � SC2 � SA1 þ SA3ð ÞVdc

ð3:61Þ

The phase to load neutral voltage can be obtained as

van ¼ 2

3
Vdc SA1 � SA3 � 0:5 SB1 � SB3 þ SC1 � SC3ð Þð Þ

vbn ¼ 2

3
Vdc SB1 � SB3 � 0:5 SA1 � SA3 þ SC1 � SC3ð Þð Þ

vcn ¼ 2

3
Vdc SC1 � SC3 � 0:5 SA1 � SA3 þ SB1 � SB3ð Þð Þ

ð3:62Þ

The common mode voltage (voltage between the load neutral and inverter neutral) is

vnN ¼ 1

3
Vdc SA1 þ SB1 þ SC1 � SA3 � SB3 � SC3ð Þ ð3:63Þ

3.6.1.1 Carrier-based PWM Technique for NPC Three-level Inverter

A SPWM scheme of a two-level inverter can be readily extended to a multi-level inverter.

However, the number of triangular carrier waves is equal to L� 1, where L is the level number.

Multi-carrier signals are generated and compared with the sinusoidal modulating signal of

SPWM fundamental frequency. The switching/gating signals are thus generated. Broadly

classified, a SPWM scheme is of two types, phase shifted and level shifted. In phase shifted

SPWM schemes, the required phase shifts among different carriers and is given as

f ¼ 2p

L� 1ð Þ ð3:64Þ

Thus, in a three-level phase shifted SPWM, two carrier waves are needed, with a 180-degree

phase shift. In a five-level inverter, four carrier waves are required, with a 90-degree phase shift.

As the number of level increases, the number of carrier waves increases and the phase shift

angle decreases.

Level shifted SPWM schemes are further classified as:

. in-phase disposition (IPD), in which all triangular signals are in phase;

. phase opposition disposition (POD), in which all the carrier above reference zero are in

opposite phase to those below zero reference;
. alternate phase opposition disposition (APOD), in which in each carrier pair is in opposite

phase.
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The principle of different types of SPWM schemes, as applied to a five-level diode clamped

inverter, is shown in Figure 3.53. In a five-level inverter, four carrier signals are required, as

shown in Figure 3.53 and are compared with the three-phase sinusoidal modulating wave (in

the figure, only the phase ‘a’ modulating signal is shown). The gating signals are generated at

the point of intersection of the modulating wave and the carrier wave. The operation of the
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Figure 3.53 Principle of SPWMfor a five-level diode clamped inverter: (a) IPD; (b) POD; and (c)APOD
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upper and third from the top power switches are complimentary. Similarly, the second from the

top and the bottom-most switches are complimentary in operation.

3.6.1.2 MATLAB/SimulinkModel ofCarrier-basedPWMScheme forThree-levelNPC

MATLAB/Simulinkmodelofa three-levelNPCinverter is showninFigure3.54.Thesimulation

model isdevelopedusingthemathematicalmodelof the inverter.TheDClinkvoltageisassumed

as unity, the fundamental output frequency is chosen as 50Hz, and the switching frequency is

kept at 2 kHz. The carrier signals are chosen such that they are in phase disposition (IPD).

The resultingwaveforms obtained from the simulation are shown in Figure 3.55. Seven-level

phase voltages are obtained, while three-level line voltages are generated.More number of step

leads to lower THD. Spectrum of phase voltage is also shown in the figure.

3.6.2 Flying Capacitor Type Multi-level Inverter

The flying capacitor or capacitor clamped topology has some distinct advantages over other

topologies of multi-level inverters, for example, the redundancies of the voltage levels, which

means that more than one switch combination can create same output voltage and hence

freedom exists in the choice of the appropriate switching combination. The flying level

capacitor inverter has phase redundancies, unlike the NPC that has only line-to-line redun-

dancies [40–48]. This feature allows charging and discharging of particular capacitors in away

that may be integratedwithin the control algorithm for balancing the voltages. Other advantage

of this inverter is that the active and reactive power flow can be controlled. Also, the large

number of capacitors enables an operation through short duration outages and significant

voltage sags.

Flying capacitor multilevel topology is a good approach, particularly for more than three

voltage levels. A negative aspect of using a Flying Capacitor is that the output current changes
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Figure 3.54 MATLAB/Simulink model of SPWM for a three-level NPC (File name: NPC_3_phase_

3_level.mdl)

Pulse Width Modulation of Power Electronic DC-AC Converter 109



the voltage of the capacitors. In general, the capacitance must be selected as high to make the

changes as low as possible. Therefore, the size of the capacitors increases as an inverse of the

switching frequency. This topology is therefore not practical for low switching frequency

applications [40]. Another important shortcoming of this topology is the starting/excitation of

the inverter. The capacitor must be charged to the appropriate voltage level before operating of

the inverter. Hence, a special starting procedure is required for this type of multi-level inverter.

The flying capacitor voltage balancing is a tedious task in the flying capacitor topology

[40–42]. Numerous techniques have been presented in the literature to balance the voltage

across the clamping capacitors [41–48]. These include the SPWM, as well as the SVPWM,

using switching vector redundancies. Among the carrier-based techniques, three methods are

most popular, namely phase shifted PWM, modified carrier redistribution PWM, and saw-

tooth rotation PWM. A comprehensive comparison of these methods are presented in [46] for

a three-phase system. It is concluded that the modified carrier redistribution PWM offers the

optimum performance. This technique is further used in [14,17]. Hence, the same technique is

elaborated on in this chapter.

3.6.2.1 Operation of Three-level Flying Capacitor Inverter

The power circuit topology of a five-phase three-level flying capacitor type voltage source

inverter is shown in Figure 3.56. In this topology of a multi-level inverter, the floating

capacitors are employed to clamp the node voltages of the series connected power

switching devices. Four power switching devices are connected in series to form one leg

of the inverter. The complimentary switches are indicated in the Figure 3.56 sn1; s
0
n1

� �
;

�
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complimentary. Two power switching devices are turned on simultaneously to provide three

different voltage levels at the output phase, 0.5Vdc, �05Vdc, and 0. Since the voltage across

the flying capacitors is limited to 0.5Vdc, the same voltage stress will be borne by each

switch. As the number of levels increases the required voltage, the blocking value reduces,

thus lower rating switches can be used or alternatively higher voltage can be achieved. The

relationship between the pole voltage and the output phase voltage remains the same as that

of an NPC three-level inverter.

One cycle of the operation of one leg of the flying capacitor inverter is depicted in

Figures 3.57 a–h. The path of the current is shown as a dotted line. The pole voltage is 0.5Vdc

and the current either flows to or from the load in Figures 3.57a and b. The capacitor state

remains unchanged.

The flying capacitor charges during the switching state of Figures 3.57c and f. The charging

current is equal to the load current. Hence the design of flying capacitor should take into

account the maximum load current. The pole voltage is zero during this operation. The flying

capacitor discharges during the switching state of Figures 3.57d and e. Once again the current

flow through the capacitor is equal to the load current. The pole voltage remains zero during

this switching state. Figures 3.57g and h show the switching state when the pole voltage attains

the value of �0.5Vdc and the flying capacitor conditions remains unchanged.

It is evident from the above discussion that the capacitor charging state changes throughout

Figures 3.57c–f. Thus, to balance the flying capacitor voltage, these switching states need

special attention. Thus the PWM technique described in the next section optimally exploits

these redundant switching states.

S’a1

S’a2

C1

C2

CV
dc

Sc1

Sc2

S’c1

S’c2

va vc

Sb1

Sb2

S’b1

S’b2

vb

N

0.5V
dc

0.5V
dc

CBA

Sa1

Sa2

Cf Cf Cf

Figure 3.56 Power circuit of a three-level three-phase flying capacitor type inverter
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3.6.2.2 PWM Technique to Balance Flying Capacitor Voltage [44,46]

The major goal of the PWM scheme is to balance the flying capacitor voltage and keep it

constant at half of theDC link voltage, irrespective of the load condition. The basic idea behind

voltage balancing is equal charging and discharging time of the flying capacitor. From the

switching diagram (Figure 3.57) it is clear that for switch states of Figures 3.57c and f, the

output pole voltage remains the same (zero), thus these states are redundant states. However,

the flying capacitor charges in the state of Figures 3.57c and f and discharges to the load in state

of Figures 3.57d and e. Therefore, states (Figures 3.57c and f) and (Figures 3.57d and e) should

persist for the same time for equal charging and discharging of the flying capacitor. To

accomplish this, the carrier signal should be formulated, as shown in Figures 3.58 and 3.59, for

switch Sn1 and Sn2, respectively. The upper carrier is used when the reference voltage lies

between 0.5Vdc and Vdc, while the lower carrier is used when reference voltage lies between 0

and 0.5Vdc. The gate signals are shown in Figures 3.60 and 3.61 for the two different values of

the reference voltages. The carrier signal for four sampling periods are shown. It is evident that

the redundant switching state is active in the first sample and then in the third sample in

Figure 3.60. Hence, the flying capacitor charges in the first sampling time and discharges in the

third sampling time, keeping the same charging and discharging time in four sample periods.

The switching time of each power switch will be equal to 2Ts as evident from Figures 3.60

and 3.61. The similar observation can be made from Figure 3.61. Thus it is seen that for all the

values of the reference voltages, the charge and discharge time of the flying capacitors remains

the same. Thus the voltage is balanced at the flying capacitor terminals as an average in four

sample time. This average balancing time will be higher for higher level numbers.

3.6.2.3 Start-up/Excitation Procedure of FLC

One of the important requirements of a flying capacitor inverter is its start-up procedure. This

problem still persists in a five-phase inverter as in a three-phase inverter. At the start, the flying

capacitor needs to be charged equal to 0.5Vdc. Thus the gating signal is provided in such a way

that the switch Sn1 and Sn1
0 remains ‘ON’ to charge the capacitor and the switches Sn2 and Sn2

0

remain ‘OFF’. Once the voltage of the flying capacitor builds up to the required voltage level

(i.e. 0.5Vdc), all the switches are kept off so that the flying capacitor voltage floats at 0.5Vdc.

Then the normal PWM inverter operation is implemented.

3.6.2.4 MATLAB/Simulink Model of Three-level Capacitor Clamped or FLC Inverter

The MATLAB/Simulink model for implementing the three-level FLC inverter is shown in

Figure 3.62. The model is shown using the simpower system block-sets. SPWM is further

illustrated in Figures 3.60 and 3.61, which are used in this model.

DC link voltage of 100V is retained and the switching frequency remains at 2.5 kHz, the

flying capacitor is chosen as 100mF, and the load parameters are R¼ 5W and L¼ 0.5mH.

The resulting output line and phase voltages are shown in Figure 3.63. The output line voltage

assumes three levels and the phase voltage has seven levels.

3.6.3 Cascaded H-Bridge Multi-level Inverter

Several units of the H-bridge inverters are connected in series to form a cascaded H-bridge

topology that outputs multi-level voltages. This is a highly modular configuration, where by
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adding each H-bridge cell increases the level of the output voltages. Each H-bridge unit

requires isolatedDC supplies. The number of units to be connected in series to obtain an L level

(odd) of the output voltages is given as

N ¼ L� 1

2
ð3:65Þ
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Figure 3.57 (a) Switch State 1100with positive current flow; (b) Switch state 1100with negative current

flow; (c) Switch state 1010 with positive current flow (Flying capacitor charges); (d) Switch state 1010

with negative current flow (Flying capacitor discharges); (e) Switch state 0101 with positive current flow

(Flying capacitor discharges); (f) Switch state 0101with negative current flow (Flying capacitor charges);

(g) Switch state 0011 with positive current flow; (h) Switch state 0011 with negative current flow
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where L is the number of output levels and N is the number of H-bridge unit. The number of

output voltage levels can only be odd. Hence, to obtain a five-level output, two H-bridge units

are connected in series.

If two units are connected in series, they form a five-level output, as shown in Figure 3.64.

The switching states and the possible output voltages for this configuration are given

in Table 3.7. The output phase voltages can acquire four different voltage levels,

�2Vdc;�Vdc; 0;Vdc; 2Vdc. It is further noted that the switching redundancy exists in the same

way as the output voltage level is obtained from different switching combination. This

redundancy can be exploited in a SVPWM to choose the best possible vectors to generate

the reduced common mode voltages.
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3.6.3.1 Carrier-based PWM Technique for a Multi-level CHB Inverter

The SPWM technique can be broadly classified into two types, phase shifted and level shifted.

In the phase shifted SPWM technique, the phase shift angle between two adjacent carrier

signals is given by equation (3.64). Hence, in a five-level cascaded H-bridge inverter, four

carrier waves are required with the phase shift between the two carriers at 90 degrees.

The modulating signals are three-phase sinusoids. In a five-level inverter, the carrier with a

0-degree phase shift will control the switching of the cell-1 upper power switch Sa11 and the

90-degree phase shifted carrier signal controls the switching of the cell-2 upper power switch

Sa12. The 180-degree phase shifted carrier signal controls the cell-1 switch Sa22 and the

270-degree phase shifted carrier controls the switching of Sa21 of cell-2 (Figure 3.64).

The gating signals are generated at the intersection of the triangular carrier signals and the

Vdc /2

Ts 2Ts 3Ts 4Ts

0
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Figure 3.61 Gate signal generation when 0 � vref
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Figure 3.62 MATLAB/Simulinkmodel of three-level flying capacitor inverter (File name: flc_3ph.mdl)
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modulating signals. The inverter switching frequency and the device switching frequency is

related by

fs;inverter ¼ L� 1ð Þfs;device ð3:66Þ

In level-shifted SPWM technique, (L� 1) level shifted carriers are required. The carriers are

arranged vertically between�Vdc and Vdc and the amplitude of the carrier depends upon their

number, for example, in the case of a five-level inverter, four carrier signals are required.

The amplitude of the carrier signals will then be 0.5Vdc to Vdc, 0 to 0.5Vdc,�0.5Vdc to�Vdc,

and�0.5Vdc to 0. The inverter switching frequency and the carrier frequency is the same in the

case of level-shifted PWM. The device switching frequency and the inverter switching

frequency is related, as shown in equation (3.65).
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Figure 3.63 Output line and phase voltages from three-level FLC inverter
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3.6.3.2 MATLAB/Simulink Model of Five-level CHB Inverter

A MATLAB/Simulink model for a five-level cascaded H-bridge inverter is shown in Fig-

ure 3.65. The model is formulated using Simpower system block-sets. The phase-shifted

SPWM technique is employed and the resulting waveforms are shown in Figure 3.66.

3.7 Impedance Source or Z-source Inverter

The impedance source or Z-source inverters are special types of inverters that provide the

voltage boost capability in conventional inverters. The conventional inverters work as a buck

converter only, because the output voltage is always lower than the DC input voltage.

Moreover, the upper and lower power switch cannot conduct simultaneously, otherwise the

DC source will short circuit. Hence, a dead band is provided intentionally between the

switching on and switching off of the complimentary power switches of the same leg. This dead

band causes distortion in the output current. These shortcomings are overcome in the Z-source

inverter. Two inductors of equal value and two capacitors of equal value, arranged in the formof

a letter Xwith series inductors and diagonal capacitors, are inserted between theDC source and

inverter six power switches. This intermediate stage offers the advantage of boosting the DC

source voltage, which is a highly attractive solution for renewable energy interface such as

Photovoltaic system, Fuel Cells, etc., where the generated voltage is low and the load demand

voltage is high. Detailed discussions on the Z-source inverters are given in [49–58]. The

concept of impedance source is equally applicable to AC-DC, DC-DC, AC-AC, and DC-AC

power converter topology. This section introduces this new class of inverters (DC-AC

converter) and will elaborate the basic principle of operation and control power circuit

Table 3.7 Switching states and output voltages in a five-level CHB inverter

Sa11 Sa22 Sa12 Sa21 vN1 vN2 va

1 0 1 0 Vdc Vdc 2Vdc

1 0 1 1 Vdc 0 Vdc

1 0 0 0 Vdc 0 Vdc

1 1 1 0 0 Vdc Vdc

0 0 1 0 0 Vdc Vdc

0 0 0 0 0 0 0

0 0 1 1 0 0 0

1 1 0 0 0 0 0

1 1 1 1 0 0 0

1 0 0 1 Vdc �Vdc 0

0 1 1 0 �Vdc Vdc 0

0 1 1 1 �Vdc 0 –Vdc

0 1 0 0 �Vdc 0 –Vdc

1 1 0 1 0 �Vdc –Vdc

0 0 0 1 0 �Vdc –Vdc

0 1 0 1 �Vdc �Vdc –2Vdc
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topology of a Z-source inverter, as shown in Figure 3.67. The DC source obtained from the

renewable energy sources or a diode rectifier is connected to the conventional three-leg inverter

through an intermediate impedance network.

The switching of a Z-source inverter produces seven additional states when compared with a

conventional inverter where only eight states are possible (six active and two zero). This is

because the operation of the power switch of the same leg is permitted in this type of inverters.

When one or more leg is conducting with both power switches being ‘ON’ simultaneously, this

leads to these additional switching states, called ‘shoot-through’ states and operation of the

inverter in these states causes voltage boost. During ‘shoot-through’ states, the output voltage

at the load terminal is zero, while the voltage at the input of the inverter or output DC from

the impedance network increases. The switching table, with additional shoot-through states, is

presented in Table 3.8
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Figure 3.66 Output line and phase voltages from five-level CHB inverter
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3.7.1 Circuit Analysis

The equivalent circuit of a Z-source inverter is shown in Figure 3.68. The inverter behaves as a

constant current source when looked at from the impedance source to the inverter side, as

shown in Figure 3.68a, where the inverter is operating in normal ‘non-shoot-through’ mode.

The inverter is a short circuit and the equivalent diode at the DC side is off when the inverter

operates in the ‘shoot-through’ mode, as shown in Figure 3.68b.

For the circuit analysis, the following assumptions are made; the inductance values are

assumed to be the same, i.e. L1¼L2¼L, as are the capacitor values, i.e. C1¼C2¼C. The

inductor current is assumed to be large and constant. If the switching period is Ts, the shoot-

through period is Tsh and non-shoot-through period is Tnsh, where

Ts ¼ Tsh þ Tnsh ð3:67Þ

Due to the symmetrical impedance network, the following relation holds true:

vc1 ¼ vc2 ¼ Vc ð3:68Þ

vL1 ¼ vL2 ¼ VL ð3:69Þ

Table 3.8 Shoot-through states in a three-phase Z-source Inverter

Switching State Name Conducting Switches

Shoot-through 1 (E1) S1, S1
0

Shoot-through 2 (E2) S2, S2
0

Shoot-through 3 (E3) S3, S3
0

Shoot-through 4 (E4) S1, S1
0, S2, S20

Shoot-through 5 (E5) S1, S1
0, S3, S30

Shoot-through 6 (E6) S2, S2
0, S3, S30

Shoot-through 7 (E7) S1, S1
0, S2, S20, S3, S30
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Figure 3.68 Equivalent circuit of a Z-source inverter: (a) non-shoot-through mode; (b) shoot-through

mode
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During the non-shoot-through state, the following relations hold true from the equivalent

circuit (Figure 3.68a):

vL�nsh ¼ VL ¼ Vdc � Vc ð3:70Þ

vinv ¼ Vc � VL ¼ 2Vc � vo ð3:71Þ

vo ¼ Vdc ð3:72Þ

During the shoot-through period, the following relation is obtained from Figure 3.68b:

vo ¼ 2Vc ð3:73Þ

vL�sh ¼ VL ¼ Vc ð3:74Þ

vinv ¼ 0 ð3:75Þ

The averagevoltage across the inductor over one switching period should be zero in steady state

and hence, from volt-second principle, the following relation can be written as

VLT ¼ vL�shTsh þ vL�nshTnsh ¼ 0

VLT ¼ VcTsh þ Vdc � Vcð ÞTnsh ¼ 0
ð3:76Þ

From equation (3.76), the following relation is obtained:

Vc

Vdc

¼ Tnsh

Tnsh � Tsh
ð3:77Þ

The peak DC link voltage across the inverter bridge is obtained using equations (3.71)

and (3.77):

v̂inv ¼ 2Vc � Vdc ¼ 2Vc � Vdc

Vdc

Vdc ¼ 2
Vc

Vdc

� 1

� �
Vdc ¼ 2

Tnsh

Tnsh � Tsh
� 1

� �
Vdc

¼ Ts

Tnsh � Tsh
Vdc ¼ gVdc

ð3:78Þ

where

g ¼ Ts

Tnsh � Tsh
¼ 1

1� 2 Tsh
Ts

¼ 1

1� 2d
� 1 ð3:79Þ

where g is boost factor. The output peak AC voltage from a conventional inverter is

v̂ ¼ M
Vdc

2
ð3:80Þ
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The peak output voltage in a Z-source inverter is

v̂ ¼ Mv̂inv=2 ¼ Mg
Vdc

2
ð3:81Þ

whereM is themodulation index. It is thus seen that the outputACpeak voltage fromaZ-source

inverter is g (boost factor) times the conventional inverter output. The value g is always more

than unity and hence gain in the output voltage is achieved. It is seen from equation (3.79) that

the boost factor g is zero if the shoot-through period Tsh¼ 0. Hence, it can be said that the boost

in the output voltage is obtained due to the shoot-through in the switching state.

3.7.2 Carrier-based Simple Boost PWM Control of a Z-source Inverter

Conventional PWM schemes, such as sinusoidal carrier-based and SVPWM, are equally

applicable to a Z-source inverter. The only difference is seenwhenvoltage boost is required and

shoot-through state operation is needed. In the conventional PWM, two zero states and two

active states are used. The shoot-through state is inserted within the conventional zero states, as

shown in Figure 3.69. The triangular carrier signal is shown alongwith the sampledmodulating

signals. Two additional constant signals are used, namely V*
P;V

*
N, to modulate the shoot-

through duty ratio. Hence, by controlling the amplitude of the two additional signals, the output

voltage from the Z-source inverter is controlled. It is seen that the zero vector time only is

altered, the active vector time remaining the same.

The shoot-through duty ratio dð Þ decreases with the increase in themodulation indexM. The

maximumduty ratio is 1�M and hence reaches zero formodulation indexof unity. Thevoltage

gain reduces with the increase in the modulation index. The voltage gain due to the boost

becomes zero forM¼ 1. The gain is high for a low modulation index, hence to obtain a higher

gain the modulation index must be kept low.

The overall gain G in the output voltage using the simple boost PWM method is

G ¼ M 	 g ¼ v̂

Vdc=2
¼ M

2M � 1
ð3:82Þ
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Figure 3.69 Principle of carrier-based simple boost PWM for a Z-source inverter
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The maximum modulation for given g is

M ¼ G

2G� 1
ð3:83Þ

The voltage stress across the power semiconductor switch using the carrier-based simple boost

PWM method is

Vstress ¼ gVdc ¼ 2G� 1ð ÞVdc ð3:84Þ

Higher gain at the output of inverter leads to high stress on the power semiconductor power

switch.

3.7.3 Carrier-based Maximum Boost PWM Control of a Z-source
Inverter

The limitation of the simple boost control method is that the stress across the power switches is

higher for higher voltage gain, since the voltage gain is given as M.g and the voltage stress

across the switch is g.Vdc. In order to minimize the stress of the power switch, the boost factor g

should be minimized and do simultaneously maximize the modulation index M, keeping the

output voltage gain at a desired value. However, in order to increase the voltage gain, the boost

factor g should be enhanced. To meet these conflicting requirements, the zero states are all

converted into the shoot-through period. The active states remain unchanged, as shown in

Figure 3.70.

The average duty ratio of the shoot-through is [50]:

d ¼ Tsh

Ts
¼ 2p � 3

ffiffiffi
3

p
M

2p
ð3:85Þ
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Figure 3.70 Principle of carrier-based maximum boost PWM for a Z-source inverter
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The boost factor is given by

g ¼ 1

1� 2d
¼ p

3
ffiffiffi
3

p
M � p

ð3:86Þ

The output voltage gain is given by

G ¼ Mg ¼ pM

3
ffiffiffi
3

p
M � p

ð3:87Þ

The voltage stress across the power switches are

Vstress ¼ gVdc ¼ 3
ffiffiffi
3

p
G� p

p
Vdc ð3:88Þ

The voltage stress in a PWM scheme is considerably lower than the simple boost PWM

method. Hence, a higher gain can be achieved with this maximum constant boost PWM

method.

The variation of the voltage gain G versus the modulation index for simple boost PWM and

maximum constant boost PWM is shown in Figure 3.71.

To increase the modulation index M to 1=
ffiffiffi
3

p
, the third-harmonic injection method can be

adopted. The modulating signal consists of a sinusoidal signal plus the one-fourth or one-sixth

third harmonic.

3.7.4 MATLAB/Simulink Model of Z-source Inverter

The MATLAB/Simulink model of a Z-source inverter controlled using a simple SPWM

scheme is shown in Figure 3.72. The switching frequency of the inverter is kept at 2 kHz, the
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Figure 3.71 Voltage gain versus modulation index for Z-source inverter
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fundamental frequency is chosen as 50Hz, the impedance network parameters are L¼ 500 mH
and C¼ 400 mF, and the output filter parameters are Lv¼ 0.01H, Cv¼ 110mF. The load is

chosen as variable with different requirements of active and reactive powers. The load is

changed at the instant of t¼ 0.5 s and t¼ 0.8 s, the modulation index is kept at 0.75, the output

phase voltage requirement is 249V rms, and the DC link voltage is kept at 400V. The resulting

waveforms are shown in Figures 3.73 and 3.74.
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3.8 Quasi Impedance Source or qZSI Inverter

The impedance source or Z-source inverter, described in Section (3.7) suffers from the

drawback of discontinuous input (DC) current during boost mode, high voltages across the

capacitors, and higher stress on power switches. These shortcomings are overcome by a

different topology of inverter called qZSI [58–61]. The qZSI topology is derived from the

original Z-source inverter. The advantages of a qZSI are:

. draws continuous current from DC source;

. the voltage across the capacitor C2 is reduced;

. lower component count and hence higher reliability and higher efficiency; and

. lower voltage stress on the power switches.

There are several topologies of qZSI reported in the literature [59]. This section elaborates on

the voltage fed qZSI with continuous input current, as shown in Figure 3.75. The two operating

modes of the inverter are the shoot-through and non-shoot-through modes, and the equivalent

circuits during themodes of operation are shown in Figure 3.75.From the circuit (Figure 3.76a),

the voltage relations during the non-shoot-through period (Tnsh) are

vL1 ¼ Vdc � vC1; vL2 ¼ �vC2; ð3:89Þ

vinv ¼ vC1 � vL2 ¼ vC1 þ vC2; vdiode ¼ 0: ð3:90Þ

From the circuit (Figure 3.76b), the voltage relations during the shoot-through period (Tsh) are

vL1 ¼ vC2 þVin; vL2 ¼ vC1 ð3:91Þ

vinv ¼ 0; vdiode ¼ �ðvC1 þ vC2Þ ð3:92Þ
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Figure 3.75 Power circuit topology of the voltage fed qZSI
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The average voltage across inductor over one switching period should be zero in steady

state and hence, from volt-second principle, the following relation can be written from

equations (3.89) and (3.91):

VL1 ¼ �vL1Ts ¼ TshðVC2 þVdcÞþ TnshðVdc � VC1Þ ¼ 0 ð3:93Þ

VL2 ¼ �vL2Ts ¼ TshðVC1Þþ Tnshð�VC2Þ ¼ 0 ð3:94Þ

Thus, the following relations are

VC1 ¼ 1� d

1� 2d
Vdc; VC2 ¼ d

1� 2d
Vdc ð3:95Þ

From equations (3.90), (3.92), and (3.1046), the peak DC-link voltage across the inverter

bridge is

vinv ¼ VC1 þVC2 ¼ Ts

Tnsh � Tsh
Vdc ¼ 1

1� 2d
Vdc ¼ gVdc ð3:96Þ

where g is the boost factor of the qZSI. The average currents through the two inductors L1 and

L2 can be calculated by the system power rating P:

IL1 ¼ IL2 ¼ Iin ¼ P=Vdc ð3:97Þ

According toKirchhoff’s current law and equation (3.97), the following current relations are

obtained:

IC1 ¼ IC2 ¼ Iinv � IL1; ID ¼ 2IL1 � Iinv ð3:98Þ

Defining the following terms:

1. M is the modulation index; v̂ is the ac peak phase voltage or output peak voltage of the

inverter:

2. p ¼ ð1� dÞ=ð1� 2dÞ; k ¼ d=ð1� 2dÞ; g ¼ 1=ð1� 2dÞ:
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Figure 3.76 Equivalent circuit of the qZSI; a non-shoot-through state, b. shoot-through state
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A comparison between the Z-source and quasi Z-source inverter average parameters are given

in Table 3.9.

The qZSI and Z-source inverter have the same features. The advantage of boosting the input

DC voltage in a single-stage configuration is also available with the qZSI. There is no need to

provide dead time between the switching on and off of the power switches of the same leg.

3.8.1 MATLAB/Simulink Model of qZ-source Inverter

The MATLAB/Simulink model of the qZSI is shown in Figure 3.77. The inverter is controlled

using a simple SPWM technique. The simulation parameters are the same as that of the ZSI.

The resulting waveforms are shown in Figures 3.78 and 3.79.

3.9 Dead Time Effect in a Multi-phase Inverter

This section further elaborates on the effect of introducing dead time (time lag between the

switching ‘ON’ and switching ‘OFF’ of the two power semiconductor switches of the same leg

of an inverter). The two power switches of the same leg should not be turned on simultaneously,

in order to avoid the source side short circuit and uncontrolled flow of current through inverter

switches and subsequent failure of the inverter; the time delay thus to be introduced between the

Table 3.9 Comparison of average quantities of ZSI and qZSI [60]

vL1 ¼ vL2 vinv vdiode
VC1 VC2 v̂ Iin ¼ IL1 ¼ IL2 IC1 ¼ IC2 ID

Tsh Tnsh Tsh Tnsh Tsh Tnsh

ZSI pVdc �kVdc 0 gVdc gVdc 0 pVdc pVdc GVdc=2 P=Vdc Iinv � IL1 2IL1 � Iinv

qZSI pVdc �kVdc 0 gVdc gVdc 0 pVdc kVdc GVdc=2 P=Vdc Iinv � IL1 2IL1 � Iinv

QZSI

Discrete,
Ts = 1e-006 s.
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Iabc
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Figure 3.77 MATLAB/Simulink model of Z-source inverter
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turning on and turning off of the two switches of the same leg. The power semiconductor switch

turn-on and turn-off time depend upon several factors, such as the power rating of the switch,

the operating temperature, and gate drive current [62]. The required dead time is a function of

the power rating of the device, considering one leg of a multi-phase inverter with gate signal

supplied from a gate drive circuit. The waveforms associated with Figure 3.80 are shown in

Figure 3.81.

Figure 3.80 shows one of the legs of the basic multiphase PWM inverter with RL load. Vc(t)

and Vi(t) are carrier andmodulating signals, respectively, which are compared in a comparator.
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Output of the comparator is V1(t). This output signal and its complement signal (V2(t)) are fed

to the gates of upper (T1) and lower (T2) IGBTs of one leg through a time delay circuit. Time

delay between upper and lower IGBTs switching is required to avoid shoot-through conditions

and subsequently to avoid the source short circuit. The waveforms of the PWM inverter in

Figure 3.80 are shown in Figure 3.81 for positive phase current ia > 0 and negative phase

current ia< 0. Figure 3.81 also shows the duration at which D1, D2, T1, and T2 are conducting.

VD1, VD2, VT1, and VT2 are the voltage drops across D1, D2, T1, and T2, respectively. D1 and D2

are the free wheeling diodes. Here it is assumed that the delay time td includes ton and toff of the

devices. The shaded portion for ia> 0 is responsible for the decrease of output voltage,whereas

the shaded portion for ia < 0 is responsible for the increase of output voltage.
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Figure 3.80 One leg of multiphase PWM inverter with time delay circuit
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The voltage deviation « depends on the delay time td and slope of the carrier wave Vc(t).

Therefore:

�«

td
¼ �2Vc

ðTc=2Þ or « ¼ td
2Vc

ðTc=2Þ ¼ 4fctdVc ð3:99Þ

where Vc, fc, and Tc are the amplitude, frequency, and time period of the carrier signal,

respectively.

Figure 3.82 depicts ideal, real, and error output voltages waveforms. Here it is assumed that

the IGBTs switch instantly. The error pulses, whose height and width are equal to VDC

2
and td ,

respectively, are in opposition to the output current.

The area of each pulse is

De ¼ VDC

2
� td ð3:100Þ

where the number of pulses is

np ¼
Tm

2

� �
Tc

ð3:101Þ
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Figure 3.82 Dead time effect on output voltage
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The pulses due to dead time effect can be summed to form a square wave whose height and

width are ‘h’ volt and Tm
2
s, respectively and Tc is the period of the triangular wave or the inverter

switching period. Therefore, the area of the resulting square wave is

h� Tm

2
¼ np � VDC

2
� td or h ¼ DV ¼ np � VDC

Tm
� td ¼ fc � VDC

2
� td ð3:102Þ

where DV is the amplitude.

In the ideal PWM waveform, the predominant harmonics are shifted to the switching

frequency and the low-order harmonics are either suppressed or cancelled. However, due to

switching dead time, td , the presence of the error voltage can introduce low frequency

components such as the 5th and 7th, especially at very high switching frequencies. The

rectangular pulses can be approximated to a square wave with a frequency equal to that of the

output fundamental frequency. If ‘h’ is the height of the square wave, then

h� Tm

2
¼ np � VDC � td ð3:103Þ

i.e.:

h
Tm

2
¼

Tm

2

� �
Tc

� VDC � td ð3:104Þ

h ¼ fc � VDC � td ð3:105Þ

where fc is the frequency of the carrier wave or the inverter switching frequency. Using the

Fourier series expression for the square wave, the nth harmonic of the error voltage is

Vn ¼ 4h

pn
¼ 4fc � VDC � td

pn
ð3:106Þ

The above equation shows that the more fc increases, the more Vn rises. Therefore the upper

limitation of carrier frequency exists when using the high frequency carrier waveform and the

product of fc and td should be selected to a minimum value to avoid waveform distortion due

to low frequency harmonics introduced by switching lag times.

The effect of dead time is compensated in real time implementation using several open-loop

and closed-loop techniques. Some of the important references related to the dead time

compensation are [2,63–66].

3.10 Summary

This chapter discusses the PWM control of a three-phase two-level and multi-level voltage

source inverter. The basic structure of the inverter is discussed starting from half-bridge to full-

bridge and then three-phase inverter is elaborated on. A simple SPWM scheme is discussed

followed by a third-harmonic injection and offset addition-based PWM. SVPWM is presented
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and a general simulationmodel is given that can bemodified to implement both continuous and

discontinuous SVPWM.An over-modulation region is also presented alongwith itsMATLAB/

Simulink implementation. The use of the artificial intelligence technique for implementing

SVPWM is described. The effect of dead banding is also discussed. Basic topologies of the

multi-level inverter are presented and their SPWM is elaborated on. Special inverters (Z-source

and quasi Z-source) that have the capability of boosting the voltage are discussed in detail.

3.11 Problems

3.1: A single-phase half-bridge voltage source inverter is supplied from a center-tapped dc

input voltage 120V. The inverter supplies a resistive load of 20W. Calculate;

(a) The fundamental output peak and rms voltage

(b) First three harmonics of the output voltage

(c) Power consumed by the load

3.2: A single-phase full-bridge voltage source inverter is supplied from a dc input voltage

of 300V. The inverter supplies a resistive load of 20W. Calculate;

(a) The fundamental output peak and rms voltage

(b) First three harmonics of the output voltage

(c) Power consumed by the load

3.3: A single-phase half bridge inverter is controlled using bipolar PWM method and

supplied from a center tapped 120V dc supply. The fundamental output voltage is of

50Hz frequency. The triangular carrier signal’s frequency is 5 kHz. For a modulation

index of 0.9, determine;

(a) Frequency modulation ratio

(b) Fundamental output peak and rms voltage

(c) First three significant harmonic order produced in the output voltage

3.4: A single-phase full-bridge voltage source is supplied by a dc source of 300V and

controlled using unipolar PWM technique. The modulation index is 0.9, the funda-

mental output frequency is 50Hz and the carrier signal frequency is 2 kHz. Compute

the following:

(a) Fundamental output voltage peak value

(b) First three dominant harmonic components

3.5: A three-phase voltage source inverter is operating in 180
 conduction mode and

supplied from a 600V dc link voltage. Calculate;

(a) The peak and rms value of the output fundamental phase and line voltages

(b) Three most significant harmonic component of phase peak value

3.6: A three-phase voltage source inverter is controlled using Carrier-based sinusoidal

PWM technique. The frequency of the fundamental output voltage is to be kept at

50Hz and the switching frequency of the inverter is 2 kHZ. The inverter is supplied

from a dc link voltage of 600V.Themodulation index is 0.9. Compute the fundamental

output phase RMS voltage value.

To enhance the output voltage third harmonic components are injected. Compute

thevalue of the peak value of the third harmonic component required to raise the output

voltage by 15.47%.

3.7: A three-phase induction machine is supplied from a three-phase voltage source

inverter. The three-phase VSI is controlled using space vector PWM technique and
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sinusoidal supply is to be given to the motor. The inverter switching frequency is

5 kHz and the DC bus voltage at the inverter input is 300V. The inverter output

frequency is 50 Hz. The reference phase voltage rms is 100V. Identify the space

vectors that will be applied and their time of application for the time instants: 1ms,

5ms, and 10.5ms.
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4

Field Oriented Control
of AC Machines

4.1 Introduction

This chapter focuses onvector control ofACmachines, particularly IM, PMSM, andDFIG.We

consider these machines to be the most interesting for modern electric drives, and so the focus

will be on their control and simulation. The control of AC machines can be classified into

‘scalar’ and ‘vector’ controls. Scalar controls are simple to implement and offer good steady-

state response; however, the dynamics are slow because the transients are not controlled.

To obtain high precision and good dynamics, vector control schemes have been invented for use

with closed-loop feedback controls. Thus, this chapter focuses on the ‘vector control’ schemes

of AC machines after a brief description of the scalar control method.

Adjustable speed drives offer significant energy savings and fast and precise responses in

industrial applications. At the beginning of the 1970s [1–9], the principles of torque and flux

control were introduced and called ‘field oriented control’ or ‘vector control’ for squirrel cage

induction machines and later for synchronous machines. The vector control idea relies on the

control of stator current space vectors in a similar, butmore complicated, way to aDCmachine.

The advancement in adjustable speed AC drives was slow until the 1980s, when the

microprocessor revolution made it possible to implement complex control algorithms, which

made AC machines the dominating machine in the drives market.

The research on vector control of AC machines is active and up to date. The new

advancements are high precision and include the use of novel solutions, such as the sensorless

operation.

4.2 Induction Machines Control

Squirrel cage types of Induction Motors (IM) have been considered for a long time as the

workhorse in industry [2]. It has been claimed that 90% of installed motors are of this type.
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Among the reasons for their popularity are robustness, reliability, low price, and relatively

high efficiency.

Different controlmethods are popular in the industry (e.g. scalarmethod (namedV/f), vector

control, direct torque control, etc.). In this chapter, we will first describe the V/f method, and

then focus on the vector control approach.

4.2.1 Control of Induction Motor using V/f Method

The aim of this section is to model a scalar control method for IM, named V/f¼ constant. This

method is the simplest way for controlling this type of machine.

In this type of control, a constant ratio between the voltage magnitude and frequency is

maintained. This is to keep it constant and is the optimal flux in the machine.

A well-known machine model is presented in Chapter 2 and can be rewritten as [1–8]:

usx ¼ Rsisx þ dcsx

dt
�vacsy ð4:1Þ

usy ¼ Rsisy þ
dcsy

dt
þvacsx ð4:2Þ

It is assumed that the co-ordinate system is connected with stator current, hence:

csx ¼ jcsj ð4:3Þ

csx ¼ 0 ð4:4Þ

which in a steady state would be

dcsx

dt
¼ 0 ð4:5Þ

Therefore:

usx ¼ Rsisx ð4:6Þ

usy ¼ Rsisy þvacsx ð4:7Þ

The voltage vector magnitude is

jusj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2sx þ u2sy

q
ð4:8Þ

jusj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRsisxÞ2 þðRsisyÞ2 þðvacsxÞ2 þ 2 �Rsisy �vacsx

q
ð4:9Þ
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Neglecting stator resistance, the following is achieved:

jusj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvacsxÞ2

q
ð4:10Þ

Keeping constant motor flux magnitude at rated value (in per unit, this is 1), the following is

correct:

jcsj ¼ 1 ðrated value in per unitÞ ð4:11Þ

Therefore, equation (4.13) becomes

jusj ¼
ffiffiffiffiffiffiffiffiffiffiffi
ðvaÞ2

q
ð4:12Þ

where

va ¼ 2pf ð4:13Þ

Thus, in V/f control, a constant ratio between the voltage magnitude and frequency is

maintained. This is to keep constant and optimal flux in the machine. The V/f control of the IM

model is shown in Figure 4.1. It consists of the motor model and the control system model, as

shown in Figure 4.2. All the models are described per unit unless otherwise specified. The

Simulink software file of V/f control of the IM model is [IM_Vbyf_control]. The motor

parameters are located in the [IM_Vbyf_param], which should be first executed.

4.2.1.1 Current and Flux Computation

The magnitude of current and flux can be calculated from the real and imaginary parts, as

follows, and are also shown in Figure 4.3:

jIsj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2sa þ I2sb

q
ð4:14Þ
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jcsj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2
sa þc2

sb

q
ð4:15Þ

The motor torque is given by [1–7]

Me ¼ Lm

JLr
ðcraisb �crbisaÞ ð4:16Þ

4.2.1.2 Control System

The control system model is a PI speed controller that calculates the stator voltage. The PI

speed controller is shown in Figure 4.4. The integrator is only activewhen the error is within 0.4

per unit.

The V/f control calculates the real and imaginary parts of the stator voltage, based on

constant V/f formulation (Figure 4.5). The magnitude of the stator voltage is calculated from
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the absolute value of the PI controller output and the angle is calculated by integrating the PI

controller output.

4.2.1.3 Simulation Results

The simulation result for square pulse command in speed is shown in Figure 4.6. The given

results are selected examples of machine response.

4.2.2 Vector Control of Induction Motor [1–16]

Squirrel cage IM (and other types ofACmachines) cannot be controlled as easily as they can be

in the case of separately excited DC motor. For all types of control, the magnetic flux and

produced torque should be decoupled for maintaining linearity between input and output and

for achieving high dynamic drive. In the case of AC machines, the dynamic models are non-

linear and more complex than those in DC machines.

Overcoming this problem became possible by using space vector representations of AC

machines. The flux oriented control methods allow representation of the mathematically

complicated induction machine in a similar manner to DC machines for obtaining control

linearity, decoupling, and high performance AC drives.

Proper control of motor speed and produced electromagnetic torque is needed in high

performance adjustable speed drives. The torque production depends on the armature current

and machine flux. The magnetic field should be kept at the optimal level (rated flux) for

producing maximum torque, while protecting against entering the saturation level. Keeping
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constant flux allows for obtaining a linear relationship between motor torque and armature

current. In this way, linear control is achieved with high machine dynamics.

Decoupled control betweenflux and torque is easily achieved in the case of separately excited

DCmotors, but it is not so simple for AC drives. In squirrel cagemotors, the controlled signal is

only thestatorcurrentbecause the rotorcurrent is inaccessible. In suchaway, the torqueequation

is not linear, so linear control with maximum torque production is difficult to achieve.

The vector control approach was first formulated by Blaschke [9] to overcome this problem.

The principle of field-oriented control was introduced and decoupled control between torque

and flux was possible.

In summary, by using vector representation, it is possible to present the variables in an

arbitrary co-ordinate system. If the co-ordinate system rotates together with a flux space vector,

then we use different terminology: flux-oriented control, rotor-oriented, etc.

Relationships ofmotormodels presented inChapter 2 can be described in frame d-q, rotating

with rotor flux on the d axis (the q flux component is zero csq¼ 0), as

disd

dt
¼ a1 � isd þ a2 � 0þvcr � isq þvr � a3:0þ a4 � usd ð4:17Þ

disq

dt
¼ a1 � isd þ a2 � 0�vcr � isd �vr � a3 �Yr þ a4 � usq ð4:18Þ

dYr

dt
¼ a5 �Yrd þðvcr �vrÞ � 0þ a6 � isd ð4:19Þ

0 ¼ a5 � 0�ðvcr �vrÞ �Yr þ a6 � isq ð4:20Þ
dvr

dt
¼ Lm

LrJ
ðYrisq � 0 � isdÞ� 1

J
mo ð4:21Þ
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Hence:

Mem ¼ Lm

Lr
ðYrisqÞ ð4:22Þ

In this way, it was possible to represent the electromagnetic torque as a product of a flux-

producing current and a torque-producing current. Keeping constant flux, an induction

machine may be controlled, like a separately excited DC machine.

Assuming that the flux is kept constant (at rated level):

0 ¼ a5 �Yrd þ a6 � isd ð4:23Þ
which gives

isd ¼ � a5

a6
�Yrd ð4:24Þ

From the above equations, it is evident that in a quadrant co-ordinate system dq, the axis d is

consistent with the direction of the rotor flux linkage vector and the component on axis q affects

the quantity of electromagnetic torque.

4.2.2.1 Basic Control Scheme

Figure 4.7 describes the basic scheme of vector control of an AC machine.

In typical AC drive systems, twomotor phase currents and the DC bus voltage aremeasured.

The measured currents are transformed using the Clarke transformation block into a stationary
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frame (isa and isb). These last two components are further transformed, using the Park

transformation, into rotating components (dq). The PI controllers compare the command

values with the measured components (after transformation) and command proper values to

establish the desired condition.

The outputs of the controllers are transformed from a rotating to a stationary frame using the

Park transformation. The commanded signals of the stator voltage are sent to the pulse width

modulation (PWM) block.

4.2.2.2 MATLAB/Simulink Model for Induction Motor Vector Control

The control scheme of an IM is shown in Figure 4.8. The control depends on vector

transformation using Park/Clark transformations. The idea is to control this type of machine

in a similar way to a separately excited DC motor, in which the torque is controlled separately

from the flux. In this way, decoupled control between the two subsystems is achieved when the

flux is kept constant.

For control purposes, themotor model is first transformed into the d-q axis model. It consists

of a motor model, various transformations, and the control systemmodel. All the models are in

per unit unless otherwise specified. The Simulink software file of vector control of IMmodel in

[IM_vector_control]. The motor parameters are located in the [IM_param], which should be

first executed.

The IMmodel in Simulink is described in Chapter 2. The motor current, flux magnitude are

calculated in the following:

jIsj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2sa þ I2sb

q
ð4:25Þ

jcsj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2
sa þc2

sb

q
ð4:26Þ
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4.2.2.3 Variables Transformation

The machine variables can be transformed into dq components by using the ‘a-b to x-y’

transformation, as shown in Figure 4.9. The block in Figure 4.9 calculates the voltages to

be applied in the d-q axis. The d-q axis voltages are converted into the x-y components by ‘x-y

to a-b’ transformations, as shown in Figure 4.10. Both of these transformations require

the rotor flux angle (gamma) and the rotor flux magnitude, which are calculated by using

the transformation in Figure 4.11.

4.2.2.4 Control Scheme

The inner and outer loop control system model is shown in Figure 4.12. The inner loop

controller works on the d-q axismodel. The outer loop controller works on the flux and speed to

calculate the demand for Id and Iq currents, respectively. The inner loop controller then controls

the Id and Iq currents.

4.2.2.5 Simulation Results

The simulation results for square pulse demand in speed are shown in Figure 4.13.

The given simulation results are selected examples of machine response.
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4.2.3 Direct and Indirect Field Oriented Control

Motor state variables may be identified using direct measurement or indirectly by using

machine models or observers. In most control schemes, the optimal variables selected as state

space are stator current components and rotor (or stator) flux components. In the direct, as well

as indirect, control methods, the stator current is measured directly. In direct control schemes,
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the machine’s magnetic field is measured using special sensors located in the machine air gap.

This method is not practical and can be used for laboratory investigations; however, for

practicality, the machine flux is computed using special methods.

These two basic advancedmethods are used for flux computation and control purpose. A first

method is based on modeling the AC machine by its state space equations. A sinusoidal

magnetic field in the machine is assumed. The machine models are defined as open-loop

(e.g. stator voltage model or as closed-loop adaptive observers [1–9,11–16]). The adaptive

observers are receiving more attention than open loop models, because of their robustness

against parameters variation and higher computation precision.

4.2.4 Rotor and Stator Flux Computation

The stator flux vector could be computed from the nextwell-knownvoltagemodels [1–9,13,14]:

�cs ¼
ð
ð�us �Rs

�isÞdt ð4:27Þ
�cs ¼ Ls�is þ Lm�ir ð4:28Þ

The rotor flux vector is
�cr ¼ Lr�ir þ Lm�is ð4:29Þ

After some algebra, we get the next expressions of rotor flux vector components in the stationary

co-ordinate system (ab):

cra ¼ Lr

Lm
ðcsa � dLsisaÞ ð4:30Þ

crb ¼ Lr

Lm
ðcsb � dLsisbÞ ð4:31Þ

The rotor flux magnitude is computed as

jcrj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2
a þc2

b

q
ð4:32Þ

The angle of the rotor flux position gs is

gs ¼ tan� 1
crb

cra

� �
ð4:33Þ

The disadvantage of this method is that it is operationally limited at lower frequencies (below

3%), because of problems with integrating small signals at low frequencies.

An increase of lower speed operation range is possible using the current model [3,6]:

t̂0s
dîs

dt
¼ kr

r̂st̂r
ð1� jv̂mt̂rÞĉr þ

1

r̂s
us ð4:34Þ

The model fails in operation at higher speeds, because of differentiating higher signals.
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The control systems designed using those open models are sensitive to stator and rotor

resistances. For the voltage model, the effect of stator resistance is particularly visible at lower

speed range. The method is simple but needs significant modifications in order to increase the

operation precision and cancel the DC drift for lower speed operation [12–15].

4.2.5 Adaptive Flux Observers

In this section, we will discuss the basic description of flux closed loop observers. More

examples will be given in Chapter 9.

The full-order observer used for estimating state variables (mostly stator current and rotor

flux components) is described as [12]

d

dt
x̂ ¼ Âx̂þBus þGð̂is � isÞ ð4:35Þ

In this, ^ means the estimated value, and G is the feedback observer gain.

One of the commonly used observers is the Luenberger observer [16], which is mainly

used for flux and stator current computation. The equations representing this type of

observer are development of the machine model discussed in Chapter 2. The equations may

be presented as [15]

dîsa

dt
¼a1 � îsa þ a2 � Ŷra þvr � a3 � Ŷrb þ a4 � usa þ kiðisa � îsaÞ ð4:36Þ

dîsb

dt
¼ a1 � îsb þ a2 � Ŷrb �vr � a3 �Yra þ a4 � usb þ kiðisb � îsbÞ ð4:37Þ

d €Yra

dt
¼ a5 � Ŷra þ �vr � Ŷrb þ a6 � îsa � kf1ðisa � îsaÞ� kf2ðisb � îsbÞ ð4:38Þ

d €Yrb

dt
¼ a5 � Ŷrb þ a6 � îsb þvrŶra þ kf2ðisa � îsaÞ� kf1ðisb � îsbÞ ð4:39Þ

where

a1 ¼ � RsL
2
r þRrL

2
m

Lrw
ð4:40Þ

a2 ¼ RrLm

Lrw
ð4:41Þ

a3 ¼ Lm

w
ð4:42Þ

a4 ¼ Lr

w
ð4:43Þ

a5 ¼ � Rr

Lr
ð4:44Þ
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a6 ¼ Rr

Lm

Lr
ð4:45Þ

w ¼ sLrLs ¼ LrLs ¼ LrLs � L2m ð4:46Þ

s ¼ 1� L2m
LsLr

ð4:47Þ

Here, usa;usb are voltage components; isa; isb are measured current components; îsa; îsb are
estimated current components, with Ŷra; Ŷrb as estimated rotor flux components; Rs; Rr are

motor resistances; Ls; Lr; Lm motor inductances; vr is rotor angular speed; and ki; kf1; kf2
are constants. Based on the above differential equations, the Luenberger observer is shown

in Figure 4.14.

The Simulink software file of vector control of IM model is [IM_VC_ Luenberger]. The

motor parameters are located in the model initialization function.
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Figure 4.14 Simulink diagram of the Luenberger observer for stator currents and rotor fluxes estimator
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4.2.6 Stator Flux Orientation

Stator flux oriented control (Figure 4.15) is less sensitive tomachine parameters than rotor field

orientation [11,13,17]. The usual method for computing stator flux is the open loop voltage

model. Such equations are sensitive to stator resistance, which is dominant only at lower

speeds [6]. Themethod enables producingmore torque in the fieldweakening region thanRFO,

as will be discussed in the next section.

The use of the SFO scheme in field weakening is an excellent solution for many existing

problems. This control principle gives a solution for decoupled control at field weakening. The

operation at the absolute voltage limit of the inverter for maximum torque production

eliminates the voltage margin required by the current controllers to adjust the respective

current components id and iq. Decoupled control of torque and fluxwould then become difficult

in a classical vector control scheme [17,19].

4.2.7 Field Weakening Control

One of the important applications of themachine is its running at the field weakening region, in

which it operates at speeds higher than the rated one [17–24]. Such an operation is required in

specific applications, such as spindle and traction drives.

The reason forfluxweakening (decreasing) is that themagneticfieldof themachineoperating

above rated speed level would be decreased due to the limit in themachine’s voltage capability,

which is imposed by a stator winding voltage limit and the DC link voltage [17–24].

To increase the produced torque to a maximum level in the field weakening region, it is

essential to properly adjust the machine’s magnetic field bymaintaining the maximum voltage

and maximum current. The loss of torque and power in the case of not properly adjusting the

machine flux (e.g. in the case of 1/v method) is up to 35% [18–23].

Therefore, the machine flux should be weakened to such a level that it would guarantee a

maximum possible torque at the whole speed range.
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Field weakening control can be categorized into three methods [17–24], including:

1. adjustment of the machine flux in inverse proportion to speed (1/v);
2. forward control of the flux based on simplified machine equations; and

3. closed loop control of the stator voltages to keep a maximum level.

For the conventional control method (1/v), the flux is established inversely proportional to the
motor speed. The DC link voltage cannot be fully utilized for maximum torque production,

which means this method is not able to provide the maximum torque in the field weakening

region. The reason is that enough of the voltage margin needed to control the stator current

cannot be achieved [17,19].

The second method is based on simplified machine equations, making it parameter

dependent. It gives reasonable results, assuming that machine parameters are known. Indeed,

this type of control is not a preferable and optimal way for maximum torque control at the field

weakening region.

The voltage control field weakening method ensures maximum torque production at the

whole field weakening region when in a steady-state. Themethod provides maximum required

torque during a steady state, and is not dependent on motor parameters and DC link voltage.

4.2.7.1 Current and Voltage Limits for Maximum Torque Production

Current limiting during an overload condition in the field weakening must be controlled, in

order to limit the torque producing current component iq, while giving the priority to the flux

producing component id. The iq must be reduced to keep the total stator current within the

maximum level imposed by the inverter and machine’s capabilities. Hence, the optimum flux

and maximum torque is achieved at field weakening [19].

The limit for the maximum voltage is reached when the system operates at maximum

modulation index [19]. The inverterDC link voltage sets themaximum stator voltage limit. The

priority in thevoltage is for the d componentud, responsible formachine excitation to insure the

optimal flux and hence, the maximum possible torque. The limiting condition is

ua �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2smax � u2d

q
, where usmax is limited by inverter DC bus [19,20,22–24].

The block diagram for the control scheme at field weakening is shown in Figure 4.16 and is

widely described in [19]. The system operates with a stator field or rotor field orientation. An

open loop voltage model is used for estimating the machine flux components and transfor-

mation angle and even the rotor angular speed v.

4.3 Vector Control of Double Fed Induction Generator (DFIG)

4.3.1 Introduction

The DFIG is a rotor-wound three-phase induction machine that is connected to the AC supply

from both stator and rotor terminals (Figure 4.17). The stator windings of the machine are

connected to the utility grid without using power converters, and the rotor windings are fed by

an active front-end converter. The machine can be fed by current or voltage source inverters

with controlled voltage magnitude and frequency [12,25–32].

In the control schemes of DFIM, two output variables in the stator side are generally defined

and used for the control. These defined variables could be electromagnetic torque and reactive
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power, active and reactive powers, or stator voltage and its frequency. Different structures are

used to control each pair of such variables.

The DFIM 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 much lower

(up to three times lower) than those that connect the converter to the stator side [12,25–27,32].

Hence, the costs and losses in the conversion system are drastically reduced [1].
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DFIG can be used either in an autonomous generation system (stand-alone), or 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 system. In such situations, the controlled

variables are the active and reactive powers [12,27–32]. Indeed, there are different types of

control strategies for this type of machine; however, the most popular is vector control, which

has different orientation frames similar to the squirrel cage IM, but the most popular of these is

the stator orientation scheme.

4.3.2 Vector Control of DFIG Connected with the Grid (ab Model)

The mathematical model of DFIM is similar to the squirrel cage induction machine, the

only difference being that the rotor voltage is not zero. The machine model is presented in

Chapter 2.

The active and reactive powers of stator and rotor circuits are needed in the control of DFIG

and may be described in per unit as [32,38]

Ps ¼ ðvdsids þ vqsiqsÞ ð4:48Þ
Qs ¼ ðvqsids � vdsiqsÞ ð4:49Þ
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Figure 4.18 Block diagram of the DFIG control system
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Pr ¼ ðvdridr þ vqriqrÞ ð4:50Þ

Qr ¼ ðvqridr � vdriqrÞ ð4:51Þ
TheDFIG systemwith vector control scheme is shown in Figure 4.18, and consists of aDFIG

model presented in the ab frame and control system part. All variables and parameters are in

per unit unless otherwise specified. In practice, vector control of this machine is similar to the

vector control of the squirrel cage IM with a difference in controlled variables. The control

depends on vectors transformation from three-phase to rotating frame.

The control scheme was programmed in MATLAB/Simulink, as shown in Figure 4.19. The

Simulink softwarefile ofvector control ofdouble fed inductiongenerator scheme is [DFIG_VC_-

model]. The scheme parameters are located in [DFIG_VC_init], which should be first executed.

The DFIG model consists of different blocks related to the machine model, computation

blocks, and control part, as will be described below.

The machine model in the stationary frame is given in Chapter 2 (Figure 2.10).

4.3.3 Variables Transformation

4.3.3.1 Stator to Rotor Transformation

The stator parameters (flux, current, and voltage) are converted into the rotor reference frame

by using the following transformation:
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fsxR ¼ fsxcos gfir þfsysin gfir ð4:52Þ
fsyR ¼ fsycos gfir þfsxsin gfir ð4:53Þ

These equations are modeled in Figure 4.20.

4.3.3.2 Rotor to Stator Transformation

The rotor parameters (flux, current, and voltage) are converted into the stator reference frame

by using the following transformation:

irx ¼ irxRcos gfir � isxsin gfir ð4:54Þ
iry ¼ irxRsin gfir þ iryRsin gfir ð4:55Þ

The above equations are shown in Figure 4.21. The angle gfir is in the rotor angular position (fir
in MATLAB/Simulink), is shown in Chapter 2.

4.3.3.3 Stator Current Relationship

The relationship between stator currents, stator flux, and rotor current is

isx ¼ fsx

Ls
� Lm

Ls
irx ð4:56Þ

isy ¼
fsy

Ls
� Lm

Ls
iry ð4:57Þ

These equations are programmed, as shown on Figure 4.22.
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4.3.3.4 Power Calculations

The active and reactive power components are given as

P ¼ usxisxF þ usyisyF ð4:58Þ

Q ¼ usyisxF þ usxisyF ð4:59Þ

The index F denotes the filtered value. Thefiltration is not essential for the control; however, it

provides smoother waveforms. Additional filters may be added to other variables if necessary.

These equations are modeled, as shown in Figure 4.23.

4.3.3.5 Control System

Cascade control is used for power regulation. The PI control for active and reactive power

provides the demand for an inner current loop, as shown in Figure 4.24. The active power

controller commands the rotor current in the a frame (irx) in the stator reference frame. The
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reactive power controller commands theb component of this current. The anglegksi is the angle
between stator flux and rotor speed (ksi in MATLAB/Simulink), as shown in Chapter 2. After

transformation from stator flux reference frame to rotor speed frame, the ab rotor current

components irxR and iryR are obtained. Two additional PI controllers are used to generate the

rotor voltage for the PWM voltage inverter. To simplify this, we neglect this inverter and

command those two voltages directly to the DFIG model.

4.3.4 Simulation Results

The simulation result for power regulationwith step changes in speed,which controls the active

and reactive powers for different speeds, is shown in Figures 4.25 and 4.26.
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4.4 Control of Permanent Magnet Synchronous Machine

4.4.1 Introduction

Permanent magnet synchronous motors (PMSM) have received increased attention in industry

due to their mature material and design technology. Their high torque to inertia ratio, power

density, and high efficiency make them an attractive alternative to industry’s workhorse IM for

many applications (Table 4.1).

Depending on the dynamic requirements and speed control precision, either brushless DC

motor (BLDC) or PMSM are used. The former is mostly used with lower amounts of magnets.

The latter is used for high requirements and has higher amounts of magnets. The BLDC is also

named the Switched Permanent Magnet Motor (SPMM) or trapezoidal permanent magnet

motor (TPMM). This type ofmotor is fed using a square current waveform; hence the character

of the back emf is trapezoidal. The PMSM is fed by a sinusoidal current waveformand iswidely

used in industry.

In this chapterwewill focus on controlling themotorwithout PWM.Wewill only be using PI

controllers of the commanded currents.

Any reader interested in more details about the control and characteristics of this type of

motor and drive is recommended to use the list of references given at the end of this chapter and

in other chapters (particularly Chapters 2, 9, and 10).

4.4.2 Vector Control of PMSM in dq Axis

Using the vector of PMSM allows similar dealings with the motor as with a DC separately

excited DC machine. Indeed, the idea is similar to the vector control of IM. The produced

torque of the machine can be presented as [33–37]
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te ¼ 3p

2
Yf iq þ id iqðLd � LqÞ
� � ð4:60Þ

and in per unit as

te ¼ cf iq þðLd � LqÞid iq ð4:61Þ

For surface mounted PMSM, the d and q inductances are equal ðLd ¼ LqÞ. The produced
torque in such a situation is

te ¼ cf iq ð4:62Þ

Hence the torque can be expressed as

te ¼ cf issin b ð4:63Þ

The torque obtainsmaximum value forb (torque angle) equal to 90 degrees for a givenvalue

of stator current. This gives maximum torque per ampere and hence a higher efficiency [36].

A general scheme of the PMSMmodel in the dq axis is shown in Figure 4.27. It consists of a

PMSMmodel and the control system in the dq axis connectedwith the rotor speed control loop.

All the parameters and variables are presented in per unit unless otherwise specified.

Keeping zero isd is the most common control for permanent magnet machines. As explained

earlier, this helps protect the machine against under- or over-excited conditions. Therefore, in

the MATLAB/Simulink model, we start from commanding zero d axis stator current.

The Simulink model for the above scheme is shown in Figure 4.28. The Simulink software

file of vector control of interior PMSM scheme is [PMSM_VC_dq]. The motor parameters are

located in the model initialization function.

PMSM in stationary and rotating frame are given in Chapter 2.

Table 4.1 Advantages and disadvantages of PMSM comparing with induction motor

Advantages Disadvantages

. Higher torque for the same dimension. For

the same power, the dimension is lower by

almost 25%;
. Lower weight for the same power, around

25%;
. Lower rotor losses, which results in higher

efficiency of up to 3%;
. Decreased motor noise by 3dB, which

causes that the rotor to run smoother. This

helps in reducing the harmonics that result

from an irregularity of the air gap;
. Higher inductance inside themagnetic path,

around 1.2[T].

. In the case of inverter faults, it is not possible to

reduce the magnetic field by reducing the torque

surge, which forces a use of switch between the

motor and the inverter;
. It is possible to connect only one motor to the

inverter; therefore groupmotor work is not possible;
. The use of permanent magnet forces using enclosed

motor housing complicates the cooling process;
. Importance of using high switching frequency of the

power transistors, which increases the switching

losses and also the inverter structure, should be

changed, e.g. trapezoidal inverter;
. An increase of the inverter voltage in the case of

inverter blocking during motor running. This results

in the necessity of using chopper in the DC link;
. Higher price of the motor (around 10–20%).
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4.4.2.1 Control System with Cascaded PI Controllers

PI control loop for d-current is used to provide the control input voltage usd, as shown in

Figure 4.29. The rotor speed loop controller calculates the demand for q-current, which in turn

provides the voltage component in axis q axis usq.

4.4.2.2 Simulation Results

Examples of simulation results for step changes in speed and load are shown in Figure 4.30.

Figure 4.29 PI Control system for PMSM
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4.4.3 Vector Control of PMSM in a-b Axis using PI Controller

The control of the PMSMmodel in the a-b (x-y) axis is shown in Figure 4.31. It consists of the

PMSM model and the control system model. All the models are in per unit unless otherwise

specified. The machine model in stationary a-b reference frame is given in Chapter 2.

The Simulink software file of vector control of interior PMSMscheme is [PMSM_VC_alpha_

beta]. The scheme parameters are located in [PMSM_param], which should be first executed.

4.4.3.1 Variables Transformations

The currents in the x-y (a-b) axis are converted into the d-q frame of reference by using the

following transformation:

isd ¼ isxcos uþ isysin u ð4:64Þ
isq ¼ � isxsin uþ isycos u ð4:65Þ

These equations are modeled, as shown in Figure 4.20. The currents in the d-q axis are used

for control purposes. The controller provides control input in the d-q axis.

The control voltage in the d-q axis is then converted into the x-y axis by using the following

transformation and then applied to the machine in the x-y reference frame:

usx ¼ usdcos u� usqsin u ð4:66Þ
isy ¼ usdsin uþ usqcos u ð4:67Þ

These above equations are modeled, as shown in Figure 4.21.

4.4.3.2 Control System

The control scheme is shown in Figure 4.34. The PI controller for the d-current provides the

control input usx and a cascaded PI control for the speed is shown in Figures 4.35–4.37.

The speed loop controller calculates the demand for the q-current loop, which in turn provides

the other control input usy.

The transformation and individual PI controllers are shown in Figures 4.32 to 4.35.

Figure 4.31 Vector control of PMSM
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Figure 4.32 x-y to d-q transformation

Figure 4.33 d-q to x-y transformation

Figure 4.34 Control system model
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4.4.3.3 Simulation Results

The simulation results for step demand in speed are shown in Figures 4.38 and 4.39.

4.4.4 Scalar Control of PMSM

Scalar control of PMSM is a simple way of controlling this type of machine; however, it is

imprecise and has a slow response similar to the induction machine [33]. Hence, in this section

we will not go into detailed equations, but will focus on the main characteristics and control

scheme. The method is named constant volt per hertz or V by f (V/f), which is an open loop

control method operating on the voltage magnitude rather than on the vectors. It is easy to

perform, but results in a slow response and imprecise values. Nevertheless, this technique for

PMSM offers a sensorless control scheme. The rotor angular speed can be computed using a

stator voltage frequency [33].

Figure 4.35 d-channel PI controller

Figure 4.36 Outer loop PI controller for speed control

Figure 4.37 q-channel PI controller
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The voltage to frequency ratio should be constant (V/f¼ const) to maintain constant flux in

themachine. Otherwise themachinemay reach under- or over-excitation conditions, which are

not recommended from stability and economical points of view.

Themethod in principle is similar to the IM,whichwas explained earlier. The block diagram

representing this method is shown in Figure 4.40. Stator resistance could not be neglected for

lower frequencies; therefore, the speed is limited in the low frequency range.

0 200 400 600 800 1000
−0.4

−0.3

−0.2

−0.1

0

0.1

0 200 400 600 800 1000
−4

−2

0

2

4

0 200 400 600 800 1000
−0.5

0

0.5

1

1.5

ω
r 
[p

u]
I s

d 
[p

u]

m
0 

[p
u]

I s
q 

[p
u]

time [sec]
0 200 400 600 800 1000

−0.4

−0.2

0

0.2

0.4

time [sec]

Figure 4.38 Simulation results – tracking
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Figure 4.39 Other machine variables
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One disadvantage of using this method is that the stator current is not controlled. This allows

changing of the main flux in the machine above the rated value.

Exercises

1. Program the equation of the torque in all AC machines and give its value to the scope.

2. Calculate motor speed reverse and observe the current components and torque response?

3. See the effect of changing the parameters of PI controllers in all control schemes (hint: first

change the proportional part and observe the response and then the integral time constant and

observe the steady state error).

4. Observe what will happen if you command different values of id. in motors control.

5. Program the scalar control scheme with speed control loop.

The Simulink software file of V by f vector control of interior PMSM scheme is [PMSM_sca-

lar]. The scheme parameters are located in [PMSM_param], which should be first executed.

Additional Tasks

1. Research a comparison study between stator flux and rotor flux field oriented control

schemes.

2. Make a broad test of motors operation in term of starting, breaking, loading, reversing, etc.

Possible Tasks for DFIG

1. Command different powers while changing the rotor speed around the rated value (up

to 30% change). Observe the active and reactive powers, motor currents, voltages, and

fluxes.

2. Obtain the unity power factor out of the DFIG (hint: the reactive power should be zero).

3. Observe the effect of changing controllers’ parameters on the control performance. As an

example, test the effect of changing the active power parameters.

V/f = const.Vs
Vn

fsfn

Vs*fs*

Vα

Vβ VSI

UDC

PMSMsin /cos

fs*

Figure 4.40 Block diagram of constant volt by frequency control of PMSM
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Questions

Q1 What is scalar control of motors?

Q2 What are a few drawbacks of scalar control?

Q3 Why would one choose field oriented control over vector control?

Q4 Classify field-oriented control (vector control) methods.

Q5 State an advantage of using vector control.

Q6 State some drawbacks of vector control.

Q7 What are different types of reference frames used in vector control?
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5

Direct Torque Control
of AC Machines

Truc Phamdinh

5.1 Preliminary Remarks

Theoretical principles of direct torque control (DTC) for high performance drives were

introduced in the second half of the 1980s [1–3]. Compared with field-oriented control, with

origins that date back to the beginning of the 1970s, DTC is a significantly newer concept.

It took almost 20 years for vector control to gain acceptance by industry. In contrast, the concept

of DTC has been taken on board by industry relatively quickly in only ten years [4,5]. While

vector control predominantly relies on mathematical modeling 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 adopts simple signal processing methods and relies

entirely on the non-ideal nature of the power source that is uses to supply an inductionmachine

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 non-linear structure of

the induction machine [6]. The most frequently discussed and used power electronic converter

in DTC drives is a voltage source inverter.

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 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 current components, then there is no reason why it should not be

possible to control flux and torque directly, without intermediate current control loops.

The control part of a DTC drive consists of two parallel branches, similar to those of vector

control. The references are the flux set point and the torque set point, which may or may not be
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the output of the speed controller, depending on whether the drive is torque controlled or

speed controlled. DTC asks for the estimation of stator flux and the motor torque, so that

closed loop flux and torque control can be established. However, the errors between the set and

the estimated flux and torque values are used in a completely different way when compared to

the vector control. In vector control these errors would be used as inputs to the PI controllers,

whose outputs are then set points for the stator d-q-axis current references. The basic idea of

DTC is that the existing errors in torque and flux can be used directly to drive the inverter

without any intermediate current control loops or co-ordinate transformation. Flux and

torque controllers are hysteresis types and their outputs are used to determine which of the

possible inverter states should be applied to the machine terminals, so that the errors in the flux

and torque remain within the prescribed hysteresis bands.

DTC is inherently sensorless. Information about an actual rotor speed is not necessary in the

torque mode of operation, because of the absence of co-ordinate transformation. However,

the correctness of the estimation of the stator flux and torque is important for the accurate

operation of hysteresis controllers. An accuratemathematicalmodel of an inductionmachine is

therefore essential in DTC. Accuracy of DTC is also independent of variations of the rotor’s

parameters. Only variations of stator resistance, due to changes in thermal operating condi-

tions, cause problems for high performance DTC at low speed.

In summary, the main features of DTC and differences compared to vector control are [7]:

. direct control of flux and torque;

. indirect control of stator currents and voltages;

. absence of co-ordinate transformation;

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

. requirement 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 co-ordinate

transformation);
. absence of current controllers;
. inherently sensorless control, since speed information is never required in the torquemode of

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

5.2 Basic Concept and Principles of DTC

5.2.1 Basic Concept

The DTC principle was introduced in the late 1980s [11–13]. In contrast to vector control,

which became accepted by drive manufacturers after 20 years of extensive research, DTC

needed only just over a decade to really take off. A direct torque controlled induction motor

drive has been manufactured commercially by ABB since the mid-1990s [5]. In the direct

torque controller developed by ABB, the optimum inverter switching pattern is determined in

every sampling period (25ms). The core of the control system in DTC is the sub-system

containing torque and flux hysteresis controllers and optimal inverter switching logic.

An accurate machine model is also important, since estimation of the stator flux and motor

torque is based on themachinemodel and themeasurement of themachine input stator voltages
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and currents. The measurement of actual speed is not required [5]. A machine model in

stationary reference frame is used to develop DTC theory. Detailed discussion regarding

mathematical modeling of induction machines is presented in Chapter 6.

In the stationary reference frame, the stator flux linkage is the integral of the stator emf. If the

stator voltage drop on stator resistance can be neglected, then the stator flux is the integral of the

applied voltage.Hence, in a short period of time the increments of stator flux are proportional to

the applied voltage. It therefore follows that the inverter output voltage space vector directly

impresses on the stator flux and a desired locus of stator flux can be obtained by selecting the

appropriate inverter output voltages [7]. The rotor time constant of induction machines is

usually large; therefore the rotor flux linkage changes slowly compared to the stator flux

linkage and can be assumed as constant in magnitude and in speed of rotation during short

transients [7].When the forward activevoltage space vectors are applied, the stator flux linkage

vector is moved away from the rotor flux linkage vector. This will increase the machine’s

torque, because the torque angle increases. However, if the zero or backward active voltage

spacevectors are applied, the torque angle is reduced. The torque is therefore reduced [6]. It can

now be seen that torque can be controlled directly and increased or decreased almost instantly

by moving the stator flux linkage space vector to the required position, being determined by

torque demand. This in turn can be done quickly by selecting the appropriate voltage vector

while the stator flux linkage magnitude is kept within the hysteresis band. This is the reason

why the control scheme is called DTC [7].

DTCrequiressetpointsoffluxandtorqueas independent inputs.Theestimatedvaluesof these

quantities are needed to establish closed loop control of the flux and torque. However, the errors

between the estimates of actual quantities and set points are used in a completely different way

compared tovector control. There is noutilization of current controllers inDTC.The torque and

flux controllers are two-level or three-level hysteresis controllers, which determinewhether an

increaseoradecreaseoffluxand/or torque is required,dependingonwhetherornot torqueorflux

errors fall outside the predefined ranges. From this information, together with the knowledge of

the position of the stator flux linkage spacevector, an appropriate voltagevectorwill be selected

based on the switching strategy. An accurate knowledge of the magnitude of the stator flux

linkage space vector in the machine is needed. However, knowledge of the precise value of the

stator flux space vector instantaneous position is not required. The control system only needs to

know inwhich sector of thevoltagevector space,which is a two-dimensional complexplane, the

flux linkagespacevector is. In thecaseof thestandard two-levelvoltagesource inverter, thereare

six sectors in the space vector plane corresponding to the six active voltage space vectors, with

thevoltagevectorspositionedat thecentersof thesectors.Eachsector expands60degreesso that

all six of them cover the voltage vector complex plane. DTC is inherently sensorless. Different

structures of speed estimators can be incorporated into a direct torque controller for sensorless

drive operation with closed loop speed control.

5.2.2 Principle of DTC

5.2.2.1 Torque Production in a Direct Torque Controlled Drive

In a direct torque controlled induction motor drive supplied by a voltage source inverter, it is

possible to directly control the stator flux linkage and the electromagnetic torque by the
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selection of the optimum stator voltage space vectors in the inverter. The selection of the most

appropriate voltage vector is done in such a way that the flux and torque errors are restricted

within the respective flux and torque hysteresis bands, fast torque response is obtained, and the

inverter switching frequency is kept at the lowest possible level.

In the case of rotor flux oriented control of an induction motor, the electromagnetic torque

developed by the motor is described by

Te ¼ 3=2ð ÞP Lm=Lrð Þcriqs ð5:1Þ

where the stator q-axis current is the imaginary component of the stator current space vector in

the co-ordinate system fixed to the rotor flux space vector, as shown Figure 4.6a.

The torque equation (5.1) can be written in terms of the amplitude and phase of the stator

current space vector with respect to the d-axis of the reference frame as

Te ¼ Kcr is
�� ��sin l ð5:2Þ

Instantaneous change of the torque requires, according to equation (5.2), change in the

amplitude and phase of the stator current space vector, such that the d-axis current component

remains the same (so that rotor flux is constant), while the torque is stepped to the new

appropriate value by the change in the stator q-axis current component.

An alternative expression for the torque uses the stator flux space vector and stator current

space vector. Regardless of the applied method of control, the torque developed by the motor

can be written as

Te ¼ 3

2
P c

s

��� ��� is�� ��sin a ð5:3Þ

where the angle a is the instantaneous value of the angle between the stator current and stator

flux space vectors. Figure 5.1b shows the stator current space vector and stator flux space

vector’s relative positions.

It can be shown [7] that at certain rotor speeds, if the amplitude of the stator flux is kept

constant, an electromagnetic torque can be changed rapidly by altering its instantaneous

position so that angle a in equation (5.3) is rapidly changed. In other words, if such stator

q β

iqs

λ
ψr d

φr
α = a

(a)

β

isids

ids

α
φs ψs

α  = a

(b)

Figure 5.1 (a) Stator current and rotor flux space vectors in a rotor flux oriented induction machine;

(b) stator current and stator flux’s relative position in an induction machine
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voltages are imposed on the motor, which keep the stator flux constant (at the set value), but

which also quickly rotate the stator flux space vector into the required position (determined by

the torque command), then fast torque control is obtained. It follows that if in theDTC drive the

developed torque is smaller than the reference, the torque should be increased by using the

maximum possible rate of change of the stator flux space vector position fs. If the stator flux

space vector is accelerated in the forward direction, an increase in torque is produced; however,

when it is decelerated backwards, a decrease in torque results. The stator flux space vector can

be adjusted by using the appropriate stator voltage space vectors, obtainable from the VSI

operated in the PWM mode. Thus there is a direct stator flux and torque control achieved by

means of the voltage source, hence the name ‘DTC.’ Another form of the torque equation

(Figure 5.2) is the one given in terms of stator and rotor flux:

Te ¼ 3

2
P

Lm

sLsLr
c
r

��� ��� c
s

��� ���sin « ð5:4Þ

where « is the angle between stator flux and rotor flux space vectors.

Rotor flux changes slowly because its rate of change depends on a relatively large rotor time

constant; therefore, it can be assumed to be constant in a short period of time. The stator flux

amplitude is also kept constant in the DTC control scheme; hence both the vectors in the

equation (5.4) have constant amplitudes. Rapid change of torque can be obtained if instan-

taneous positions of the stator flux space vector are changed quickly so that « is quickly varied.
This is the essence of DTC. The instantaneous change of « can be obtained by switching on the
appropriate stator voltage space vector of the VSI.

If stator resistance voltage drop is neglected, the stator voltage equation in the stationary

reference frame is

vs ¼ dc
s
=dt ð5:5Þ

Hence the applied stator voltage directly impresses the stator flux. If the voltage abruptly

changes, then stator flux will change accordingly to satisfy equation (5.5). The variation of the

stator flux changes during a short period of time when the stator voltage is changed as

Dc
s
¼ vsDt. This shows that the stator flux space vector moves in the direction of the applied

stator voltage space vector during this period. By selecting the appropriate stator voltage space

vectors in subsequent time intervals, it is then possible to change the stator flux in the desired

way. Decoupled control of the stator flux and torque is achieved by acting on the radial and

β ψs

φs
ε

φr ψr

α = a

Figure 5.2 Relative positions of stator flux and rotor flux space vectors
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tangential components of the stator flux space vector. These two components are directly

proportional to the components of the stator voltage space vector in the same directions.

The angle « between stator and rotor flux space vectors is important in torque production.

Assume that the rotor flux space vector is traveling at a given speed, at a certain point in the

steady-state operation; this speed is initially equal to the average one of the stator flux space

vector. The induction motor is accelerated. Appropriate stator voltage vector is applied to

increase torque, and quick rotation of stator flux space vector occurs. However, rotor flux space

vector amplitude does not change appreciably, because of the significant rotor time constant.

The rotor flux space vector’s speed of rotation is also not changed abruptly; recall that speed of

rotation of this vector can be given in terms of rotor flux components and their derivatives; if

rotor flux components do not change due to the large time constant, the angular speed of rotor

flux space vector does not change either. This will result in an increase of « that in return

increases the motor’s torque. If deceleration is required, an appropriate voltage vector will be

applied to reduce the angle « and therefore the decrease the torque developed by themotor. The

application of zero voltage vectorswill almost stop the rotation of the stator flux space vector. If

the angle « becomes negative, the torque will change signs and a braking process takes place.

5.2.2.2 Inverter Switching Table

A number of methods for the selection of the optimum voltage space vectors for DTC have

already been mentioned [1,8–12]. However, this book only discusses the classical method

originally suggested by [1]. Space vectors of inverter output phase voltages are shown again in

Figure 5.3 as further explanation. In addition, sections of the plane, identified with Roman

numeral I to VI, are also included. The sectors are all of 60 degrees and are distributed �30

degrees around the corresponding voltage space vector. If the stator flux space vector lies in the

kth sector, where k¼ 1,2,3,4,5,6, its magnitude can be increased by using the voltage vectors k,

k þ 1, k � 1. Its magnitude can be decreased by using k þ 2, k � 2, and k þ 3 vectors. In

other words, stator flux will be increased if either the voltage vector belonging to the sector or

any of the two adjacent voltage vectors is applied. It will be decreased if the remaining three

active voltage vectors are applied. Vectors k þ 1 and k þ 2 are called active forward voltage

vectors, whereas vectors k � 1 and k � 2 are called active backward voltage vectors.

However, the selected voltage vector will also affect the torque production of the induction

motor. In addition, the switching frequency will also be affected. The idea is to always keep the

23
IIIII

7,8

I      1       Re4

IIV

VIV
65

IV

Figure 5.3 Phase voltage space vectors and appropriate sectors
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switching frequency as low as possible so that the most appropriate voltage space vector is the

one that requires the minimum number of switchings and simultaneously drives both the stator

flux and the torque errors in the desired direction. From Table 5.1, where inverter switching

states are defined as a set of binary signals for each of the six possible non-zero space vectors,

we see that progressing from state one towards state six requires only switching one of three

inverter legs. Hence, if the inverter operates with a vector whose state is 100, then the most

appropriate subsequent vectors are 110, 101, and 000 (zero vector number 8), as these vectors

require switching in a single inverter leg. Minimum switching frequency is achieved in this

way. Which of the three possible vectors will be applied depends on the flux and torque errors.

An illustration of the switching process is given in Figure 5.4. Operation in the base speed

region is assumed so that the stator flux reference is constant and equal to the rated stator flux.

A deviation by a hysteresis band equal to�Dcs is allowed for the actual flux with respect to the

reference. It is assumed that in certain time instants, the stator flux is in the first sector and has

just reached the outer boundary of the allowed deviation (point A). The inverter switching state

therefore has to be changed, since the stator flux must be reduced. The direction of rotation is

anticlockwise. If the stator flux is in sector one, then the application of voltage vectors 1, 2, and

Table 5.1 Phase to neutral voltages of three phase voltage inverter

Switching

state

Switches

on

Space

vector

Phase

voltage va

Phase

voltage vb

Phase

voltage vc

1 1,4,6 v1phase (100) (2/3)VDC � (1/3)VDC � (1/3)VDC

2 1,3,6 v2phase (110) (1/3)VDC (1/3)VDC � (2/3)VDC

3 2,3,6 v3phase (010) � (1/3)VDC (2/3)VDC � (1/3)VDC

4 2,3,5 v4phase (011) � (2/3)VDC (1/3)VDC (1/3)VDC

5 2,4,5 v5phase (001) � (1/3)VDC � (1/3)VDC (2/3)VDC

6 1,4,5 v6phase (101) (1/3)VDC � (2/3)VDC (1/3)VDC

7 1,3,5 v7phase (111) 0 0 0

8 2,4,6 v8phase (000) 0 0 0

β
Sector 2

v3

C v4     B

v3

           A α

ψs* Sector 1

Figure 5.4 Control of stator flux space vector by means of appropriate voltage vector application [7]

Direct Torque Control of AC Machines 177



6would further increase the flux.Reduction in the flux can be obtained using vectors 3, 4, and 5.

Out of these three, vector 3 is the only one that asks for switching in only one of the inverter legs.

Vector 3 is therefore applied, and drives the stator flux towards point B, where the stator flux

once again reaches the upper hysteresis band. Since the stator flux is now in sector 2 and

once again needs to be reduced, the possible voltagevectors that will lead to the reduction in the

stator flux are vectors 4, 5, and 6. Vector 4 is the only one that asks for switching in a single

inverter leg. Voltage vector 4 is therefore applied, and it drives stator flux towards the lower

boundary of the allowed deviation (point C). In point C the stator flux is still in the second sector

and needs to be increased. An increase can be obtained using vectors 1, 2, and 3. As vector 3

asks for a single switching, this vector will be applied again. The process continues over time.

Previous considerations did not take into account the impact of the torque error on the

selection of the switching state. Stopping the rotation of the stator flux space vector

corresponds to the case when the torque does not have to be changed (actual value of the

torque is within the prescribed hysteresis bands). However, when the torque has to be changed

in the clockwise or anticlockwise direction, corresponding to negative or positive torque

variation, then the stator flux space vector has to be rotated in an appropriate direction. In

general, if an increase in torque is required, then the torque is controlled by applying voltage

vectors that advance the stator flux space vector in the direction of rotation. If a decrease is

required, voltage vectors are applied to oppose the direction of rotation of stator flux space

vector. If zero change in torque is required, then zero vectors are applied. It follows that the

angle of the stator flux space vector is controlled indirectly through the flux amplitude and

torque control. The torque demands are reduced to choices of increase, decrease, or zero.

Similarly, the stator flux amplitude control is limited to the choice of increase and decrease.

Figure 5.5 illustrates the selection of the optimum voltage vector as a function of the required

change in flux and torque. The situation is shown for an anticlockwise direction of rotation of

the stator flux space vector and for the initial position of the stator flux space vector in the first

two sectors. Similar figures can be constructed for other sectors.

The result of these considerations can be represented in the optimumvoltagevector selection

table (Table 5.2) or inverter switching table. This gives the optimum selection of the voltage

vectors for all the possible stator flux space vector positions (in terms of sectors) and the desired

control inputs, which are the output of the torque and flux hysteresis comparator, respectively.

The outputs will give commands of increase or decrease for torque and stator flux, in order to

keep both of themwithin the respective hysteresis band. If a stator flux increase is required, then

β F−,T+          F+,T+
3

ψs        sector 1
α = a

5                6

F−,T−        F+,T−
(a)

β sector 2
3 (F+,T+)

4 (F−,T+)         1 (F+,T−)

ψs

α = a
6 (F−,T−)

(b)

2

Figure 5.5 Selection of the appropriate voltage vector for required changes in stator flux and torque:

(a) when the stator flux is in sector 1; and (b) when the stator flux is in sector 2 (F � flux, T � torque)
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Dcs ¼ 1, and if a stator flux decrease is required, then Dcs ¼ 0. This notation corresponds to

the fact that the digital output signals of a two-level flux hysteresis comparator are

Dcs ¼ 1 if c
s

��� ��� � c
s
*

��� ���� hysteresis bandj j

Dcs ¼ 0 if c
s

��� ��� � c
s
*

��� ���þ hysteresis bandj j
ð5:6Þ

Similarly, if a torque increase is required, thenDTe ¼ 1, if a torque decrease is required, then

DTe ¼ �1, and if no change in torque is required, then DTe ¼ 0. The notation corresponds to

the fact that the digital outputs of a three-level hysteresis comparator are

DTe ¼ 1 if Te � T*
e � hysteresis bandj j

DTe ¼ 0 if Te ¼ T*
e

DTe ¼ �1 if Te � T*
e þ hysteresis bandj j

ð5:7Þ

5.3 DTC of Induction Motor with Ideal Constant Machine Model

5.3.1 Ideal Constant Parameter Model of Induction Motors

5.3.1.1 Induction Machine’s Dynamic Model in dq Rotating Reference Frame

An induction machine with a perfectly smoothed air gap is considered. The phase windings of

the machine are assumed to be physically 120 degrees apart for both stator and rotor. Winding

resistances and leakage inductances are assumed to be constant. All the parasitic phenomena,

such as iron loss and main flux saturation, are ignored at this stage. The induction machine

under consideration is therefore an ideal smooth air-gapmachinewith a sinusoidal distribution

of windings, and all the effects of MMF harmonics are neglected [13,14]. A schematic

representation of the machine is shown in Figure 5.6.

The notations in the figure above are:

1. vr: angular rotor speed;

2. vs: angular speed of stator flux space vector;

Table 5.2 Optimum voltage vector look-up table

Dcs DTe Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6

1 v2 v3 v4 v5 v6 v1
1 0 v7 v8 v7 v8 v7 v8

� 1 v6 v1 v2 v3 v4 v5
1 v3 v4 v5 v6 v1 v2

0 0 v8 v7 v8 v7 v8 v7
� 1 v5 v6 v1 v2 v3 v4

Active voltage vectors: 1 (100), 2 (110), 3 (010), 4 (011), 5 (001), 6 (101).

Zero voltage vectors: 7 (111); 8 (000).
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3. u: instantaneous rotor angular position with respect to phase a magnetic axis of stator;

4. us: instantaneous angular position of common rotating reference framewith respect to phase

a magnetic axis of stator.

5. ur: instantaneous angular position of common rotating reference framewith respect to phase

a magnetic axis of rotor.

After the transformation from a three-phase domain to a common rotating reference

frame with an arbitrary angular speed, the stator and rotor voltage equations of the induction

machine are

vds ¼ Rsids þ dcds

dt
� vacqs

vqs ¼ Rsiqs þ
dcqs

dt
þ vacds

ð5:8Þ

vdr ¼ Rridr þ dcdr

dt
� ðva � vrÞcqr

vqr ¼ Rriqr þ
dcqr

dt
þ ðva � vrÞcdr

ð5:9Þ

The flux linkages are

cds ¼ Lsids þ Lmidr

cqs ¼ Lsiqs þ Lmiqr
ð5:10Þ

cdr ¼ Lridr þ Lmids

cqr ¼ Lriqr þ Lmiqs
ð5:11Þ

Symbols Ls; Lr denote stator and rotor self-inductance respectively; while Lm is the magne-

tizing inductance.

d

q

0

a

ds

dr

A

qr

qsB

C

c

b
0r

0s

θs

θr

θ

ωa

ωr

Figure 5.6 Schematic representation of inductionmachinewith reference frames in three-phase domain

and common rotating d-q reference frame
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The relationship between the stator, rotor, and magnetizing inductances and the three-phase

model self and mutual inductances are

Ls ¼ Lss þ Lm

Lr ¼ Lsr þ Lm
ð5:12Þ

where Lss; Lsr are stator and rotor leakage inductances, respectively. The equation of

mechanical motion remains as

Te � TL ¼ J

P

dvr

dt
ð5:13Þ

where Te is electromagnetic torque; TL is load torque; J is inertia of the induction machine; and

P is the number of pole pairs.

Electromagnetic torque can be expressed in terms of d-q components of stator flux and stator

current as

Te ¼ 3

2
P cdsiqs � cqsids
� � ð5:14Þ

The per phase equivalent circuit of the ideal constant parameter machine mode in the d-q

rotating reference frame is shown in Figure 5.7.

5.3.1.2 Induction Machine’s Dynamic Model in a-b Stationary Reference Frame

The induction machine model that will be used later in this chapter for simulation purposes is

the machine model in the stationary reference frame. Components of stator current, rotor

current, and angular electrical speed vr are used as state-space variables in the fifth-order

differential equation system. The stator and rotor voltage equations with stator current,

Rs   Lσs ssa iLj σω Lσr Rr rra iLj σω

Lm mi

si
ri

+

−

+

−

−           ++ −

sv

mma iLjω ( )mmrrr iLiLj +σω

Figure 5.7 Dynamic equivalent circuit of an IM in an arbitrary rotating common reference frame
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rotor current, and rotor angular speed as state-space variables are obtained by using

equations (5.8)–(5.11), and (5.13) as

vas ¼ Rsias þ Ls
dias

dt
þ Lm

diar

dt

vbs ¼ Rsibs þ Ls
dibs

dt
þ Lm

dibr

dt

ð5:15Þ

0 ¼ Lm
dias

dt
þ vrLmibs þ Rriar þ Lr

diar

dt
þ vrLribr

0 ¼ �vrLmias þ Lm
dibs

dt
� vrLriar þ Rribr þ Lr

dibr

dt

ð5:16Þ

J

P

dvr

dt
¼ 3

2
P ibs Lsias þ Lmiarð Þ � ias Lsibs þ Lmibr

� �� �� TL ð5:17Þ

These differential equationswill be used to build the inductionmachinemodel inMATLAB/

Simulink for the simulation of the performance of a DTC induction motor drive.

5.3.2 Direct Torque Control Scheme

5.3.2.1 Basic Control Scheme of Direct Torque Controlled Induction Motor

Since Dc
s
¼ vsDt, then the stator flux space vector will move fast if non-zero voltage vectors

are applied to the motor. It will almost stop if zero voltage vectors are applied. In DTC drives,

at every sampling period the stator voltage vectors are selected on the basis of keeping the

stator flux amplitude error and torque errorwithin the prescribed hysteresis bands. The size of

the hysteresis bands will significantly affect the inverter switching frequency. In general, the

larger the hysteresis band, the lower the switching frequency and the poorer the response of

the drive to change in reference. Because the stator flux space vector is the integral of the

stator voltage vector, it will move in the direction of the stator voltage space vector for as

long as this voltage vector is applied to the motor.

Basic control schemes of a DTC induction motor drive are shown in Figures 5.8 and 5.9 for

torque mode and speed mode of operation, respectively. In each figure there are two parallel

branches, one for stator flux amplitude and the other for the torque control. The torque

reference is either an independent input (for a torque-controlled drive, Figure 5.8) or the output

of the speed controller (in a speed-controlled drive, Figure 5.9). Both the stator flux and the

torque controllers are of the hysteresis type. The drive requires appropriate measurements that

will enable the estimation of the stator flux and torque for closed loop control of these two

quantities. Stator currents and measured or reconstructed stator voltage are used for the

estimation, as given by the equations (5.18) and (5.19):

cas ¼
Ð

vas � Rsiasð Þdt
cbs ¼

Ð
vbs � Rsibs
� �

dt

cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2
as þ c2

bs

q
cos fs ¼ cas=cs sin fs ¼ cbs=c

ð5:18Þ

182 High Performance Control of AC Drives with MATLAB/Simulink Models



Te ¼ 3

2
P casibs � cbsias
� � ð5:19Þ

In addition, an estimate of the speed of rotation is required for closed loop speed control in

sensorless DTC drives. Note that the DTC induction motor drive inherently lends itself to

sensorless operation, since no co-ordinate transformation is involved and a speed signal is only

needed for closing the speed loop.

5.3.2.2 Stator Flux and Torque Estimation

From the considerations of the previous sub-section, it follows that for successful operation of a

DTC scheme, it is necessary to have accurate estimates of the stator flux amplitude and the

electromagnetic torque. In addition, it is necessary to estimate in which sector of the complex

plane the stator flux space vector is situated. As already shown in the sub-section above, the

stator flux amplitude and torque can be obtained in a straightforward manner if stator

currents are measured and stator voltages are reconstructed (or measured) according to

equations (5.18) and (5.19).

ψs* Flux
comparator

Δψs   Inverter
       VSI switching IM

− ψs      table

Stator flux
vector section

T*e Torque
comparator

ΔTe

φs

− Te

   Measured signals            Estimation of
ψs  and Te

Figure 5.8 Control scheme of a DTC induction motor drive for torque mode of operation

ψs* Flux
comparator

Δψs Inverte
switching

tabler

VSI
−ψs

Stator flux
vector sector

Torque
comparatorωr*

PID
Controller Te* ΔTe

−ωr −Te φs

Measured signalsEstimation of
ψs  and Te

From speed sensor
or speed estimator

IM

Figure 5.9 Control scheme of DTC induction motor drive for speed mode of operation with or without

speed sensor
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The two problems encountered in the process of stator flux and torque estimation are the

requirement for the pure integration and temperature related variation in stator resistance in

equation (5.18). Stator resistance related voltage drop is significant at low speed of operation.

Theaccuracyof theestimationat lowfrequencydependsontheaccuracyofstatorresistancevalue.

Anopen loopstatorfluxestimator canworkwelldownto1–2Hz,butnot below this frequency [7].

Equation (5.18) can also be used to find the location of the stator flux space vector in the

complex plane:

fe
s ¼ tan�1 cbs=cas

� � ð5:20Þ

The exact position of the stator flux space vector is not needed in DTC induction motor

drives. It is only necessary to know in which sector (out of six possible ones) of the complex

plane the vector is located. Equation (5.20) will be used in the simulations for determining the

sector containing the stator flux space vector. The determination of the sector of the complex

plane containing the stator flux space vector can be done by using the algebraic signs of the

stator flux a-b components obtained from equation (5.18) and the sign of the phase ‘b’ stator

flux, which is obtained by using cbs ¼ �0:5cas þ 0:5
ffiffiffi
3

p
cbs), as discussed in [7].

5.3.3 Speed Control with DTC

The general speed control scheme is shown in Figure 5.9. A PID controller is used as a speed

controller whose input is the error between the speed command and feedback speed. Feedback

speed can be from the speed sensor or speed estimator. A PI controller is commonly used

instead of a PID controller.

For better performance of speed responses (lower overshoot, faster time response, reduced or

zero steady state-error), a PI controller with anti-wind up is used as a speed controller.

Figure 5.10 shows the structure of a PID controller with anti-wind up in MATLAB/Simulink.

y

ysp
te setup

te

Input to system
1

set point weighting

b

error

Sum

Saturation

Proportional

K

P+I+D

Integrator

1

Ti.s

Derivative

-Tds

Td/N.s+1

Anti Windup Gain

1/Tt

System Output
2

Set point
1

Figure 5.10 PID controller with anti-wind up
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Simulation of the performance of theDTC of the inductionmotor usingMATLAB/Simulink

will be discussed in the next sub-section. The discussion will focus on both the torque control

mode and the speed control mode. Structures of the simulation programs are also presented.

5.3.4 MATLAB/Simulink Simulation of Torque Control and Speed
Control with DTC

5.3.4.1 MATLAB/Simulink Simulation of Torque Control with DTC

This sub-section discusses the implementation of the simulation of the independent control of

torque and stator flux with the DTC method suggested by [1]. The machine model does not

consider iron losses, magnetic saturation, or stray losses. The machine’s parameters are

constant during the operation.

MATLAB/Simulink is used for the simulation. Figure 5.11 presents the overall layout of the

simulation program.

Figure 5.12 shows the structure of the block that represents the dynamicmathematicalmodel

of the induction motor with constant parameters. Because the model is ideal, iron losses and

magnetic saturation are not considered.

The parameters of the motor are listed in the dialog box, as shown in Figure 5.13.

The differential equations of the mathematical model are represented in the Simulink file, as

shown in the Figure 5.14.

Themachinemodel is represented in thea-b reference frame. The block ‘Fcn’ in Figure 5.14

is the expression of dias
dt

from all the variables ias; ibs; iar; ibr and the input voltage vas; vbs, as

flux_s*

Te*

_sphi

Te

_sflux

Voltage Source
Inverter

Voltage
Source
Inverter

Torque commandTorque and Flux Hysteresis Comparators

Torque and Flux 
 Hysteresis 

 Comparators

Switching Table

Switching Table

Stator Flux Estimator

Stator Flux 
 Estimator

Sector of Stator Flux Space Vector

Sector of Stator Flux
 Space Vector

Load Torque Induction Motor

Induction Motor

Flux command

 To Workspace

Voltagesv

wr

Te

Voltage
Space
Vector

Figure 5.11 Simulation program of DTC of induction motor
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shown in Figure 5.15. Similarly, the block ‘Fcn1,’ ‘Fcn2,’ ‘Fcn3,’ and ‘Fcn4’ are the

expressions for
dibs
dt

; diar
dt

;
dibr
dt

; dvr

dt
, respectively. The block ‘Fcn5’ is the expression for the

electromagnetic torque from the above variables.

The subsystem ‘FluxCalculator’ in Figure 5.14 contains the expression for the stator flux and

rotor flux from the variables.

The layout of the subsystem ‘Stator Flux Estimator’ in Figure 5.11 is presented below in

Figure 5.16.

Te
5
wr
4

ic
3

ib
2

ia
1

alfa_beta/abc

abc/alfa_beta

Dynamic
Machine
Model

i_sc

i_sa

i_sb

flux_r

flux_s

T_load
4

vc
3

vb
2

va
1

Figure 5.12 Simulink layout of the machine model

Figure 5.13 Parameters of the induction motor
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The location of the stator flux space vector in the complex plane is determined by the block

‘Sector of stator flux space vector’ block in the Figure 5.11. The structure of this block is shown

in Figure 5.17.

The structure of the hysteresis comparators in the block ‘Torque and Flux Hysteresis

Comparators’ are shown in Figure 5.18. Flux and torque hysteresis comparators are shown in

Figures 5.19 and 5.20, respectively.

The structure of the switching table suggested in [1] is shown in Figure 5.21. Each ‘Look-up

Table’ block represents the switching state of one leg of the three-phase voltage source inverter.

The block used to observe the voltage space vector applied to the induction motor is

presented in Figure 5.22. The principle of operation of the three-phasevoltage source inverter is

illustrated in Figure 5.23. Each ‘Switch’ block represents a leg.
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Figure 5.14 Representation of differential equations in the machine model

Figure 5.15 Expression of differential equation in block ‘Fcn’
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The values of the flux command, torque command, and load torque of the DTC system are

illustrated in Figure 5.24. The flux command is the rated flux, and the torque command is one

and a half times of the rated torque. The load torque is equal to the rated value and applied

instantaneously at the moment the rotor speed reaches the rated speed.
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flux_beta_s

phi_s
3

Te
2

flux_s
1
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v_sb

v_sc

i_alfa_s
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v_beta_s

To Workspace2
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To Workspace1
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To Workspace
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Magnitude and angle of stator flux

Integrator1
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Integrator
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s
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Figure 5.16 Schematic diagram of ‘Stator Flux Estimator’ block

Figure 5.17 Structural diagram of ‘Sector of stator flux space vector’ block
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Figure 5.18 Structure of the ‘Flux and Torque Hysteresis Comparators’ block

Figure 5.19 Flux hysteresis comparator

Figure 5.20 Torque hysteresis comparator

Figure 5.21 Simulink diagram of the DTC look-up table
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Figure 5.22 Simulink diagram for observation of the applied voltage space vectors

Figure 5.23 Simulink diagram of a three-phase voltage source inverter

Figure 5.24 Values of flux command, torque command and load torque
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Torque response in the control of torque and stator flux with DTC is shown in Figure 5.25.

The load torque is not applied during the starting point, but the motor is fully loaded when

it reaches the rated speed.

Stator flux and rotor speed are shown in Figure 5.26, and the stator current is illustrated in

Figure 5.27.

The rotor speed in Figure 5.26 is slightly reduced with the progression of time. This is due to

the fact that the average value of the motor’s electromagnetic torque at high speed is slightly

less than the load torque because of high torque ripples. The torque command and load torque

are both at the rated values; therefore, the rate of change of speed with time is negative

according to equation (5.13).

From the simulation results, the two significant weaknesses of DTC are high flux ripples at

low speeds, and high torque ripple at high speeds.

5.3.4.2 MATLAB/Simulink Simulation of Speed Control with DTC

Speed control can then be implemented after the development of independent control of

electromagnetic torque and stator flux. A PID controller with an anti-wind up, whose structure

is shown in Figure 5.10, is used for control of speed. The output of the controller is the torque

command, which in turn is the input of the torque hysteresis comparator. The input of the speed

controller is the error between the speed command and actual speed. Figure 5.28 shows the

schematic structure of the speed control of an induction motor with DTC.

The speed control DTC system of the induction motor in Figure 5.28 is without load of the

motor. The speed command goes from zero to the rated electrical speed. Details of the speed

command signal and values of the PID controller’s parameters are shown in Figure 5.29.

Figure 5.30 shows the value of the load torque during the simulation. All other configurations
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Figure 5.25 Induction motor’s electromagnetic torque and load torque
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Figure 5.26 Stator flux and rotor speed in control of torque and stator flux with DTC
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Figure 5.27 Stator current in control of torque and stator flux with DTC
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of the simulation program are similar to the ones in the torque control program, except the

values of the speed command and PID controller. Responses of the rotor speed, electromag-

netic torque of the motor, stator flux, and phase current obtained from the simulation will be

analyzed and presented in Figures 5.31–5.34.

Figure 5.28 Simulation program of DTC of induction motor in speed control without load

Figure 5.29 Speed command and values of PID controller’s parameters of the induction motor control

system in Figure 5.28
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Figure 5.30 Load torque during the speed control simulation
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Figure 5.31 Stator flux and rotor speed of induction motor in DTC speed control without load
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Figure 5.32 Motor speed and speed command of induction motor in DTC speed control without load
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Figure 5.33 Torque response during no-load operation of DTC speed control
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The speed response in Figure 5.31 meets the requirement and is stable after reaching the

command value. The obtained stator flux is similar to the one in the torque control and is not

affected by the variation of speed. Figure 5.32 shows that the steady state error during no-load

operation of the DTC speed control is insignificant.

The torque has been increased up to a maximum allowable value during the acceleration of

the motor from standstill to commanded value. When the speed reaches and remains at the

required value, the torque is reduced to proximity of zero. High torque ripples are still present

due to the high speed of the rotor. Figure 5.34 shows the similarities between the

current response versus the response obtained in torque control. In both cases the starting

current is still high.

Themotor is run again in the speed controlmodewithout a load at starting point. Then a rated

load torque is applied and removed step-wise; this is a highly hypothetical situation to test the

noise removal capability of the controller. The load is suddenly applied after starting 1 s and

also suddenly removed at themoment of 1.2 s from starting point. Speed, torque, flux, and stator

phase current responses are shown in Figures 5.35–5.38, respectively.

When the load torque is applied, the speed drops, then quickly returns to the command value

without steady state error. Similarly, the speed rises when the load torque is removed, then

returns to speed command after a short period of time. The torque response shown in

Figure 5.36 has demonstrated the dynamic of electromagnetic torque. The motor’s torque

cannot change abruptly to match the load torque. This is the reason for a dip in speed shown in

Figure 5.35.However, themotor torque increases rapidly to bring the speed back to the required

value and stabilize the speed response. Similar dynamic response of electromagnetic torque
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Figure 5.34 Stator phase current during no-load operation of DTC speed control
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Figure 5.35 Speed response and load torque when load is applied and removed during DTC speed
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Figure 5.37 Stator flux response during the application and removal of rated load torque
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Figure 5.38 Stator phase current during the application and removal of rated load torque
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occurs when the load torque is removed suddenly. This explains the variation of speed in

Figure 5.35.

Stator flux is not affected during the application and removal of load torque, as shown in

Figure 5.37, which causes the variation of the motor’s electromagnetic torque. This illustrates

the ability of DTC to independently control the torque and flux in the induction motor.

Stator phase current is increased during the loading period of the motor, as shown in

Figure 5.38. However, high overshoots are not detected during the transient period of loading

and unloading. This demonstrates that the current is well controlled in DTC, except during the

starting of themotor. The problem of high starting current can be overcome by the combination

of soft starting and DTC.

In summary,DTCof inductionmotorwith ideal constant parameter dynamicmachinemodel

in both torque control and speed control modes have been discussed in this section and have

also been demonstrated with MATLAB/Simulink simulations. The DTC with dynamic

machine model considering iron loss will be presented in the next section.

5.4 DTC of Induction Motor with Consideration of Iron Loss

5.4.1 Induction Machine Model with Iron Loss Consideration

All the equations for this dynamic model are shown in an arbitrary, rotating common-reference

frame. The equivalent iron loss resistance is placed in parallel to the magnetizing branch, as

shown in Figure 5.39. The space vector equations for the new machine model in an arbitrary

reference frame follow from Figure 5.39 in the form [15,16]:

vs ¼ Rsis þ
dc

s

dt
þ jvacs

0 ¼ Rrir þ
dc

r

dt
þ j va � vrð Þc

r

ð5:21Þ

c
s
¼ Lssis þ Lmim ¼ Lssis þ c

m

c
r
¼ Lsrir þ Lmim ¼ Lsrir þ c

m

ð5:22Þ

      Rs            Lσs ssa iLj σω Lσr Rr rra iLj σω

Lm mi
si ri

+

−

+

−

−           ++ −

sv

mma iLjω
RFe

Fei

rrj ψω

Figure 5.39 Equivalent circuit of an inductionmachinewith iron loss consideration in space vector form

in an arbitrary rotating reference frame
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RFeiFe ¼ Lm
dim
dt

þ jvaLmim ð5:23Þ

im þ iFe ¼ is þ ir ð5:24Þ

Te ¼ 3

2
P
Lm

Lsr
ðcdriqm � cqridmÞ ð5:25Þ

The equivalent iron loss resistance is considered as a function of fundamental frequency only

in the machine model above, where RFe ¼ f ðf Þ. In reality, equivalent iron loss resistance is a

function of both flux density and frequency. However, the experimental method of its

determination in [17] has already taken into account the dependency on flux density.

This dynamic model only takes into consideration the fundamental component of the

actual iron loss, because the equivalent iron loss resistance in Figure 5.39 models only the

fundamental component of the iron loss. The value of the equivalent iron loss resistance is

calculated using a variable-frequency, no-load test where voltage magnitude is varied

using the V/f¼ const. control law. The source used in the experiment can be either an ideal

sinusoidal voltage source (e.g. a synchronous generator) or a PWM voltage source inverter,

where measurement of the fundamental component of the input power and current is required.

In real operation with PWM voltage source inverter, there will be higher-order voltage

harmonics in the supply voltage. These harmonics will ‘see’ the fundamental equivalent iron

loss resistancewhen themodel of Figure 5.39 is used in dynamic simulation of aDTC induction

motor drive, since the inverter model will be included. This is an inherent limitation of the

model in equations (5.18)–(5.23), but is of no consequence when the vector control is

considered. In simulation of the vector controlled drives, the voltage source can be assumed

to be ideally sinusoidal without any loss of generality, so that the fundamental equivalent iron

loss resistance suffices. However, this is not the case in DTC, where the inverter model has to

be included in the study. Since use of the fundamental equivalent iron loss resistance for higher

order voltage harmonics is of questionable accuracy, simulation results obtained with the

model of Figure 5.39 will exhibit a change in the torque ripple characteristic. Unfortunately,

there appears to be no better solution to the problem.Wewould ideally need to use the theory of

multiple reference frames, in which an appropriate circuit, similar to the one of Figure 5.39,

would be devised for each voltage harmonic. Equivalent iron loss resistance values in these

harmonic equivalent circuits could be obtained using the extension of the iron loss identifi-

cation procedure proposed in [17]. However, since DTC relies on hysteresis control, voltage

harmonics that will be present in the inverter output voltage cannot be determined in

advance; moreover, output voltage spectrum is continuous, so application of the multiple

reference frame theory is not possible.

The completemodel in the stationary reference frame, convenient for dynamic simulation, is

obtained from equations (5.19) to (5.25) in the following forms:

vas ¼ Rsias þ Lss
dias

dt
þ Lm

diam

dt

vbs ¼ Rsibs þ Lss
dibs

dt
þ Lm

dibm

dt

ð5:26Þ
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0 ¼ Rriar þ Lsr
diar

dt
þ Lm

diam

dt
þ vr Lsribr þ Lmibm

� �
0 ¼ Rribr þ Lsr

dibr

dt
þ Lm

dibm

dt
� v Lsriar þ Lmiamð Þ

ð5:27Þ

iam þ iaFe ¼ ias þ iar ibm þ ibFe ¼ ibs þ ibr ð5:28Þ

RFeiaFe ¼ Lm
diam

dt
RFeibFe ¼ Lm

dibm

dt
ð5:29Þ

Te ¼ 3

2
P
Lm

Lsr
ibmðLsriar þ LmiamÞ � iamðLsribr þ LmibmÞ
� � ð5:30Þ

Te � TL ¼ J

P

dvr

dt
ð5:31Þ

The state-space variables of the differential equations are selected as a-b components of

stator current, rotor current, and magnetizing current, as well as angular electrical speed of

rotor. The final set of differential equations is derived from the equations (5.26) to (5.31) in a

straightforward manner, by eliminating iron loss current components from equation (5.29)

using equation (5.27).

Actual variation of the equivalent iron loss resistancewith fundamental frequency is given in

equation (5.32) for a three-phase squirrel cage, 4 kW, 380V, 8.7 A, 4-pole, 50Hz, 1440 rpm

induction motor. The fundamental iron loss component was determined experimentally, using

the procedure of [17]. The testing was performed in the frequency range from 10Hz up to

100Hz. The base speed region, relevant for the analysis and simulation in this chapter,

encompasses frequencies up to 50Hz.When the fundamental iron loss component, as function

of the operating frequency, is known, the equivalent iron loss resistance of Figure 5.39 can be

easily calculated. Figure 5.40 presents the measurement results related to the fundamental iron

loss component (Figure 5.40a) and corresponding equivalent iron loss resistance
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Figure 5.40 Fundamental iron loss component: (a) calculated equivalent iron loss resistance; and

(b) experimentally identified points and corresponding analytical approximations
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(Figure 5.40b). The appropriate analytical approximation of the equivalent iron loss resistance,

required for the circuit of Figure 5.39, is also shown in Figure 5.40b. Analytical approximation

of the fundamental iron loss, included in Figure 5.40a, will be required later for compensation

purposes. These analytical functions, obtained using least squares fitting, are given with the

following expressions, in terms of fundamental frequency:

PFe Wð Þ ¼
0:00003808f 4 � 0:004585f 3 þ 0:183f 2 þ 1:0254f � 0:2784 f � 50 Hz

0:00002087f 4 � 0:0073f 3 þ 0:9658f 2 � 57:684f þ 1468:3 f > 50 Hz

(

RFe Wð Þ ¼ 128:92þ 8:242f þ 0:0788f 2 f � 50 Hz

1841� 55275=f f > 50 Hz

(
ð5:32Þ

5.4.2 MATLAB/SIMULINK Simulation of the Effects of Iron Losses
in Torque Control and Speed Control

5.4.2.1 Dynamic Machine Model with Consideration of Iron Losses

A new MATLAB/SIMULINK model based on a dynamic machine model with iron loss

consideration is developed. This new simulation model will then replace the model of ideal

machine in simulation of DTC in torque control mode and speed control mode. Figure 5.41

below shows this newmodel for an induction machinewith iron losses in a DTC torque control

MATLAB/SIMULINK program. Figure 5.42 illustrates the block diagram of the model.

The details of the block ‘InductionMotor DynamicModel’ in Figure 5.42 is shown below in

Figure 5.43. Details of the differential equations are demonstrated in Figures 5.44–5.46.

Figure 5.41 Simulation of an induction motor with iron losses consideration
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Figure 5.42 Block diagram model for an induction motor with iron losses

Figure 5.43 Representation of differential equations in a model with iron losses
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Figure 5.44 Expressions for the blocks ‘d(ids)/dt,’ ‘d(iqs)/dt,’ and ‘d(idr)/dt’

Figure 5.45 Expressions for the blocks ‘d(iqr)/dt’ and ‘d(Fldm)/dt’
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The variables in the differential equations in the above figures are components of stator

current, rotor current, air-gap flux, and rotor speed.

The structural diagram of the block ‘Frequency Calculator’ is shown in Figure 5.47.

The frequency is calculated from the components of stator flux. The components of stator

Figure 5.46 Expressions for the blocks ‘d(Flqm)/dt’ and ‘d(w)/dt’

Figure 5.47 Structural diagram of the block ‘Frequency Calculator’
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flux are determined from the components of stator current and air-gap flux. The equation for

frequency determination is

f ¼ 1

2�

cas dcbs=dt� cbs dcas=dt

c2
as þ c2

bs

ð5:33Þ

Because the values of the denominator in equation (5.33) are small when the simulation

starts running, the values of the variables are artificially kept for the first few step-sizes of the

simulation to avoid the error ‘NaN’ (not a number). The frequency is also kept at 50Hz during

this period. Due to the small step-size of the simulation, this constant value does not affect the

results of the simulation process. The calculated frequency then goes through a Butterworth

low-pass filter before being used to determine the iron loss equivalent resistance.

Equations for calculating the derivatives of a and b components of stator flux to be used in

equation (5.33) are shown in Figure 5.48. Figure 5.49 demonstrates implementation of

equation (5.33). The parameters of the Butterworth filter are also presented in Figure 5.49.

The selecting value for the switches is 5ms, as shown in Figure 5.50.

Figure 5.51 shows the block diagram and expression in ‘Stator Flux Calculator’ in

Figure 5.43. Figure 5.52 illustrates the diagram and expression for electromagnetic torque

estimation in the ‘Torque Observer’ block of Figure 5.43.

5.4.2.2 Simulation of DTC with Iron Losses Consideration in Torque Control Mode

The torque response obtained from the simulation of DTC in the torque control mode, when

iron losses are considered, is illustrated in Figure 5.53. The torque command is still the same as

the one in the simulations of Section 5.3 (26.5Nm). Similarly, flux command remains at

Figure 5.48 Equations for derivatives of a and b components of stator flux

206 High Performance Control of AC Drives with MATLAB/Simulink Models



Figure 5.49 Expression in ‘Fcn-f’ block and parameters for Butterworth filter

Figure 5.50 Selecting a value for the switches in Figure 5.47
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Figure 5.51 Diagram and expression for the stator flux calculation

Figure 5.52 Diagram and expression for the electromagnetic torque observation
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0.9084. The induction motor is still the same, only changing the dynamic model from onewith

constant parameter and no iron loss consideration to one that includes iron losses as a function

of frequency.

As can be seen in Figure 5.53 that the electromagnetic torque of the motor cannot reach the

commanded value as it does in the case of idealmachinemodel due to the iron losses. Therefore,

the actual torque created by the motor is lower than the expected value from the ideal machine

model.Thisdeficiencyof theelectromagnetic torquewill cause inaccuracy in speed response, as

shown in Figure 5.54. In this figure, the speed response of the ideal motor reaches the rated

electrical speed when the rated load torque is applied. However, the rotor speed does not reach

that rated valuewhen iron losses are considered in themachinemodel, because of the deficiency

of torque, as explained above and shown in Figure 5.55. The difference in torque responses

during the steady state in Figure 5.55 result in a quick decrease of rotor speed, in Figure 5.54,

when iron losses are included. Stator flux and phase current responses are not affected by the

inclusion of iron losses in the machine model, as demonstrated in Figures 5.56 and 5.57.

5.4.2.3 Simulation of DTC with Iron Losses Consideration in Speed Control Mode

The ideal constant parameter machine model in the MATLAB/Simulink program for speed

control of DTC in Section 5.3.4.1 is replaced with the machine model considering iron loss, as

presented in Section 5.4.2.1. The parameters of the PID speed controller are also adjusted to get

a good response of the rotor speed. Figure 5.58 shows the response of the rotor speed during the

start-up, application, and removal of load torque.

The speed response, when iron losses are included, is a little slower than the one obtained

with an ideal constant machine model. This is due to the lower actual electromagnetic torque

produced by the motor when output power is reduced by iron losses. However, the steady state

response of the speed is acceptable. The rotor speed reaches the commanded value.
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Figure 5.53 Electromagnetic torque responses for the both cases, without iron losses and with iron

losses consideration
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When the load torque is applied instantaneously, the speed goes down deeper for the case

with iron loss. The recovering period of the speed response is therefore slightly longer for the

case with iron loss. The steady state error of speed response is the same for both cases; rotor

speed returns to commanded value in both cases. A similar difference between the two cases is

observed when load torque is removed instantaneously.

Figures 5.59 and 5.60 show the responses of the motor’s electromagnetic torque when load

torque is applied and removed respectively. In both figures, the torque responses, when iron
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Figure 5.54 Rotor speed responses for the both cases, without iron losses and with iron losses

consideration
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eration during steady state
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losses are ignored and included, are presented. FromFigure 5.59, torque response in the case of

iron losses has higher torque ripple in steady state and longer response time compared with the

case when iron losses are not considered. Similar deficiency is also observed when load torque

is removed.

The performance of speed control in DTC of induction motor is generally not affected

seriously by the presence of iron losses. The transient response of speed is affected by the

deficiency in torque response. Simple compensation schemes for torque deficiency are

recommended. More complex compensation schemes can give more accurate torque response

during transient state; however, they require more computing capabilities of the systems. The

next sub-section will discuss a simple compensation scheme for torque response.
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Figure 5.56 Stator flux response when iron losses are considered
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Figure 5.57 Stator phase current of the induction motor with iron losses
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Figure 5.58 Speed response of DTC in speed control modewith machine model considering iron losses
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Figure 5.59 Responses of motor’s electromagnetic torque when load torque is applied
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5.4.3 Modified Direct Torque Control Scheme for Iron Loss
Compensation

It has been shown that iron losses affect only the performance of electromagnetic torque

response of the motor. Stator flux response is unchanged when iron losses are considered.

Therefore, only compensation for iron losses is discussed. Equation (5.19), used for torque

estimation in DTC, is based on the ideal machine model, therefore it does not realize the

power deficiency by the existence of iron losses. The estimated value of electromagnetic

torque is higher than the actual one. A reduction of estimated torque is introduced in [18], and is

expressed by

Te
0 ¼ 3=2ð ÞP casibs � cbsias

� �� DTFe ð5:34Þ

The mechanical power produced by the motor is theoretically assumed as Tevm, while the

actual output power is Te
0vm [18], and vm is the mechanical angular speed of rotor rotation

(vm ¼ vr=P). The torque compensation DTFe in equation (5.34) can be obtained from the

following equations [18]:

Tevm ¼ Te
0vm þ PFe

DTFe ¼ PFe=vm

PFe ¼ DTFevm

ð5:35Þ
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Figure 5.60 Responses of motor’s electromagnetic torque when load torque is removed
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The symbol PFe stands for the fundamental component of the iron losses. Equation (5.34)

holds true for both modes of operation of the motor, braking andmotoring. The iron losses will

lower the output torque in motoring, while the torque is higher in magnitude than the value

obtained by equation (5.19) during braking.

The iron losses, as shown in equation (5.32), are a function of frequency. However,

stator frequency is generally not available in DTC. The angular electrical speed of rotor

can be used instead to approximate the iron losses. The difference between stator angular

frequency and angular electrical speed of the rotor is a small slip frequency, and rotor

speed is usually measured or estimated. The torque compensation now can be calculated

as [19]

DTFe ¼ PFe fð Þ
vm

or DTFe ¼ PFe Pvm=2�ð Þ
vm

ð5:36Þ

Experimentally identified fundamental component of iron losses often vary almost

linearly with the stator frequency [20–22]. From Figure 5.40, the variation of the funda-

mental iron loss with frequency in the range from 0 to 50Hz for the motor considered here is

almost linear. By approximating the iron loss in the base speed region with a linear

dependence on frequency, the simplest method of constant compensation for iron losses

is suggested by [19]

DTFe ¼ PFen

Pn

Ten ¼ const: ð5:37Þ

As the fundamental iron loss at 50Hz equals 173.4W, while rated motor power and torque

are 4 kW and 26.5Nm, respectively, the constant torque compensation is 1.15Nm.

The simulation results of DTC with constant compensation for iron losses in torque control

mode are demonstrated in Figures 5.61 and 5.62.

The proposed improvement has over-compensated the power lost by the presence of iron

losses by a small amount. The speed response with iron losses compensation is even better

than the one without consideration of iron losses, as shown in Figure 5.61. The over-

compensation in electromagnetic torque of the motor is clearly shown in Figure 5.62,

especially during the start-up of the motor. This is because the actual iron losses are almost a

linear function of the stator frequency in the low speed region and are much less than the

compensated value during the start-up.

The simulation results of DTC with constant compensation for iron losses in speed control

mode are demonstrated in Figures 5.63 and 5.64. During start-up of the motor, as shown in

Figure 5.63, response time of the speed with compensation is slightly more than the one with

ideal machine model. Slightly higher overshoot is also observed when compensation is

included. However, there is a clear difference between the responses with and without

compensation when iron losses are included.

When load torque is applied and removed instantaneously, compensation of iron losses does

not improve the performance of speed, as shown in Figure 5.64. The responses are similar for

the cases with and without compensation when iron losses are considered.

In summary, iron losses consideration for DTC of induction motor has been discussed in this

sub-section. Simulation of the effects of iron losses on performance of DTC in both torque and
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Figure 5.61 Rotor speed responses of DTC in torque control mode for the three cases: without iron

losses; with iron losses but no compensation; with iron losses and constant compensation
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Figure 5.62 Torque responses of DTC in torque control mode for the three cases: without iron losses;

with iron losses but no compensation; with iron losses and constant compensation
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Figure 5.63 Rotor speed responses of DTC in speed control mode for the three cases
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Figure 5.64 Speed responses of the three cases when load torque is applied and removed
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speed control mode has been demonstrated. The results have also been analyzed. From the

analysis, compensation methods have been discussed and simulation of the simplest one has

been presented. The next section of this chapter will discuss the consideration of both iron

losses and magnetic saturation in DTC.

5.5 DTC of InductionMotor with Consideration of both Iron Losses
and Magnetic Saturation

5.5.1 Induction Machine Model with Consideration of Iron Losses and
Magnetic Saturation

Representations of iron losses and magnetic saturation in dynamic space vector equivalent

circuit of inductionmachines in an arbitrary frame of reference rotating at angular speedva are

shown in Figure 5.65.

Differential equations of the machine model are [23]

vas ¼ Rsias þ Lss
dias

dt
þ dcam

dt

vbs ¼ Rsibs þ Lss
dibs

dt
þ dcbm

dt

ð5:38Þ

0 ¼ Rriar þ Lsr
diar

dt
þ dcam

dt
þ v Lsribr þ cbm

� �

0 ¼ Rribr þ Lsr
dibr

dt
þ dcbm

dt
þ v Lsriar þ camð Þ

ð5:39Þ

Figure 5.65 Space vector dynamic equivalent circuit of induction machine in an arbitrary reference

frame [23]
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0 ¼ dcam

dt
� RFeias � RFeiar þ RFe

Lm
cam

0 ¼ dcbm

dt
� RFeibs � RFeibr þ RFe

Lm
cbm

ð5:40Þ

cas ¼ Lssias þ Lmiam

cbs ¼ Lssibs þ Lmibm

car ¼ Lsriar þ Lmiam

cbr ¼ Lsribr þ Lmibm

ð5:41Þ

dv

dt
¼ P

J

3

2
P iarcbm � ibrcbm

� �� TL

� 	
ð5:42Þ

Te ¼ 3

2
P iarcbm � ibrcam

� � ð5:43Þ

The equivalent iron loss resistance as a function of stator frequency is [23]

RFe ¼
128:92þ 8:242f þ 0:0788f 2 Wð Þ; f � 50Hz

1841� 55272=f Wð Þ; f � 50Hz

"
ð5:44Þ

The equivalent magnetizing inductance is considered as a non-linear function of main flux:

Lm ¼ f cmð Þ; where Lm ¼ cm

im
ð5:45Þ

Magnetizing curve approximation (rms values) is [23]

cm ¼ 0:1964285im; im < 2:2A

0:8374þ 0:0067im � 0:924=im; im > 2:2A

"
ð5:46Þ

The indices s and r denote stator and rotor parameters and variable, respectively; index s
stands for leakage inductances; index m defines parameters and variables associated with

magnetizing flux, magnetizing current, and magnetizing inductances; P is the number of pole

pairs; J is the inertia constant; and v is the electrical angular speed of rotor.

5.5.2 MATLAB/Simulink Simulation of Effects of both Iron Losses
and Magnetic Saturation in Torque Control and Speed Control

5.5.2.1 Effects of Iron Losses and Magnetic Saturation in Torque Control Mode

The ideal constant parametermachinemodel of the inductionmotor is replaced by themachine

model considering iron losses and magnetic saturation in the MATLAB/Simulink program for

torque control simulation using DTC, as shown in the Figure 5.66.
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The other sub-systems of the DTC control system are essentially the same as those shown in

Figures 5.11 and 5.41. The structure inside the block ‘IMmodelwith iron losses and saturation’

is shown in Figure 5.67.

In addition to the blocks for transformation of reference frame, there are also blocks for

calculation of instantaneous values of magnetizing inductance and equivalent resistance of

Figure 5.66 DTC of induction machine with iron losses and saturation

Figure 5.67 Diagram of the block ‘IM model with iron losses and saturation’
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iron losses. The differential equations of the dynamicmachinemodel inside the block ‘IMwith

iron losses and saturation’ are shown in Figure 5.68.

Details of the blocks expressing the differential equations are shown in the

Figures 5.69–5.71.

The structure of the block ‘Frequency Calculator’ in Figure 5.68 is presented in the

Figures 5.72–5.74.

Structures of the blocks used for stator flux and torque calculation in Figure 5.68 are

illustrated in the Figures 5.75 and 5.76.

The instantaneous value of the magnetizing inductance is deduced from equations (5.45)

and (5.46). The implementation of this calculation is presented in Figures 5.77 and 5.78.

The equivalent resistance for iron losses varieswith frequency and the implementation of the

calculation of instantaneous resistance is shown in Figure 5.79.

The parameters of the induction motor with consideration of iron losses and saturation are

presented in Figure 5.80.

Simulation of torque control and flux control with DTC, when iron losses and magnetic

saturation are included in the machine model, is carried out with rated values for both torque

and flux commands. The obtained speed is shown in Figure 5.81, together with speeds of

the motor when only iron losses are considered and the constant parameter machine model

is used.

The responses of speed with only iron losses and with both iron losses and saturation

are almost identical. The speeds decrease when rated load torque is applied due to the high

ripples in torque responses, which result in lower average value of electromagnetic torque of

Figure 5.68 Blocks for differential equations of the dynamic machine model

220 High Performance Control of AC Drives with MATLAB/Simulink Models



Figure 5.69 Expressions for differential equations of ids, idr, and idr

Figure 5.70 Expressions for differential equations of iqr and cdm
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Figure 5.71 Expressions for differential equations of cdqm and v

Figure 5.72 Expressions for d-q components of stator flux used to calculate the stator frequency
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Figure 5.73 Expression for frequency calculation and design of Butterworth filter to obtain the

fundamental component of stator frequency

Figure 5.74 Designs of the ‘Switch’ blocks in Figure 5.72
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the motor. Magnetic saturation does not affect the speed response in this region of operation

of the motor.

Torque responses are shown in Figure 5.82. Again, the additional inclusion of magnetic

saturation does not change significantly torque response. Discrepancies between load torque

Figure 5.75 Stator flux calculation in inductionmachinemodel with iron losses andmagnetic saturation

Figure 5.76 Electromagnetic torque calculation in the induction machine model
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Figure 5.77 Expressions for idm and Lm (when idm is>2.2A) in calculation of instantaneous value of the

magnetizing inductance

Figure 5.78 Expression of iqm and values of ‘Switch’ block in Figure 5.77
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Figure 5.79 Calculation of the equivalent resistance for iron losses with frequency

Figure 5.80 Parameters of the induction motor
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Figure 5.81 Speed responses in torque control mode of DTC
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Figure 5.82 Torque responses in torque control mode of DTC
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Figure 5.83 Steady state response of torque when both iron losses and magnetic saturation are included
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Figure 5.84 Flux response with iron losses and magnetic saturation in torque control mode
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and the actual torque of the motor in steady state are shown in Figure 5.83. This difference is

the cause of the decrease in speed.

Flux and stator current responses are demonstrated in Figures 5.84 and 5.85. The inclusion of

magnetic saturation and iron losses does not cause significant changes in the responses.

5.5.2.2 Effects of Iron Losses and Magnetic Saturation in Speed Control Mode

The simulation program of DTC in speed control mode is essentially the same as that shown in

sub-section 5.3.4.1; only the Simulink block for the induction motor is changed to include iron

losses and magnetic saturation. Figures 5.86 and 5.87 show the schematic diagram of the

program and parameters of the PID controller, respectively.

Figure 5.88 shows the response of speed during the acceleration, applying and removing

of rated load torque, and the speed response with the ideal machine model is also presented.

Figure 5.89 shows the respective torque response when the iron losses and magnetic saturation

are included.

The responses of the motor’s electromagnetic torque during the application and removal of

rated load torque are presented in Figures 5.90 and 5.91, respectively. The electromagnetic

torque with the ideal constant parameter machine model is also demonstrated for comparison.

The difference between the speed responseswith andwithout the inclusion of iron losses and

magnetic saturation is not significant, as shown in Figure 5.88. The transient response of speed

is slightly bit slower with iron losses and magnetic saturation due to the power losses, which

reduce the actual electromagnetic torque. The torque response is essentially the same with

torque response with only iron losses consideration (Figure 5.89).

When load torque is suddenly applied, the responses of electromagnetic torque are almost

identical for all the cases, as shown in Figures 5.90 and 5.91.
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Figure 5.85 Stator current response with iron losses and magnetic saturation in torque control mode
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Figure 5.86 Simulation of DTC in speed control mode with the inclusion of both iron losses and

magnetic saturation

Figure 5.87 Parameters of the PID controller in speed control mode
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Figure 5.88 Speed responses when iron losses and saturation is included

0 0.3 0.6 0.9 1.2 1.5
−5

0

5

10

M
ot

or
 E

le
ct

ro
m

ag
ne

tic
 T

or
qu

e 
(N

.m
)

15

20

25

30

35

40

Time (s)

Figure 5.89 Torque responses during acceleration, loading, and unloading
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Figure 5.90 Motor torque response during the application of rated load torque
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5.6 Modified Direct Torque Control of Induction Machine
with Constant Switching Frequency

From the discussion and simulation of Direct Torque Control of induction motors in previous

sub-sessions, DTC has several major disadvantages such as [7]:

. problems during starting due to the absence of current controllers;

. operation in low-speed region due to high flux ripples;

. necessity of accurate estimation of stator flux and electromagnetic torque;

. changing switching frequency, because of hysteresis band-based control of torque; and

. high torque ripples in high-speed operation due to the utilization of zero voltage space

vectors.

Variation of switching frequency in DTC is one of the major drawbacks in many industrial

applications.

There have beenmanymodifications suggested for constant switching frequency with DTC.

These modifications include DTC with space vector modulation and deadbeat control for

directly calculation of switching pattern to achieve constant switching period [24], DTC with

predictive control, which calculates the optimal switching instant at each cycle on the basic of

RMS torque-ripple equation during one switching period obtained from the instantaneous

torque variation equation [9], and Direct Self Control with fuzzy controller for choosing

switching states to reduce the flux and torque errors, while still achieving fast torque response

and constant switching frequency [25]. However, these modifications have resulted in the

increased sophistication of the control systems, which require more computational capabilities

than the traditional DTC.

The concept of DTC is also extended to introduce the new control method called Stator Flux

Vector Control, which delivers fast torque response and constant switching frequency without

using current controller [26]. This new concept focuses on torque control using variations of the

stator flux angular velocity and stator flux control for obtaining fixed rotor flux amplitude in a

feed-forward manner. The new control method also improves the sensitivities to the induction

motor’s parameters and stabilities, even at low-speed operation [26].

Space vector pulse width modulation (SVPWM) with two-level and three-level inverter

to obtain constant switching frequency in DTC has also been proposed for the applications

in electric vehicle drive [27]. Furthermore, constant frequency torque controller is introduced

to achieve both constant switching frequency and reduction of torque ripples, especially

when DTC is implemented with a low speed processor, which results in low sampling

frequency [28].

5.7 Direct Torque Control of Sinusoidal Permanent Magnet
Synchronous Motors (SPMSM)

5.7.1 Introduction

Permanent magnet synchronous machines (SPMSMs) are categorized on the basis of the

waveform of the induced electromotive force; they are either sinusoidal or trapezoidal. The

SPMSMs with sinusoidal wave-shape of emf are called PMSMs, and the PMSMs with
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trapezoidal wave-shape of emf are known as Brushless DCMachines (BLDCs) [29]. This sub-

section discusses the DTC of SPMSMs, which has a sinusoidal distribution of air-gap flux.

The machines are of surface magnet structure, where the magnets are placed in the grooves

of the outer periphery of the rotor lamination to provide high flux density in the air gap and also

uniform cylindrical surface of the rotor for the mechanical robustness [29].

Mathematical equations for dynamic models of the SPMSMs are presented in the next

sub-section.

5.7.2 Mathematical Model of Sinusoidal PMSM

The mathematical model for SPMSMs are shown in equations (5.47) to (5.52). The dynamic

model is in the rotor flux oriented reference frame. The rotating speed of rotor and rotor flux

space vector are the same for the synchronous motor, and they are also equal to the rotating

speed of the reference frame va ¼ vr ¼ v:

vds ¼ Rsids þ dcds

dt
� vrcqs

vqs ¼ Rsiqs þ
dcqs

dt
þ vrcds

ð5:47Þ

vf ¼ Rf if þ
dcf

dt
ð5:48Þ

Te � TL ¼ J

P

dvr

dt
ð5:49Þ

cds ¼ Lsids þ Lmif

cqs ¼ Lsiqs
ð5:50Þ

cf ¼ Lf if þ Lmids ð5:51Þ

Te ¼ 3

2
Pðcdsiqs � cqsidsÞ ð5:52Þ

Transformation equations for stator voltage and stator current are shown in equations (5.53)

to (5.55), where u is the instantaneous angle of the rotor:

vds ¼ 2

3
va cos uþ vb cos u� 2�

3

0
@

1
Aþ vc cos u� 4�

3

0
@

1
A

2
4

3
5

vqs ¼ � 2

3
va sin uþ vb sin u� 2�

3

0
@

1
Aþ vc cos u� 4�

3

0
@

1
A

2
4

3
5

ð5:53Þ
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ia ¼ ids cos u� iqs sin u

ib ¼ ids cos u� 2�

3

0
@

1
A� iqs sin u� 2�

3

0
@

1
A

ic ¼ ids cos u� 4�

3

0
@

1
A� iqs sin u� 4�

3

0
@

1
A

ð5:54Þ

u ¼
ðt
0

vrðtÞdt þ uð0Þ ð5:55Þ

When the rotor of the synchronous motor is a permanent magnet, the magnetizing flux

linkage produced by the magnet can be expressed in terms of a fictitious field current if as [30]

cm ¼ Lmif ð5:56Þ

The mathematical model in an arbitrary rotating reference frame can be rewritten by

applying the equation (5.56) into the equations (5.47) to (5.52):

vds ¼ Rsids þ dcds

dt
� vacqs

vqs ¼ Rsiqs þ
dcqs

dt
þ vacds

ð5:57Þ

cds ¼ Lsids þ cm

cqs ¼ Lsiqs
ð5:58Þ

Te � TL ¼ J

P

dv

dt
ð5:59Þ

Te ¼ 3

2
Pðcdsiqs � cqsidsÞ ¼

3

2
Pcmiqs ð5:60Þ

Because of the design of SPMSMs, the machines cannot be used for main operations as with

traditional synchronous motors. Due to the absence of damper winding, the SPMSMs cannot

be started [30]. They are mainly used for variable speed drives, which require power electronic

conversions for power supplies. Therefore, it is always necessary to measure or estimate the

position of the rotor for the feedback to the control system. However, this is not a disadvantage

for SPMSM-based drives, because the information about rotor position is always needed in

the applications of the drive systems.

The cost of BLDC machines are usually lower than the cost of SPMSMs. However, the

performances of SPMSMaremuch better. The selection ofwhich of themachines depends very

much on the particular applications [30].
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5.7.3 Direct Torque Control Scheme of PMSM

The mathematical model in equations (5.57) to (5.60) is expressed in the stationary reference

frame as

vas ¼ Rsias þ dcas

dt

vbs ¼ Rsibs þ
dcbs

dt

ð5:61Þ

cas ¼ Lsibs þ cm

cbs ¼ Lsibs
ð5:62Þ

Te � TL ¼ J

P

dv

dt
ð5:63Þ

Te ¼ 3

2
Pðcasibs � cbsiasÞ ¼

3

2
Pcmibs ð5:64Þ

The DTC scheme for SPMSMs, which directly controls the stator flux linkage and

electromagnetic torque by optimum switching table for voltage fed inverter, is discussed in

this sub-section. Equations (5.61) to (5.64) are used to estimate the stator flux linkage and

electromagnetic torque [7].

Comparisons between reference and estimated values of stator flux linkage and electro-

magnetic torque by comparators are carried out. Stator flux comparator is two-level and torque

comparator is three-level, as expressed in equations (5.6) and (5.7), respectively.

The inputs of the optimum switching table are outputs from the comparators and the sector in

the complex,which contains the estimated stator flux space vector. The complex plane is shown

in Figure 5.3. The optimum switching table for DTC of SPMSMs in this sub-section is the one

suggested by [1] and is shown in Table 5.2.

The next sub-section discusses the simulation of DTC of SPMSMs.

5.7.4 MATLAB/Simulink Simulation of SPMSM with DTC

5.7.4.1 Development of MATLAB/Simulink Program

The simulation program for DTC of SPMSMs is developed on the basic of the scheme

presented in previous the sub-section. The structural diagram is shown in Figure 5.92.

The PID controller in Figure 5.92 is identical to the controller in Figure 5.10. The Simulink

diagram for a machine model of SPMSM inside the block ‘SPMSM’ in the above figure is

shown in Figure 5.93.

Expressions for differential equations in equations (5.61) to (5.63) in MATLAB/Simulink

are demonstrated in Figure 5.94.

Transformation from rotor flux oriented reference frame to stationary co-ordinators in a

machine model is demonstrated in Figure 5.95.

Transformation from stationary reference frame to rotor flux oriented d-q axes in a machine

model is presented in Figure 5.96.
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Block diagrams for estimation of stator flux linkage and electromagnetic torque of SPMSMs

for DTC is shown in Figure 5.97

Block diagrams for transformation from phase stator voltage to a and b components of

stationary reference frame are demonstrated in Figure 5.98. The same structure can be used in

the case of transformation for stator current.

Figure 5.92 Simulation program for DTC of SPMSM

Figure 5.93 Simulink diagram of the SPMSM machine model
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Figure 5.94 Differential equations of machine model in simulation program

Figure 5.95 Transformation of reference frames from rotating to stationary

238 High Performance Control of AC Drives with MATLAB/Simulink Models



Block diagrams inside the sub-system ‘Flux linkage vector section,’ for determination of the

section of complex plane containing instantaneous stator flux space vector, are shown in

Figure 5.99.

The logical expressions for identifying the correct sector are similar to the ones inFigure 5.17

and shown again here for convenience in Figure 5.100.

Figure 5.96 Transformation of reference frames from stationary to rotating

Figure 5.97 Estimation of SPMSM’s stator flux linkage and electromagnetic torque

Direct Torque Control of AC Machines 239



Block diagrams in the sub-system ‘Flux and Torque Comparator,’ to determine the

incremental or decreasing changes of the actual stator flux linkage and electromagnetic torque

compared to the reference values, are illustrated in Figure 5.101.

The hysteresis band for flux comparator is 1% of rated value of stator flux linkage. Similarly,

the hysteresis band for torque comparator is 1% of the rated torque. These are shown in

Figure 5.102.

The two levels of flux comparator and three levels of torque comparator are also shown in

Figures 5.103 and 5.104.

Figure 5.98 Conversion from phase voltage to a and b components in stationary reference frame

Figure 5.99 Determination of the complex plane’s sector for stator flux space vector
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Figure 5.100 Logical expressions for identifying the sector of stator flux space vector

Figure 5.101 Stator flux and electromagnetic torque comparators
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Figure 5.102 Hysteresis band for flux and torque comparators

Figure 5.103 Three-level torque comparator
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Optimum switching table suggested by [1] is presented in Figure 5.104. The three blocks

‘Look-Up Table (2-D)’ are used for coding the switching states of the three legs of the voltage

source inverter.

The block diagrams for voltage source inverter are shown in Figure 5.105, with equations for

calculation of phase voltage from the leg voltage of the inverter and Figure 5.106, with setting

of the blocks ‘Switch.’

Speed command for DTC of SPMSM in speed control mode is shown in Figure 5.107,

together with the parameters of the PID controller with anti-wind up, as shown in Figure 5.10.

The motor is accelerated forward to rated speed and then reversed to the same speed in the

opposite direction. The upper and lower limits of the PID controller’s output, which is the

torque command, is 20Nm and –20Nm, respectively.

Parameters of the SPMSM are shown in Figure 5.108, together with the application and

removal of the load torque during the operation.

5.7.4.2 Simulation of DTC of SPMSM

The simulation program developed in sub-section 5.7.4.2 is run with a fixed step size of 10ms
for solver option of Runge-Kutta in MATLAB/Simulink. The SPMSM is accelerated, then

reversed with the speed command shown in Figure 5.107. When the motor has settled after the

acceleration, the load torque is suddenly applied and removed in a step-wise approach.

Figures 5.109–5.112 show rotor speed, stator flux linkage, electromagnetic torque, and

stator phase current, respectively during start-up and acceleration. The actual rotor speed

quickly meets the commanded speed after 0.05 s. The stator flux is fluctuated during the

Figure 5.104 Optimum switching table for DTC of SPMSMs in MATLAB/Simulink

Direct Torque Control of AC Machines 243



start-up then steady at the rated value. Torque overshoot is high during the start-up and up to the

maximum limit set up by the limiter of the torque command at the output of the PID controller

in Figure 5.92. Due to the high starting torque, the starting current’s overshoot is also high.

Responses of actual rotor speed, motor’s torque, and stator phase current during the

application of load torque are shown in Figures 5.112–5.114.

Figure 5.105 Voltage source inverter for DTC of SPMSMs

Figure 5.106 Setting of the blocks ‘Switch’ in sub-system ‘Voltage source inverter’
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Figure 5.107 Speed command and parameters of PID controller

Figure 5.108 Parameters of the SPMSM
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Figure 5.109 SPMSM’s rotor speed and stator flux linkage during start-up and acceleration
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Figure 5.110 Electromagnetic torque of SPMSM during start-up and acceleration
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Figure 5.111 Stator phase current of the SPMSM during start-up and acceleration
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Figure 5.112 Commanded speed, actual rotor speed during the application of load torque
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Figure 5.113 Response of SPMSM’s electromagnetic torque during load torque application
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Figure 5.114 Stator phase current when load torque is applied
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Figure 5.115 Response of stator flux linkage during application and removal of load torque
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Figure 5.116 Commanded speed, actual rotor speed during the removal of load torque
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Figure 5.117 Response of the SPMSM’s electromagnetic torque during load torque removal
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Figure 5.118 Stator current during the removal of load torque
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Figure 5.119 Commanded speed, actual rotor speed, and stator flux during the reversal of speed
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Figure 5.120 Electromagnetic torque of SPMSM during reversal of speed
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Rotor speed of the SPMSM is not significantly affected when the rated load torque is

suddenly applied in a step-wise approach. The speed drops slightly then quickly returns to the

commanded value, as shown in Figure 5.112.

Transient response of electromagnetic torque is also fast. Electromagnetic torque of the

SPMSM quickly stabilized within the hysteresis bands around the commanded torque, as

shown in Figure 5.113. Figure 5.114 also shows fast response of stator current during the

application of load torque.

Stator flux linkage is slightly affected when the load torque is present, as shown in

Figure 5.115.

Responses of actual rotor speed, motor’s torque, and stator phase current during the

removal of load torque are shown in Figures 5.116–5.118. The response of speed is also

slightly affected when the load torque is removed. Fast transient responses are observed for

electromagnetic torque and stator current. Rotor speed, stator flux, electromagnetic torque, and

stator current of the SPMSM during reversal of speed are shown in Figures 5.119–5.121,

respectively.

Stator flux of the SPMSM is affected significantly during deceleration in the forward

direction of speed, as well as acceleration in the backward direction. This observation is

consistent with the results shown in Figure 5.109. The actual rotor speed quickly follows

the commanded values, as shown in Figure 5.119. The steady state error of speed is

insignificant.

Electromagnetic torque does slightly cross the lower limit set by the limiter at the output of

the PID speed controller, as shown in Figure 5.120. Stator current has high overshoot during the

speed reversal, as demonstrated in Figure 5.121.
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Figure 5.121 Stator current of SPMSM during reversal of speed
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6

Non-Linear Control of Electrical
Machines Using Non-Linear
Feedback

Zbigniew Krzeminski and Haitham Abu-Rub

6.1 Introduction

A recent trend in advanced drives control has enabled an AC motor to behavior like a

separately excited DC motor. This goal has been almost achieved since introducing the

vector control principle. The main disadvantage of vector control methods is the presence

of non-linearity in the mechanical part of the equation during the changing of rotor

flux linkage.

Although good results from field-oriented control have been observed, attempts to obtain

new control methods are being made. Non-linear control of induction motors was first

presented in [1]. It introduced a novel mathematical model for induction motors, which made

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 non-linear control and decoupling between electromag-

netic torque and the rotor linkage flux. Decoupling between torque and the square of rotor flux

has been obtained, after assuming some simplification [1,2,25,26]. Works that discuss non-

linear control of dynamic systems include [1–28].

When a motor is fed by voltage source inverters, and when the rotor flux linkage magnitude

is kept constant, the non-linear control system control is equivalent to the vector control

method. In many other situations, this new idea gives simplicity of the structure and good

response [2,25,26].

The main disadvantage of vector control methods is the presence of non-linearity in the

mechanical part of the equation while changing the rotor flux linkage. Direct use of vector

methods to control an induction machine fed by a current inverter, or to control a double-fed
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machine, provides high complexity of the machine model, which is necessary to obtain precise

control systems.

The use of variables transformation to obtain non-linear model variables makes the

control strategy easy to perform, because only four state variables have been obtained with

relatively simple non-linearity form. This means it possible to use this method in the case of

flux vector changing and to obtain simple system structures. In such systems, it is possible

to change the rotor flux linkage with operating point without affecting the dynamics of the

system. The relations occurring between the new variables make it possible to obtain novel

control structures that guarantee a good response from the drive system. This is convenient

for the economical operation of drive systems in which this flux is reduced if the load is

decreased.

It is possible to decouple the drive system into two parts using field oriented control (FOC),

followed by an introduction to a new variable. However, this operation provides a more

complicated non-linear feedback form than those used in the non-linear control approach. In

addition, the use of new variable further complicates the control system.

6.2 Dynamic System Linearization using Non-Linear Feedback

The linearity of the control system using non-linear feedback requires the accessibility to all

state variables. It is assumed that all necessary variables aremeasured and directly calculated or

estimated using a model or observer system.

The linearization process of non-linear systems is widely discussed in [2,3,8,26,27]. To use

non-linear feedback, it is desirable to obtain a mathematical description of the non-linear

dynamic system as a system of differential equations. It is assumed that the dynamic system is

described by equations [2,3,8,19]:

_x ¼ f xð Þ ¼
Xm
i¼1

giðxÞui ð6:1Þ

where

u ¼ u1; u2; . . . . . . um½ �T ; x 2 Rn; u 2 Rm;m � n; f :ð Þ; gið:Þ are vector functions.
Methods of differential geometry [8] make it possible to convert the above-described system

by using a non-linear change of variables and non-linear feedback to the next form:

_y ¼ Ayþ Bv ð6:2Þ

where A and B are constant matrices, so that a pair (A, B) is controllable.

Linearization of the system using variables transformation and non-linear feedback may be

realized, as in [8] The first step of linearization is to choose new variables:

z ¼ zðxÞ ð6:3Þ

such that the differential equations take the form:

_z1 ¼ A1z ð6:4Þ
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_z2 ¼ A2z2 þ f2 zð Þ þ g2 zð Þu ð6:5Þ

where A1, A2 are constant matrices; and f2(.); and g2(.) are non-linear vector functions; and

z1 2 R n�mð Þ; z2 2 Rm

In the next step of linearization, it is assumed that when using non-linear feedback, the non-

linearity in equation (6.4) will be compensated for. This leads to

B2v ¼ f2 zð Þ þ g2 zð Þu ð6:6Þ

where B2 is the adopted constant matrix and v is the new control signal.

If there is an inverse function to g2(z), then the control signal used for linearization is

calculated from [2,3,8,27]

u ¼ g2 zð Þ½ ��1 B2v� f2 zð Þ½ � ð6:7Þ

After the suggestion of the non-linear control described above, the dynamic system may be

obtained as

_z1 ¼ A1z ð6:8Þ

_z2 ¼ A2zþ B2v ð6:9Þ

Linearization of a drive system with an induction motor using non-linear feedback requires,

in general, accesses to all state variables.

Figure 6.1 summarizes the idea of system linearization using non-linear feedback [26].

Combining non-linear feedback with the non-linear model, and then making variables

transformations, converts the highly non-linear dynamic system, such as an induction motor,

into a linear object. This will be shown step-by-step in this chapter.

After obtaining a linear structure of the dynamic system, it will be possible to use a simple

cascaded structure of PI controllers, as shown in the next section.

+-
Nonlinear

machine model
“fifth order 

model”

Nonlinear
feedback

State variable 
transformation

Control signal -

m

Driving

function -u
State variables

Output –new state

variables

y

Finally linearized 
machine model

Figure 6.1 Linearization of dynamic system using non-linear feedback: m – driving function of the

linearized system; y – state variable of the linearized system; u-driving function of the non-linear system;

x – state variable of the non-linear system
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6.3 Non-Linear Control of Separately Excited DC Motors

Because the separately excited DC motor has the best mechanical characteristics, and it is

and one of most widely used DC motors, we will limit our explanation of the control of this

motor to our introduction to the topic. Although the DC motor is not being used for

advanced drives at this time, presenting this type of motor is beneficial from an educational

point of view.

For realizing a linearization of the non-linearity in themathematical model, a new variable is

introduced, proportional to the motor torque [20]:

m ¼ ia � if ð6:10Þ

After taking the derivative of the new variable and making some mathematical arrange-

ments, the following model is derived [18]:

dm

dt
¼ 1

Tf
þ 1

Ta

� �
mþ 1

Ta
v1 ð6:11Þ

dif

dt
¼ � if

Tf
þ 1

Tf
v2 ð6:12Þ

J
dvr

dt
¼ m

Tm
�mo

Tm
ð6:13Þ

The new model allows us to use linear and cascaded controllers for motor control. The

output signals of the controllers are the new variables v1 and v2, which are described from the

model as

v1 ¼ K1 � ua � if þ Ta �K2 � uf � ia
Tf

� K3 � i2f �vr ð6:14Þ

v2 ¼ K2 � uf ð6:15Þ

The control scheme of the motor using the above procedure is shown on Figure 6.2. The

speed controller commands the variable m that is proportional to the motor torque. This

value is limited by the product of the actual value of the field current and the maximum

value of the armature current. The torque controller commands the variable v2, while the

controller of the field current commands the control signal v1. These two variables, along

with other signals, are used in the decoupling block to compute the command values of the

armature and field voltages.

6.3.1 MATLAB/Simulink Non-Linear Control Model

The separately excited DC motor control model shown in Figure 6.3 consists of two blocks; a

control systemmodel and a separately excitedDCmotormodel are shown in Figure 6.4. All the

models are in per unit unless otherwise specified. The Simulink software file of separately
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excited DC motor model is [DCmotor_non-linear]. The motor parameters are located in

[DCmotor_non-linear_init], which should be first initialized.

6.3.2 Non-Linear Control Systems

The motor model is linearized by a non-linear input transformation with new input variables

v1 and v2. The transformation is

v1 ¼ K1 � ua þ Ta �K2 � uf � Ia
Tf

� K3 � I2a �vr ð6:16Þ

v2 ¼ K2 � uf ð6:17Þ

These equations are modeled in the transformation blocks shown in Figures 6.5 and 6.6.
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Figure 6.2 Separately excited DC motor control scheme
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Figure 6.3 Separately excited DC motor control model
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6.3.3 Speed Controller

The speed controller is a PI controller, which calculated the demand for variablem, as shown in

Figure 6.7. The armature current demand is calculated by solving the following equations:

mcommand ¼ Uint þ Kp1 vrcommand
� vrð Þ ð6:18Þ

Non-Linear control of separately excited DC motor

OmegaR [pu]
3

If [pu]
2

Ia [pu]
1

ua_nonLinear

uf_nonLinear

Separately Excited DC Motor

Ua

Uf

m0

Ia

If

Omega_R

OmegaR Command

If Command

OmegaR

If

Ia

Ua

Uf

motor load [pu]
3

If Command [pu]
2

OmegaR Command [pu]
1

Non-Linear Controller

Figure 6.4 Components of separately excited DC motor control model

Figure 6.5 Transformation block
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dUint

dt
¼ þKi1 vrcommand

� vrð Þ ð6:19Þ

where Uintj j � If Iamax
and mcommandj j � If Iamax

6.3.4 Controller for Variable m

The variable m controller is a PI, as shown in the Figure 6.8. The input v1 is calculated by

solving the following equations:

v1 ¼ mint þ Kp2 mcommand �mð Þ ð6:20Þ

dmint

dt
¼ Ki2ðmcommand �mÞ ð6:21Þ

where mintj j � 3 and v1j j � 3

Uf
2

Ua
1

Transformation

Ia

If

OmegaR

v1

v2

Ua

Uf

m_nonLinear

m_Dem

Speed Controller

OmegaR

If

OmegaR Command

m Command

Product

Field Current Controller

If

If Command
v2

Controller Variable m

m

m Command

v1

Ia
5

If
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Figure 6.6 Non-linear controller

Figure 6.7 Speed controller
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6.3.5 Field Current Controller

The field controller is also a PI type. The control variable v2 is calculated by solving the

following equations (Figure 6.9):

v2 ¼ Ufint þ Kp3 Ifcommand � If
� � ð6:22Þ

dUfint

dt
¼ Ki3ðIfcommand � If Þ ð6:23Þ

where, Uf

�� �� � 1 and v2j j � 1

6.3.6 Simulation Results

The simulation results for various steps in the speed demand with varying loads are shown in

Figure 6.10. The controller tracks the demand well.

6.4 Multiscalar model (MM) of Induction Motor

An induction motor is a higher-order, non-linear object, as shown in Chapter 2. An internal

coupling appears between mechanical and electromagnetic variables. Therefore, it is espe-

cially beneficial to use the idea of non-linear control for induction motor control.

6.4.1 Multiscalar Variables

The non-linear control idea using non-linear feedback was first time presented in [1]. It creates

a new model of the machine with fewer state variables, which may be linked with the rotor,
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stator, main flux, etc. If the variables are a function of the rotor flux, then a terminology of non-

linear rotor-oriented control systems is presented (is,cr). Other options, such as (is,cs), (is,cm),

may also be used. In this book,wewill focus on the first option because of its popularity and less

complicated decoupling system; however, for extra work, other options could be derived and

examined.

The new state variables for the (is, cr) option may be interpreted as rotor angular speed,

scalar, and vector products of the stator current and rotor flux vectors, and the square of the rotor

linkage flux presented in an arbitrary reference frame (i.e. XY) as [1,2,26]

x11 ¼ vr ð6:24Þ

x12 ¼ crxisy � cryisx ð6:25Þ

x21 ¼ c2
rx þ c2

ry ð6:26Þ

x22 ¼ crxisx þ cryisy ð6:27Þ

In these equations, crx;cry; isx; isx are the rotor flux and stator current vectors in the co-

ordinate system XY, rotating with arbitrary speed, andvr is the angular speed of the rotor shaft.

Subscript x denotes the real frame and y the imaginary frame; therefore, the variables could be

presented in a stationary ab frame or any other rotating co-ordinate system.

The state variable x11 is the rotor speed; x12 is proportional to the motor torque; x21 is

the square of the rotor flux; and x22 is somehow proportional to the energy; the physical

meaning of this variable, however, is not related to our idea of control, so we have not

elaborated upon it here.
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6.4.2 Non-Linear Linearization of Induction Motor Fed by Voltage
Controlled VSI

A mathematical model of a dynamic system is presented as differential equations of the state

variables. In the conventional inductionmotormodel fromChapter 2, themodelwas shown as a

derivative offive statevariables. In the non-linear control approach,we have four state variables

that should be differentiated to gain the new model. Therefore, the first step of obtaining the

new mathematical model of the machine is differentiating the four state variables (equations),

which leads to [1,2,26]

dx11

dt
¼ dvr

dt
ð6:28Þ

dx12

dt
¼ crx

disy

dt
þ isy

dcrx

dt
� cry

disx

dt
� isx

dcry

dt
ð6:29Þ

dx21

dt
¼ 2crx

dcrx

dt
þ 2cry

dcry

dt
ð6:30Þ

dx22

dt
¼ crx

disx

dt
þ isx

dcrx

dt
þ cry

disy

dt
þ isx

dcry

dt
ð6:31Þ

The next step is to substitute derivatives for the currents and fluxes from the motor model

(equations) in the derivatives of newvariables (in equations). After using such substitutions and

taking into account the relationships of the new state variables (equations), we obtain the next

model of the system [1,2,26]:

dx11

dt
¼ x12Lm

JLr
�mo

J
ð6:32Þ

dx12

dt
¼ � 1

Tv
x12 � x11 x22 þ Lm

ws
x21

� �
þ Lr

ws
u1 ð6:33Þ

dx21

dt
¼ �2

Rr

Lr
x21 þ 2Rr

Lm

Lr
x22 ð6:34Þ

dx22

dt
¼ � x22

Tv
þ x11x12 þ RrLm

Lrws
x21 þ RrLm

Lr

x212 þ x222
x21

þ Lr

ws
u2 ð6:35Þ

when Tv is motor electromagnetic time constant:

Tv ¼ wsLr

Rrws þ RsL2r þ RrL2m
ð6:36Þ

ws ¼ LrLs � L2m ð6:37Þ
u1 ¼ crxusy � cryusx ð6:38Þ
u2 ¼ crxusx þ cryusy ð6:39Þ
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The above model has significantly less non-linearities than the conventional model

presented in Chapter 2. Equations (6.9) and (6.11) are linear, though non-linearities still

exist in equations (6.10) and (6.12). To linearize these two equations, a new signal (m) is used

in the feedback of the system according to the definitions in equations (6.10 and 6.12). The

two signals are defined to replace the non-linearities in the above equations, as can be seen

from [1,2,26]

m1 ¼ �x11 x22 þ Lm

ws
x21

� �
þ Lr

ws
u1 ð6:40Þ

m2 ¼ x11x12 þ RrLm

Lrws
x21 þ RrLm

Lr

x212 þ x222
x21

þ Lr

ws
u2 ð6:41Þ

Therefore, the new mathematical model of induction motors is described as [1,2,26]

Mechanical subsystem:

dx11

dt
¼ x12Lm

JLr
�mo

J
ð6:42Þ

dx12

dt
¼ � 1

Tv
x12 �m1 ð6:43Þ

Electromagnetic subsystem:

dx21

dt
¼ �2

Rr

Lr
x21 þ 2Rr

Lm

Lr
x22 ð6:44Þ

dx22

dt
¼ � x22

Tv
þm2 ð6:45Þ

The above model is linear and fully decoupled, which makes it possible to use a linear

cascaded controller, as shown in Figure 6.11.

In the control system, the control signalsm1 andm2 are generated by the PI controller of the

state variables x12 and x21 respectively. Having generated these two signals, the signals u1 and

u2 can be then computed as [1,62,26]

u1 ¼ ws

Lr
x11 x22 þ Lm

ws
x21

� �
þm1

� �
ð6:46Þ

u2 ¼ ws

Lr
�x11x12 þ RrLm

Lrws
x21 � RrLm

Lr

x212 þ x222
x21

þm2

� �
ð6:47Þ

The voltage components (usa and usb) to be sent for the PVM algorithm are defined

as [1,2,26]
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usa ¼ crau2 � crbu1

c2
r

ð6:48Þ

usb ¼ crbu2 � crau1

c2
r

ð6:49Þ

where cr is the module of rotor flux linkage.

In the new space variables, the current is not directly controlled; nevertheless, it should be

limited for motor protection. The current magnitude may be computed as

x212 þ x222
x21

¼ I2s ð6:50Þ

Therefore, the output signals of the controllers should be limited to assure that the motor

current does not exceed the specific maximum current, Is max. The torque, then, is limited

according to

I2s <
x212 þ x222

x21
ð6:51Þ

xlimit
12 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2smaxx21 � x222

q
ð6:52Þ

6.4.3 Design of System Control

When using anMM, the torque produced by an inductionmotor is proportional only to one state

variable (x12), which is present in the mechanical part of the control system. The rotor flux

linkage is stabilized in the electromagnetic part of the system, and its command value may be

described by assuming such criterion as the minimization of energy losses in the system, or the

minimization of response time in the mechanical part of the system when commands are

limited [2].

The mechanical part consists of a first-order delay connected with an integral element in

series. Because of the necessity for torque limiting, it is convenient to use a cascaded control

structure for this subsystem. The disturbance in the mechanical sub-system is the load torque.
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Figure 6.11 Cascaded structure for the multiscalar model control method [2]
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The electromagnetic sub-system consists of two first-order delay elements connected in a

series. To limit the square of rotor flux in this situation, it is also convenient to use a cascade

control structure.

Therefore, in the control systemwhen usingMM, cascaded controllers of the PI typemay be

applied with constant parameters that are tuned in accordance with the well-known control

theory of linear systems.

In Figure 6.12, the fully decoupled system control of induction, in the case of using voltage

controlled PWM, is shown [2].

6.4.4 Non-Linear Linearization of Induction Motor Fed by Current
Controlled VSI

Although we operate on a stationary reference frame of initial analysis and new model

derivation, we assume that our frame is the stator current in the x-axis (here x denotes the

rotating, not stationary, frame with stator current). In a co-ordinate system, rotating with the

stator current vector in the x-axis, the imaginary component equals zero (isy¼ 0). After

introducing the first-order delay with a time constant T in the stator current set value channel,

the differential equations of the induction motor are [2,25]

disx

dt
¼ � 1

T
�isx þ Isð Þ ð6:53Þ

dYrx

dt
¼ �Rr

Lr
Yrx þ vi � vrð ÞYry þ Rr

Lm

Lr
isx ð6:54Þ
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dYry

dt
¼ �Rr

Lr
Yry � vi � vrð ÞYrx ð6:55Þ

dvr

dt
¼ Lm

LrJ
�Yryisx
� �� 1

J
mo ð6:56Þ

Rr, and Lr are rotor resistance and inductance, respectively; Lm is the mutual inductance;vr the

rotor angular speed; vs the angular speed of co-ordinate system; J the inertia; and mo the

load torque.

The multiscalar model of induction motor is further determined from the derivations of the

new MM state variables (equations), and while taking into account the above differential

equations of stator current and rotor flux vectors (equations) that are similar to previous

sections, we obtain the next model with less non-linearities than a conventional one [2,26]:

dx11

dt
¼ Lm

JLr
x12 � 1

J
mo ð6:57Þ

dx12

dt
¼ � 1

Li
x12 þ v1 ð6:58Þ

dx21

dt
¼ �2

Rr

Lr
x21 þ 2Rr

Lm

Lr
x22 ð6:59Þ

dx22

dt
¼ � 1

Ti
x22 � RrLm

Lr
i2sx þ v02 ð6:60Þ

where 1
Ti
¼ 1

T
þ Rr

Lr
; andT is a used time constant in the channel of current set value; and v1 and v2

0

are control signals:

v1 ¼ � 1

T
IsYrx þ isxYrxsi ð6:61Þ

v02 ¼ 1

T
IsYrx þ isxYrysi ð6:62Þ

In this new model, there is a simple non-linearity in only one differential equation. Using

non-linear feedback can compensate the non-linearity presented in equation (6.60). This non-

linear feedback has the expression [2,25]:

v2 ¼ v02 � RrLm

Lr
i2sx ð6:63Þ

The quantity of the stator current amplitude is

Is ¼ T
Yrxv2 �Yryv1

Y2
r

ð6:64Þ
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and the next relationship is

x212 þ x222
x21

¼ I2s ð6:65Þ

The slip frequency is

si ¼ Yryv2 þYrxv1

isxY2
r

ð6:66Þ

After introducing non-linear feedback, it is possible to obtain two linear fully-decoupled

sub-systems, mechanical and electromagnetic. Such properties do not depend on the feeding

system of the motor. The final MM has the form:

Mechanical subsystem [2,26]:

dx11

dt
¼ Lm

JLr
x12 � 1

J
mo ð6:67Þ

dx12

dt
¼ � 1

Ti
x12 þ v1 ð6:68Þ

Electromagnetic subsystem:

dx21

dt
¼ �2

Rr

Lr
x21 þ 2

RrLm

Lr
x22 ð6:69Þ

dx22

dt
¼ � 1

Ti
x22 þ v2 ð6:70Þ

The multiscalar variables are not connected with the co-ordinate system. Therefore, it is not

necessary tomake the variables transform from the specified co-ordinate system to variables in

the other co-ordinate system, which is selected in accordance with dynamic description or

system control synthesis. This is essential for the practical realization of systems control,

because it gives significant simplification to the drive system.

The fully decoupled subsystemsmake it possible to use thismethod in the case of a changing

flux vector and to obtain simple systems structures. It is possible to use the cascade structure of

PI controllers in the decoupled control subsystems, making it possible to limit the reference

quantities of the variables x12 and x22, such that the following relationship is fulfilled:

x212 þ x222
x21

� I2smax ð6:71Þ

where Is max is the maximum allowed output current.

Also, it is possible, when using thismethod, to limit the inverter output voltage of the voltage

inverter, cycloconverter, and the voltage in the DC bus of current inverter. This can be done by

limiting the output quantities of controllers.
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The final control system of an induction motor is shown in Figure 6.13. The stator current

components are controlled using current controllers (e.g. hysteresis controllers). Instantaneous

quantities of stator currents and voltages are used in the calculation block to compute themotor

variables. To control the variables x12 and x22, two PI controllers are used. The command value

for the x12 controller is the output signal of the speed controller. The angular speed x11 is

measured or calculated and used in the control feedback. The command value for the x22
controller is the output signal of the controller for the square of the rotor flux.

In the control system, the stator voltages are determined from the DC link voltage, with

knowledge of the pulse width modulation algorithm or directly from commanded voltage in

case of using voltage modulator. This method simplifies the total drive system and decreases

the cost.

6.4.5 Stator Oriented Non-Linear Control System (based on Ys, is)

The steady state and transient electromagnetic behaviors of an induction motor can be

described by the following equations in the stationary reference frame [25,26]:

disx

dt
¼ � LrRs þ LsRr

ws
isx þ Rr

ws
csx � vrisy þ vr

Lr

ws
csy þ

Lr

ws
usx ð6:72Þ

disy

dt
¼ � LrRs þ LsRr

ws
isy þ Rr

ws
csy þ vrisx � vr

Lr

ws
csx þ

Lr

ws
usy ð6:73Þ

dcsx

dt
¼ �Rsisx þ usx ð6:74Þ
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dcsy

dt
¼ �Rsisy þ usy ð6:75Þ

dvr

dt
¼ Lm

JLr
crxisy � cryisx
� �� 1

J
mo ð6:76Þ

where isxy, csxy, usxy denotes vectors of stator current, stator flux, and stator voltage,

respectively, and vr is the rotor speed. In addition, the mechanical behavior of an induction

motor can be described by the rotor speed equation:

dvr

dt
¼ 1

J
csxisy � csyisx
� �� 1

J
mo ð6:77Þ

where the parameter ws is defined by:

ws ¼ LsLr � L2m ð6:78Þ

and Ls, Lr, Lm are stator, rotor, and mutual inductances, respectively; Rs, Rr are stator and rotor

resistances;mO is the load torque; and J is the moment of inertia. All variables and parameters

are expressed in the p.u. system. A stationary x-y reference frame is recommended for

simplifications of measurements.

6.4.6 Rotor-Stator Fluxes-based Model

Themultiscalar modelmay bemodified by selecting othermotor variables other than rotor flux

and stator current. Here, stator flux cs and rotor flux cr components could be selected to

represent the motor [25,26,29]:

dcsx

dt
¼ � Rs

ws
Lrcsx � Lmcrxð Þ þ vacsy þ usx ð6:79Þ

dcsy

dt
¼ � Rs

ws
Lrcsy � Lmcry

� �� vacsx þ usy ð6:80Þ

dcrx

dt
¼ � Rs

ws
Lscrx � Lmcsxð Þ þ va � vrð Þcry ð6:81Þ

dcry

dt
¼ � Rs

ws
Lscry � Lmcsy

� �þ va � vrð Þcrx ð6:82Þ

dvr

dt
¼ Lm

Jws
csxcry � csycrx

� �� 1

J
mo ð6:83Þ

The MM state variables could be then selected as [25,26,29]

q11 ¼ vr ð6:84Þ
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q12 ¼ csxcry � csycrx ð6:85Þ

q21 ¼ c2
rx � c2

ry ð6:86Þ

q22 ¼ csxcrx þ csycry ð6:87Þ

Then, the derivatives of the above state variables, while taking into account the motor model

from equations (6.79) to 6.83, yields [25,26,29]

dq11

dt
¼ Lm

Jws
q12 �m0

J
ð6:88Þ

dq12

dt
¼ � 1

Tv
q12 þ q11q22 þ w1 ð6:89Þ

dq21

dt
¼ �2

RrLs

ws
q21 þ 2Rr

Lm

ws
q22 ð6:90Þ

dq22

dt
¼ � q22

Tv
þ Rr þ Rsð Þ Lm

ws
q21 � q11q12 þ w2 ð6:91Þ

where Tv represents machine electromagnetic time constant:

w1 ¼ usxcry � usycrx ð6:92Þ

w2 ¼ usxcrx þ usycry ð6:93Þ

Though this model is simple, it requires an access to rotor and stator fluxes.

(Student work: design the control system and run it on MATLAB/Simulink) for this system.

6.4.7 Stator Oriented Multiscalar Model

The first set of variables for the description of the inductionmotor dynamics was defined in [2]:

x11 ¼ vr ð6:94Þ

x12 ¼ csxisy � csyisx ð6:95Þ

x21 ¼ csx
2 � csy

2 ð6:96Þ

x22 ¼ csxisx þ csyisy ð6:97Þ

The differential equations for these variables form the multiscalar model of induction

motor [25,26,29]:
dx11

dt
¼ 1

J
x12 �mo

J
ð6:98Þ
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dx12

dt
¼ � 1

Tv
x12 þ x11 x22 � Lr

ws
x21

� �
þ Lm

ws
u1 ð6:99Þ

dx21

dt
¼ �2Rsx22 þ 2u2 ð6:100Þ

dx22

dt
¼ � 1

Tv
x22 � x11x12 þ Rr

ws
x21 � x212 þ x222

x21
þ 2

Lr

ws
u2 � Lm

ws
u01 ð6:101Þ

where

u1 ¼ usycrx � usxcry ð6:102Þ

u2 ¼ usxcsx þ usycsy ð6:103Þ

u01 ¼ usxcrx þ usycry ð6:104Þ

Tv ¼ wsLr

Rrws þ RsL2r þ RrL2m
ð6:105Þ

The non-linear feedback decoupling of the form is

u1 ¼ ws

Lr
m1 � x11 x22 � Lr

ws
x21

� �� �
ð6:106Þ

u2 ¼ 1

2
m2 � 1

T
x21

� �
þ Rsx22 ð6:107Þ

Then transform the system equations (6.98–101) to the linear systems of the following

forms [25,26,29]:

Mechanical subsystem:

dx11

dt
¼ 1

J
x12 �mo

J
ð6:108Þ

dx12

dt
¼ � 1

Tv
x12 þm1 ð6:109Þ

Electromechanical subsystem:

dx21

dt
¼ � 1

Tv
x21 þm2 ð6:110Þ

wherem1 andm2 are new inputs in the linear system and T time constant. The control variables

u1 and u2, appearing in the multiscalar model of induction motor, are transformed on stator

voltage components in the following way [25,26,29]:
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usx ¼ u2crx � u1csy

csxcrx þ crycsy

ð6:111Þ

usy ¼
u2cry � u1csx

csxcrx þ crycsy

ð6:112Þ

A scheme of the system with non-linear control based on stator flux and current is presented

in Figure 6.14. This system, which consists of two linear subsystems, may be controlled by

means of cascaded controllers of mechanical subsystem, but only one controller of flux. The

new state variables do not depend on the system co-ordinate. This is essential for the practical

realization of control systems, because it significantly simplifies the drive system. Sign ^

denotes variables estimated in the speed observer presented in [3,4].

6.4.8 Multiscalar Control of Induction Motor

The control of induction motor model is shown in Figure 6.14. For control purpose, the motor

model is decoupled by non-linear state and input transformations. Themodel consists of motor

model, various transformations, and the control system model. All the models are in per unit

unless otherwise specified.

The Simulink software file of multiscalar control of inductionmotormodel is [MM_voltage_

control]. The motor parameters are located in [IM_param], which should be first initialized.
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6.4.9 Induction Motor Model

The induction motor (IM) model presented in per unit in a rotating frame with arbitrary speed

(va) is given in Chapter 2, and modeled in Figure 6.15.

The motor current and flux magnitude are calculated as

Isj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2sa þ I2sb

q
ð6:113Þ

csj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2
sa þ c2

sb

q
ð6:114Þ

The motor torque is given by

Me ¼ Lm

JLr
craisb � crbisa
� � ð6:115Þ

6.4.10 State Transformations

The following non-linear state transformation is adopted to convert a system into a formwhere

non-linearity only appears in the control channel:
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 (5)
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Figure 6.15 Induction motor model
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x11 ¼ vr ð6:116Þ

x12 ¼ craisb � crbisa ¼ te ð6:117Þ

x21 ¼ cra
2 þ crb

2 ¼ cr
2 ð6:118Þ

x22 ¼ craisa þ crbisb ð6:119Þ

The above transformation is modeled in Figure 6.16.

With the new inputs m1 and m2, using following input transformation, the non-linear

induction motor can be completely decoupled [2]:

usa ¼ crau2 � crbu1

x21
ð6:120Þ

usb ¼ crau1 þ crbu2

x21
ð6:121Þ

u1 ¼ ws

Lr
x11 x22 þ Lm

ws
x21

� �
þm1

� �
ð6:122Þ

u2 ¼ ws

Lr
�x11x12 � RrLm

Lrws
x21 � RrLm

Lr

x212x
2
22

x21
þm2

� �
ð6:123Þ

These equations are modeled in Figures 6.17 and 6.18.

Calculation of the multiscalar variables

x22

4

x21

3

x12

2

x11

1

Mux

 (4)

u[2]*u[4]+u[3]*u[5]

 (3)

u[4]*u[4]+u[5]*u[5]

 (2)

u[4]*u[3]-u[5]*u[2]

 (1)

u[1]

isalfa

5

isbeta

4

fralfa

3

frbeta

2

omegaR

1

Figure 6.16 Non-linear state transformation
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6.4.11 Decoupled IM Model

The decoupled IM model between new multiscalar states and inputs m1 and m2 can be given

as [2,25,26,29]

dx11

dt
¼ Lm

JLr
x12 � 1

J
mo ð6:124Þ

dx12

dt
¼ � 1

Tv
x12 þm1 ð6:125Þ

dx21

dt
¼ �2

Rr

Lr
x21 þ 2

RrLm

Lr
x22 ð6:126Þ

dx22

dt
¼ � 1

Tv
x22 þm2 ð6:127Þ

where Tv ¼ wsLr

Rrws þ RsL2r þ RrL2m

u2
2

u1
1

u2

u1

Saturation

u

 (2)

Wr/Lr*(-u[3]*u[4]-Rr*Lm/(Lr*Wr)*u[5]-Rr*Lm/Lr*(u[4]*u[4]+u[6]*u[6])+u[2])

 (1)

Wr/Lr*(u[3]*(u[6]+Lm/Wr*u[5])+u[1])
m2
6

m1
5

x22
4

x21
3

x12
2

x11
1

Figure 6.17 Non-linear mapping between m1, m2, and u1, u2
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ux

 (2)

(u[3]*u[1]+u[4]*u[2])/u[5]

 (1)

(u[3]*u[2]-u[4]*u[1])/u[5]
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5

fralfa

4

u2

3

u1

2

x21

1

Figure 6.18 Non-linear mapping between u1, u2 and usalpha, usbeta
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6.4.11.1 Control System

As the system model is decoupled, the simple cascade control can be designed, which is also

easy to tune. The cascade control systemmodel is shown in Figure 6.19. The outer loop control

works on system states x11 and x21 to provide demand for x12 and x22. The inner loop controller

works on the x12 and x22 to achieve the required values.

6.4.11.2 Simulation Results

The simulation result for square pulse demand in speed is shown in Figures 6.20 and 6.21.

6.5 MM of Double Fed Induction Machine (DFIM)

The mathematical model of DFIM can be derived as differential equations of five state

variables. In addition to the rotor speedvr, stator fluxcs and rotor current ir vectors are selected

to represent the machine in [25,26]

dcsx

dt
¼ �Rs

Ls
�csx þ Rs

Lm

Ls
� irx þ vacsy þ usx ð6:128Þ

dcsy

dt
¼ �Rs

Ls
�csy þ Rs

Lm

Ls
� iry � vacsx þ usy ð6:129Þ
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2
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−
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1
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Figure 6.19 Cascaded control system for induction motor
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dirx

dt
¼ �RrL

2
r þ RsL

2
m

Lsws
irx þ RsLm

Lsws
csx þ va � vrð Þiry � vr

Lm

ws
csy þ

Ls

ws
urx � Lm

ws
usx

ð6:130Þ

diry

dt
¼ �RrL

2
r þ RsL

2
m

Lsws
iry þ RsLm

Lsws
csy � va � vrð Þirx þ vr

Lm

ws
csx þ

Ls

ws
ury � Lm

ws
usy

ð6:131Þ
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dvr

dt
¼ Lm

LsJ
csxiry �Ysyirx
� �� 1

J
mo ð6:132Þ

For stationary reference, frame va is zero. For the machine working as generator, the speed

vr is an input to the model.

The multiscalar variables for DFIM can be selected as stators flux and rotor current,

represented as [25,26]

x11 ¼ vr ð6:133Þ

x12 ¼ csxiry � csyirx ð6:134Þ

x21 ¼ csx
2 þ csy

2 ð6:135Þ

x22 ¼ csxirx þ csyiry ð6:136Þ

where csx;csy; irx; iry are the stator flux and rotor current vectors in the co-ordinate systemXY,

rotating with arbitrary speed and vr is the angular speed of the rotor shaft.

After deriving the new state variables, and substituting the current and flux derivatives using

the machine model, a new multiscalar model of this machine can be presented as [25,26]

dx11

dt
¼ Lm

JLs
x12 �mo

J
ð6:137Þ

dx12

dt
¼ � 1

Tv
x12 þ x11x22 þ Lm

ws
x11x21 þ Ls

ws
ur1 � Lm

ws
usf1 þ usi1 ð6:138Þ

dx21

dt
¼ �2

Rs

Ls
x21 þ 2Rs

Lm

Ls
x22 þ 2usf2 ð6:139Þ

dx22

dt
¼ � x22

Tv
� x11x12 þ RsLm

Lsws
x21 þ RsLm

Ls

x212 þ x222
x21

� Ls

ws
ur2 � Lm

ws
usf2 þ usi2 ð6:140Þ

where
ur1 ¼ urycsx � urxcsy ð6:141Þ

ur2 ¼ urxcsx þ urycsy ð6:142Þ

usf1 ¼ usycsx � usxcsy ð6:143Þ

usf2 ¼ usxcsx þ usycsy ð6:144Þ

usi1 ¼ usxiry � usyirx ð6:145Þ

usi2 ¼ usxirx þ usyiry ð6:146Þ
In the non-linear control method, as well as in the vector control method, the angle between

the stator and the rotor is needed either by measurement or estimation.
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After using non-linear feedback, the new linearized machine model is [25,26]

dx11

dt
¼ Lm

JLs
x12 � 1

J
mo ð6:147Þ

dx12

dt
¼ 1

Tv
�x12 þm1ð Þ ð6:148Þ

dx21

dt
¼ �2

Rs

Ls
x21 þ 2

RsLm

Ls
x22 þ 2usf2 ð6:149Þ

dx22

dt
¼ 1

Tv
�x22 þm2ð Þ ð6:150Þ

Where Tv is time constant and

ur1 ¼ urycsx � urxcsy ð6:151Þ

ur2 ¼ urxcsx þ urycsy ð6:152Þ

ur1 ¼ ws

Ls
�x11 x22 þ Lm

ws
x21

� �
þ Lm

ws
usf1 � usi1 þ 1

Tv
m1

� �
ð6:153Þ

ur2 ¼ ws

Ls
�RsLm

Lsws
x21 � RsLm

Ls
i2r þ x11x12 þ Lm

ws
usf2 � usi2 þ 1

Tv
m2

� �
ð6:154Þ

The rotor voltage components to be sent for the PVM algorithm are defined as:

urx ¼ csyur1 þ csxur2

x21
ð6:155Þ

urx ¼ csyur2 � csxur1

x21
ð6:156Þ

6.6 Non-Linear Control of Permanent Magnet Synchronous
Machine

The mathematical model of Permanent Magnet Synchronous Machine (PMSM) in stationary

reference frame appears as [17]

dia

dt
¼ �Rs

Ls
ia þ 1

Ls
ea þ 1

Ls
usa ð6:157Þ

dib

dt
¼ �Rs

Ls
ib þ 1

Ls
eb þ 1

Ls
usb ð6:158Þ
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dcr

dt
¼ 1

J
csaib � csbia
� �� 1

J
mo ð6:159Þ

and
cfa ¼ cf cosu ð6:160Þ

cfb ¼ cf sinu ð6:161Þ

ea ¼ dcfa

dt
¼ �cfvrsinu ¼ �vrcfb ð6:162Þ

eb ¼ dcfb

dt
¼ þcfvrcosu ¼ vrcfa ð6:163Þ

For cs ¼ cf :

dvr

dt
¼ 1

J
cfaib � cfbia
� �� 1

J
mo ð6:164Þ

The multiscalar motor variables are [17]

x12 ¼ ibcfa � iacfb ð6:165Þ

x22 ¼ iacfa þ ibcfb ð6:166Þ

Taking the derivatives of those two state variables, and substituting the derivatives of motor

currents and fluxes, the next model is [17]

dx12

dt
¼ �Rs

Ls
ibcfa � iacfb

� �þ eaib þ 1

Ls
ebcfa � ebia � 1

Ls
eacfb þ

1

Ls
ubcfa �

1

Ls
uacfb

ð6:167Þ
dx12

dt
¼ �Rs

Ls
ibcfa � iacfb

� �� vrcfbib � vrcfaia þ
1

Ls
vrc

2
fa �

1

Ls
vrc

2
fb

þ 1

Ls
ubcfa �

1

Ls
uacfb ð6:168Þ

dx12

dt
¼ �Rs

Ls
x12 � x11x22 þ 1

Ls
x11x21 þ V1 ð6:169Þ

dx22

dt
¼ �Rs

Ls
iacfa þ ibcfb

� �þ vr cfaib � cfbia
� �� 1

Ls
vrcfacfb þ

1

Ls
vrcfacfb

þ 1

Ls
ubcfa þ

1

Ls
uacfb ð6:170Þ

dx22

dt
¼ �Rs

Ls
x22 þ x11x12 þ V2 ð6:171Þ
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This is equivalent to [17]

dx12

dt
¼ �Rs

Ls
x12 � x11x22 þ 1

Ls
x11x21 þ V1 ð6:172Þ

dx22

dt
¼ �Rs

Ls
x22 þ x11x12 þ V2 ð6:173Þ

V1 ¼ 1

Ls
ubcfa �

1

Ls
uacfb ð6:174Þ

V1 ¼ 1

Ls
ubcfb þ

1

Ls
uacfa ð6:175Þ

The final decoupled model of the machine is [17]

dx12

dt
¼ 1

Ti
�x12 þm1ð Þ ð6:176Þ

dx22

dt
¼ 1

Ti
�x22 þm2ð Þ ð6:177Þ

where

V1 ¼ x11x22 � 1

Ls
x11x21 þ 1

Ti
m1 ð6:178Þ

V2 ¼ �x11x12 þ 1

Ti
m2 ð6:179Þ

From this, the control signals are obtained as [17]

ua ¼ Ls
V2cfa � V1cfb

x21
ð6:180Þ

ub ¼ Ls
V2cfb þ V1cfa

x21
ð6:181Þ

The block diagram of the control part is shown in Figure 6.22

6.6.1 Non-Linear Control of PMSM for a dq Motor Model

For a better description of the non-linear control, we again present the motor model [17]:

did

dt
¼ � Rs

Ld
id þ Lq

Ld
vriq þ 1

Ld
ud ð6:182Þ
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diq

dt
¼ �Rs

Lq
iq � Ld

Lq
vrid � 1

Lq
vrcf þ

1

Lq
uq ð6:183Þ

dv

dt
¼ 1

Tm
cf iq þ Ld � Lq

� �
id iq �mo


 � ð6:184Þ

du

dt
¼ vr ð6:185Þ

The new driving functions are [17]

v1 ¼ Lq

Ld
vriq þ 1

Ld
ud ð6:186Þ

v2 ¼ � Ld

Lq
vrid � 1

Lq
vrcf þ

1

Lq
uq ð6:187Þ

Then, the motor model is [17]

did

dt
¼ � Rs

Ld
id þ v1 ð6:188Þ

diq

dt
¼ �Rs

Lq
iq þ v2 ð6:189Þ

dv

dt
¼ 1

Tm
cf iq þ Ld � Lq

� �
id iq �mo


 � ð6:190Þ

du

dt
¼ vr ð6:191Þ

The command voltage components could be used from the decoupling block by using v1 and

v2 in the following way [17]:

+ - PI +-

+-

PI

PI

V1,V2
r

r*

x12

x12
*

x22
*

x22

m1

m2

u

u

Figure 6.22 Block diagram of the PMSM with non-linear decoupling
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ud ¼ Ldv1 � Lqvriq ð6:192Þ

uq ¼ Lqv2 þ vr Ld id þ cf

� � ð6:193Þ

This will obtain a non-linear control scheme (decoupled) for the dq reference frame.

6.6.2 Non-Linear Vector Control of PMSM in a-b Axis

The control of PMSM model in the a-b (x-y) axis is shown in Figure 6.23. It consists of the

PMSM model and the control system model. All the models are in per unit unless otherwise

specified.

The Simulink software file of PMSM control model is [PMSM_FOC_in_alpha_beta_non-

linear]. The motor parameters are located in [PMSM_param], which should be first initialized.

6.6.3 PMSM Model in a-b (x-y) Axis

The PMSMmodel presented in per unita-b reference frame is given in Chapter 2 andmodeled

in Figure 6.24.

6.6.4 Transformations

The currents in the x-y axis are converted into the d-q frame of reference by using the following

transformation:

isd ¼ isxcosuþ isysinu ð6:194Þ

Figure 6.23 Vector Control of PMSM
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isq ¼ �isxsinuþ isycosu ð6:195Þ

These equations are modeled in Figure 6.25. The currents in the d-q axis are used for control

purposes. The controller provides control input in the d-q axis.

The control voltage in d-q axis is then converted into the x-y axis by using the following

transformation and then applying it to the machine in the x-y reference frame:

usx ¼ usdcosu� usqsinu ð6:196Þ

isy ¼ usdsinuþ usqcosu ð6:197Þ

These above equations are modeled in Figure 6.26.

Figure 6.24 PMSM model in a-b axis

Figure 6.25 x-y to d-q transformation
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6.6.4.1 State and Input Transformations

The PMSM model is linearized by non-linear state and input transformations. The model is

linear between multiscale inputsm1;m2and states x11; x12; x22. The transformations are given

as the following:

6.6.4.2 State Transformation

The non-linear multiscale states are calculated as

x11 ¼ vr ð6:198Þ

x12 ¼ Ld � Lq
� �

isd þ Ff

� �
isq ð6:199Þ

x22 ¼ isd ð6:200Þ

6.6.4.3 Input Transformation

FF ¼ Ld � Lq
� �

isd þ Ff ð6:201Þ

U1 ¼ �Lq
1

Ld
� 1

Lq

� �
Rsisd isd þ x11

1

Lq
FF2 þ isdFF

� �
þ x11

1

Ld
� 1

Lq

� �
L2qi

2
sq

� �
þ Rs

Lq
m1

ð6:202Þ

U2 ¼ � 1

Ld
x11Lqisq þ Rs

Ld
m2 ð6:203Þ

usq ¼
Lq U1 � Ld � Lq

� �
isqU2

� �
FF

ð6:204Þ

usd ¼ LdU2 ð6:205Þ

Figure 6.26 d-q to x-y transformation
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6.6.5 Control System

PI control for thex22 channel provides the control inputm2 and a cascaded PI control for the x11
channel is shown in Figure 6.27. The x11loop controller calculates the demand for the x12 loop,

which in turn provides the control input m1.

The PI controller structure is shown in the Figure 6.28.

6.6.6 Simulation Results

The simulation results for speed tracking are shown in Figures 6.29 and 6.30.
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Figure 6.27 Control system model
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Figure 6.28 Generic PI controller
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6.7 Problems

6.1 Select the parameters of the PI controllers.

Realize the simulation by commanding different voltages and filed currents. Investigate

the motor response.

6.2 Program the two control schemes of separately excited DC motors, with linear and with

non-linear control approaches in one Simulink file. This will give you the possibility for

comparison.
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Figure 6.29 Simulation results – tracking
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6.3 Program in Simulink the multiscalar current control scheme of induction motor (hint: use

the block from Figure 6.13 as an example)
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7

Five-Phase Induction Motor
Drive System

7.1 Preliminary Remarks

The term ‘multi-phase’ in this chapter refers to a phase number greater than three. Three-

phase electrical power is readily available as the power is generated, transmitted, and

distributed in three phases. This is the most optimal number of phases for generation and

transmission, as the trade off exists between the complexity and power handling capability of

the three-phase system. The variable speed electric drive is also developed for three-phase

AC machines. However, a power electronic converter, most commonly a voltage source or

current source inverter, is invariably used to supply such three-phase drives. The power

electronic converters do not pose any limit on their number of legs. The number of output

phases in an inverter is the same as their respective number of legs. Hence, adding an

additional leg to an inverter increases the number of output phases. This degree of freedom

lead to interest in developing variable speed electric drives with more than three phases. The

first proposal of a variable speed five-phase induction motor drive is believed to have been

made in 1969 [1]. The five-phase inverter used initially operated in the square wave mode;

however, later the pulse width modulation (PWM) mode of operation was used. Six-phase

drives have attracted much attention in the literature, after their advantages were revealed in

1983 [2]. The research on high phase order motor drives remained steady until the end of the

19th century. The multi-phase drive attracted much attention from researchers after the

advent of cheap and reliable power switching devices, as well as powerful digital signal

processors. Since this chapter is dedicated to the five-phase system, the discussion is focused

on five-phase drives only.
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The PWM techniques of multi-phase inverters are developed as a part of the control of

advanced multi-phase drive systems. Sinusoidal PWM controls, applied to three-phase

inverters, are also extended to five-phase inverters [2]. A selective harmonic elimination

technique is employed, in addition to sinusoidal PWM. Later, space vector PWM (SVPWM)

techniques were developed and implemented in multi-phase voltage source inverters [3–14].

The initial approach was to use the simple extension of the SVPWMof the three-phase VSI for

the five-phase system. Then it was realized that more elaborate schemes were needed to

generate sinusoidal output and hence several schemes were developed and reported in the

literature. The research on the five-phase drive system is active with a large number of

publications on this subject [5–16].

This chapter describes the fundamental concept of a five-phase drive system. A typical five-

phase drive system consists of a five-phase power converter, a five-phase motor, and their

associated control, which is nowadays implemented in advanced digital signal processors

interfaced with the PC. First, the model of the five-phase inverter is elaborated on, followed by

the simple control in squarewavemode known as a ten-step operation. The theoretical concept

is supported by their simulation and experimental validation. More advanced control tech-

niques, such as SVPWM, are next described. The mathematical model of the complete drive in

field oriented control (FOC) mode is also presented. The simulation model is given subse-

quently for each control algorithm. Readers are encouraged to simulate the given drive system

and implement their own algorithms. For further details on the five-phase drive systems and

other higher-order systems, a large literature is available. A comprehensive review of the

development in this area is encompassed in [17–21].

7.2 Advantages and Applications of Multi-Phase Drives

Multi-phase drives offer some distinct advantages over their three-phase drive counterparts.

The major advantages of using a multi-phase machine instead of a three-phase machine are

described in [17–42]:

. higher torque density [22–26];

. reduced torque pulsations [1,27];

. greater fault tolerance [27–38];

. reduction in the required rating per inverter leg (and therefore simpler and more reliable

power conditioning equipment) [39,40]; and
. better noise characteristics, higher phase, number yield smoother torque due to the

simultaneous increase of the frequency of the torque pulsation, and reduction of the torque

ripple magnitude [41,42].

Multi-phase drives are still unsuitable for general purpose drives application and thus their

application areas are restricted to some critical domains such as ship propulsion, more-

electric aircraft, hybrid electric vehicles, electric traction, and battery-powered electric

vehicles [43–48]. The reasons behind this are primarily two-fold. In high power applications

(i.e. ship propulsion), the use of multi-phase drives enables reduction of the required power

rating per inverter leg (phase). This is a major advantage over the converter end side, as lower

switch ratings can handle reduced per-phase power. In high power applications, series and/or

parallel combinations of power electronics switches are required to process large amounts of
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power. The series/parallel combination of switches poses the problem of static and dynamic

voltage and current sharing. Thus reduced per-phase power is very attractive in this

application. In safety-critical applications (i.e. more-electric aircraft), the use of multi-phase

drives enables greater fault tolerance, which is of paramount importance. It has been shown

that the loss of one or two phases has little impact on drive behavior. Finally, in electric

vehicles and hybrid electric vehicle applications, use of multi-phase drives for propulsion

enables reduction of the required semiconductor switch current rating; although these

drives are not characterized by high power, low voltage availability in vehicles makes the

current high.

7.3 Modeling and Simulation of a Five-Phase InductionMotorDrive

A five-phase drive system consists of a five-phase AC machine, a five-phase power converter,

and a controller based on microcontroller/digital signal processors/field programmable gate

arrays that are controlled using a PC. The following section describes the modeling procedure

of these components. At first the model of a five-phase induction motor is presented, followed

by the model development of a five-phase voltage source inverter. The simulation using

MATLAB/Simulink of motor and inverter is also discussed.

7.3.1 Five-Phase Induction Motor Model

The model of a five-phase induction motor described, is developed initially in phase variable

form. In order to simplify the model by removing the time variation of inductance terms, a

transformation is applied and a so-called d-q-x-y-0 model of the machine is constructed. It is

assumed that the spatial distribution of all the magneto-motive forces (fields) in the machine is

sinusoidal, since only torque production due to the 1st harmonic of the field is considered.

However, in a five-phase machine with concentrated type of winding, the 3rd harmonic

component of the current is also used together with the fundamental to enhance the torque

production [5]. This special feature of a five-phase machine is not considered in this book. All

the other standard assumptions of the general theory of electrical machines apply (Chapter 4).

A more detailed discussion of the modeling procedure is available in [49].

7.3.1.1 Phase Variable Model

A five-phase induction machine is constructed using ten phase belts, each of 36 degrees,

along the circumference of the stator. The spatial displacement between phases is therefore

72 degrees. The rotor winding is treated as an equivalent five-phase winding, with the same

properties as the statorwinding. It is assumed that the rotorwinding has already been referred to

as stator winding, using the winding transformation ratio. A five-phase induction machine can

then be described with the following voltage equilibrium and flux linkage equations in matrix

form (underlined symbols):

vsabcde ¼ Rsi
s
abcde þ

dcs

abcde

dt

cs

abcde
¼ Lsi

s
abcde þ Lsri

r
abcde

ð7:1Þ
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vrabcde ¼ Rri
r
abcde þ

dcr

abcde

dt

cr

abcde
¼ Lri

r
abcde þ Lrsi

s
abcde

ð7:2Þ

The following definition of phase voltages, currents, and flux linkages applies to equa-

tions (7.1) and (7.2):

vsabcde ¼ vas vbs vcs vds ves½ �T
isabcde ¼ ias ibs ics ids ies½ �T
cs

abcde
¼ cas cbs ccs cds ces½ �T

vrabcde ¼ var vbr vcr vdr ver½ �T
irabcde ¼ iar ibr icr idr ier½ �T
cr

abcde
¼ car cbr ccr cdr cer½ �T

ð7:3Þ

The matrices of stator and rotor inductances are given with (a ¼ 2p=5):

Ls ¼

Laas Labs Lacs Lads Laes

Labs Lbbs Lbcs Lbds Lbes

Lacs Lbcs Lccs Lcds Lces

Lads Lbds Lcds Ldds Ldes

Laes Lbes Lces Ldes Lees

2
6666664

3
7777775

Ls ¼

Lls þM M cos a M cos 2a M cos 2a M cos a

M cos a Lls þM M cos a M cos 2a M cos 2a

M cos 2a M cos a Lls þM M cos a M cos 2a

M cos 2a M cos 2a M cos a Lls þM M cos a

M cos a M cos 2a M cos 2a M cos a Lls þM

2
6666664

3
7777775

ð7:4Þ

Lr ¼

Laar Labr Lacr Ladr Laer

Labr Lbbr Lbcr Lbdr Lber

Lacr Lbcr Lccr Lcdr Lcer

Ladr Lbdr Lcdr Lddr Lder

Laer Lber Lcer Lder Leer

2
666664

3
777775

Lr ¼

Llr þM M cos a M cos 2a M cos 2a M cos a

M cos a Llr þM M cos a M cos 2a M cos 2a

M cos 2a M cos a Llr þM M cos a M cos 2a

M cos 2a M cos 2a M cos a Llr þM M cos a

M cos a M cos 2a M cos 2a M cos a Llr þM

2
666664

3
777775

ð7:5Þ
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Mutual inductances between stator and rotor windings are given with

Lsr ¼ M

cos u cos uþ að Þ cos uþ 2að Þ cos u� 2að Þ cos u� að Þ
cos u� að Þ cos u cos uþ að Þ cos uþ 2að Þ cos u� 2að Þ
cos u� 2að Þ cos u� að Þ cos u cos uþ að Þ cos uþ 2að Þ
cos uþ 2að Þ cos u� 2að Þ cos u� að Þ cos u cos uþ að Þ
cos uþ að Þ cos uþ 2að Þ cos u� 2að Þ cos u� að Þ cos u

2
66664

3
77775

Lrs ¼ LT
sr

ð7:6Þ

The angle u denotes the instantaneous position of the magnetic axis of the rotor phase ‘a’

with respect to the stationary stator phase ‘a’ magnetic axis (i.e. the instantaneous position of

the rotorwith respect to stator). Stator and rotor resistancematrices are 5� 5 diagonalmatrices:

Rs ¼ diag Rs Rs Rs Rs Rsð Þ
Rr ¼ diag Rr Rr Rr Rr Rrð Þ ð7:7Þ

Motor torque can be expressed in terms of phase variables as

Te ¼ P

2
iT

dLabcde

du
i ¼ P

2
isTabcde irTabcde

� � dLabcde

du

isabcde
irabcde

� �
ð7:8aÞ

Te ¼ PisTabcde
dLsr

du
irabcde ð7:8bÞ

Substitution of stator and rotor currents from equations (7.2) to (7.3) and equation (7.6) into

equation (7.8b) yields the torque equation in developed form:

Te ¼ �PM

iasiar þ ibsibr þ icsicr þ idsidr þ iesierð Þsin uþ iesiar þ iasibr þ ibsicr þ icsidr þ idsierð Þsinðuþ aÞþ
idsiar þ iesibr þ iasicr þ ibsidr þ icsierð Þsinðuþ 2aÞ þ icsiar þ idsibr þ iesicr þ iasidr þ ibsierð Þ
sinðu� 2aÞ þ ibsiar þ icsibr þ idsicr þ iesidr þ iasierð Þsinðu� aÞ

8><
>:

9>=
>;
ð7:9Þ

7.3.1.2 Model Transformation

In order to simplify the model, it is necessary to apply a co-ordinate transformation, which will

remove the time varying inductances. The co-ordinate transformation is used in the power

invariant form. The following transformationmatrix is therefore applied to the stator five-phase

winding:

As ¼
ffiffiffi
2

5

r
cos us cos us � að Þ cos us � 2að Þ cos us þ 2að Þ cos us þ að Þ
�sinus �sin us � að Þ �sin us � 2að Þ �sin us þ 2að Þ �sin us þ að Þ

1 cos 2að Þ cos 4að Þ cos 4að Þ cos 2að Þ
0 sin 2að Þ sin 4að Þ �sin 4að Þ �sin 2að Þ
1ffiffiffi
2

p 1ffiffiffi
2

p 1ffiffiffi
2

p 1ffiffiffi
2

p 1ffiffiffi
2

p

2
6666666664

3
7777777775

ð7:10Þ

ð7:9Þ
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Transformation of the rotor variables is performed using the same transformation expres-

sion, except that us is replaced by b, where b¼ us � u. Here, us is the instantaneous angular
position of the d-axis of the common reference framewith respect to the phase ‘a’magnetic axis

of the stator, while b is the instantaneous angular position of the d-axis of the common

reference frame with respect to the phase ‘a’ magnetic axis of the rotor. Hence the transfor-

mation matrix for rotor is

Ar ¼
ffiffiffi
2

5

r
cos b cos b� að Þ cos b� 2að Þ cos bþ 2að Þ cos bþ að Þ
�sin b �sin b� að Þ �sin b� 2að Þ �sin bþ 2að Þ �sin bþ að Þ

1 cos 2að Þ cos 4að Þ cos 4að Þ cos 2að Þ
0 sin 2að Þ sin 4að Þ �sin 4að Þ �sin 2að Þ
1ffiffiffi
2

p 1ffiffiffi
2

p 1ffiffiffi
2

p 1ffiffiffi
2

p 1ffiffiffi
2

p

2
6666666664

3
7777777775
ð7:11Þ

The angles of transformation for stator quantities and for rotor quantities are related to the

arbitrary speed of the selected common reference frame through

us ¼
Ð
vadt

b ¼ us � u ¼ Ð
va � vð Þdt ð7:12Þ

where v is the instantaneous electrical angular speed of rotation of the rotor.

7.3.1.3 Machine Model in an Arbitrary Common Reference Frame

Correlation between original phase variables and new variables in the transformed domain is

governed by the following transformation expressions:

vsdq ¼ Asv
s
abcde isdq ¼ Asi

s
abcde cs

dq
¼ Asc

s

abcde

vrdq ¼ Arv
r
abcde irdq ¼ Ari

r
abcde cr

dq
¼ Arc

r

abcde

ð7:13Þ

Substituting equations (7.1) and (7.2) into equation (7.13) and the application of

equations (7.10) and (7.11) yield the machine’s voltage equations in the common reference

frame where p¼ d/dt:

vds ¼ Rsids � vacqs þ pcds vdr ¼ Rridr � ðva � vÞcqr þ pcdr

vqs ¼ Rsiqs þ vacds þ pcqs vqr ¼ Rriqr þ ðva � vÞcdr þ pcqr

vxs ¼ Rsixs þ pcxs vxr ¼ Rrixr þ pcxr

vys ¼ Rsiys þ pcys vyr ¼ Rriyr þ pcyr

v0s ¼ Rsi0s þ pc0s v0r ¼ Rri0r þ pc0r

ð7:14Þ
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Transformation of flux linkage equations (7.1) and (7.2) results in

cds ¼ ðLls þ 2:5MÞids þ 2:5Midr cdr ¼ ðLlr þ 2:5MÞidr þ 2:5Mids

cqs ¼ ðLls þ 2:5MÞiqs þ 2:5Miqr cqr ¼ ðLlr þ 2:5MÞiqr þ 2:5Miqs

cxs ¼ Llsixs cxr ¼ Llrixr

cys ¼ Llsiys cyr ¼ Llriyr

c0s ¼ Llsi0s c0r ¼ Llri0r

ð7:15Þ

Introduction of themagnetizing inductanceLm ¼ 2:5M enables equation (7.15) to bewritten in

the following form:

cds ¼ ðLls þ LmÞids þ Lmidr cdr ¼ ðLlr þ LmÞidr þ Lmids

cqs ¼ ðLls þ LmÞiqs þ Lmiqr cqr ¼ ðLlr þ LmÞiqr þ Lmiqs

cxs ¼ Llsixs cxr ¼ Llrixr

cys ¼ Llsiys cyr ¼ Llriyr

c0s ¼ Llsi0s c0r ¼ Llri0r

ð7:16Þ

Finally, transformation of the original torque equation (7.8b) yields

Te ¼ 5P

2
M idriqs � idsiqr
� �

Te ¼ PLm idriqs � idsiqr
� � ð7:17Þ

The mechanical equation of rotor motion is invariant under the transformation and is

Te � TL ¼ J

P

dv

dt
ð7:18Þ

Where J is the inertia and P is the number of poles in machine. The difference between a

three-phase machine model and a five-phase machine model lies in the extra x-y set of

components that exist only in a five-phase machine. However, this extra set are non-flux and

non-torque producing components. They simply add to the extra losses in the machine. The

steady state equivalent circuit of a five-phase induction machine can be obtained by replacing

d/dt term by jve, where ve is the fundamental operating frequency of the machine, as shown

in Figure 7.1.

In a five-phase machine, the x-y components are decoupled from d-q components; also

there is no coupling of x-y with the rotor circuit. This is true for an n-phase AC machine with

sinusoidal distributed MMF and hence only one pair of components, i.e. d-q produces torque

and the remaining component simply causes losses in the machine. Different harmonics of

the stator voltage/current map into either the d-q or x-y planes of the stationary reference

frame, depending on the harmonic order, as shown in Table 7.1. This is a general property

of multi-phase systems, which lead to distinctions with respect to control of a multi-phase

machine.
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Thus the fundamental, 9th, 11th . . . are produced due to d-q components, while 3rd, 7th,

13th . . . are generated due to x-y components and a multiple of the 5th harmonic is produced

due to zero-sequence components.

7.3.1.4 MATLAB/Simulink Model of Main Fed Five-Phase Induction Motor Drive

The MATLAB/Simulink model of a five-phase induction machine fed by a pure five-phase

sine wave is illustrated in Figure 7.2. The five-phase sine wave is generated using a ‘sine

wave’ from the source library of Simulink. All the five phases are generated from one block,

by providing the appropriate phase shift of 72 degrees 0 2p
5

4p
5

�4p
5

�2p
5

� �
. The model can

be used either in the phase variable form of equations (7.1–7.9) or in the transformed domain

of equations (7.14–7.18); here the latter approach is given. The input source voltages are

transformed to d-q-x-y and given to the machine model. The outputs of the machine

models are taken as currents, speed, torque, and rotor flux. The sub-blocks are presented

in Figures 7.2b and 7.2c.

A five-phase sinusoidal supply is given to the five-phase induction motor under no-load and

loaded conditions. The resulting waveforms are presented in Figures 7.3–7.11.

7.3.1.5 No-Load Condition

The response of a five-phase motor under no-load conditions is presented in Figures 7.3–7.7.

Rated voltage of value 220�sqrt (2) and frequency of 50Hz is applied to the stator of a

Rs

Rs

Rr

jωeLls

jωeLls

jωeLm
s

Vx–y

Vd-q

Figure 7.1 Steady-state equivalent circuit of a five-phase induction machine

Table 7.1 Harmonic mapping for five-phase machine

Component Five-phase system

d-q 10j� 1 (j¼ 0, 1, 2, . . .)

x-y 10j� 3 (j¼ 0, 1, 2, . . .)

Zero sequence 10j þ 5 (j¼ 0, 1, 2, . . .)
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five-phasemotor and is allowed to accelerate to its rated speed of 1500 rpm. The supply voltage

for two cycles is shown in Figure 7.3. The response of themotor is similar to that obtainedwith a

three-phase induction motor.

7.3.1.6 Rated Load Condition

To observe the behavior of the machine under loaded conditions, a rated load of 8.33 Nm is

applied to themotor shaft at a time instant of 1 sec. The load is applied once themotor reaches a

steady-state condition after excitation and acceleration transients. The resultingwaveforms are

shown in Figures 7.8–7.11. It is evident from Figure 7.8 that the motor follows the load torque

well. The speed response presented in Figure 7.9 clearly shows a drop in the speed of themotor,

as the motor settles to a new speed of nearly 1428 rpm. Since no corrective action is

incorporated into the drive, the motor continues to rotate at the reduced speed. Normally a

Figure 7.2 (a) Simulink block of five-phase motor fed using ideal five-phase supply (File Name

Ideal_5_Motor.mdl); (b) Sub-blocks of transformation from five-phase to four orthogonal phases; and

(c) Five-phase induction motor simulation model
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Figure 7.2 (Continued)
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Figure 7.3 Input five-phase voltage to the stator of machine
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PI controller is used for closed-loop operation to correct the speed error, but this is not taken up

here. The rotor flux for the complete duration of simulation is presented in Figure 7.11. It shows

a drop in the flux due to application of load. Thus, conclusively, it can be said that a five-phase

motor shows similar behavior as that of a three-phase induction motor.
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Figure 7.4 Torque response of a five-phase motor under no-load
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Figure 7.5 Speed response of five-phase motor under no-load
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7.3.2 Five-Phase Two-Level Voltage Source Inverter Model

This section describes the modeling procedure of a five-phase voltage source inverter. A five-

phase inverter has a similar front-side converter structure to that of a three-phase voltage source

inverter. The fixed voltage and fixed frequency grid supply voltage is converted to DC by using

either controlled (thyristor based or power transistor based) or uncontrolled rectifier (diode

based). The output of the rectifier (AC-DC converter) is filtered to remove the ripple in the

output voltage signal. The rectified andfilteredDCvoltage is fed to the inverter (DC-AC) block.

The inverter block outputs five-phase variable voltage and variable frequency supply to feed

motor drives or other applications as desired. The five-phase inverter has two additional legs

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
–15

–10

–5

0

5

10

15

Time (s)

S
ta

to
r 

ph
as

e 
‘a

’ c
ur

re
nt

 (
A

)

Figure 7.6 Stator phase ‘a’ current of five-phase motor under no-load
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Figure 7.7 Torque versus speed response of five-phase motor under no-load
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when compared to a three-phase inverter. The block diagram of this arrangement is shown in

Figure 7.12, where the inverter is feeding a five-phase induction motor. The rectifier, filter, and

five-phase inverter constitute the complete three-phase fixed voltage and fixed frequency to

five-phase variable voltage and variable frequency supply system. The DC link side or the front
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Figure 7.8 Torque response of a five-phase motor under rated load condition
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Figure 7.9 Speed response of five-phase motor under rated load condition
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side will be omitted from further discussion. The five-phase inverter block will be discussed in

detail in the subsequent section.

The power circuit topology of a five-phasevoltage source inverter is shown in Figure 7.2; this

was first proposed by [1]. Each switch in the circuit consists of two power semiconductor

devices connected in anti-parallel. One of these is a fully controllable semiconductor, such as a
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Figure 7.10 Stator phase ‘a’ current in a five-phase motor under rated load condition
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Figure 7.11 Rotor flux in a five-phase motor
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bipolar transistor, MOSFET, or IGBT, while the second is a diode. The input of the inverter is a

DC voltage, which is regarded as constant. The inverter outputs are denoted in Figure 7.13 with

lower-case letters (a, b, c, d, e), while the points of connection of the outputs to the inverter legs

have symbols in capital letters (A, B, C,D, E). The voltage of this point of connection is called

the ‘Pole voltage’ or ‘Leg voltage.’ The voltage between the terminal of the output of the

inverter and the neutral of the load is called the ‘Phasevoltage’. Thevoltage between the neutral

of the load and the neutral of the DC link is called ‘Common mode voltage’. The voltage

across the two output terminals of the load is called the ‘Line voltages’. However, in a five-

phase system, there exists two different line voltages, called non-adjacent and adjacent line

voltages, contrary to a three-phase systemwhere only one line voltage is defined. This is further

discussed in the next section.

The basic operating principles of the five-phase VSI are developed as follows, assuming

ideal commutation and zero forward voltage drop. The upper and lower power switches of the

same leg are complimentary in operation, i.e. if the upper switch is ‘ON,’ the lower must be

‘OFF,’ and vice-versa. This is done to avoid shorting the DC supply. Complimentary operation

of the switches is obtained by providing a 180-degree phase shifted gate drive signal to the two

upper and lower switches. However, it is important to provide a time delay between turning

‘ON’ and turning ‘OFF’ of the two complimentary switches. This time delay is called ‘Dead

time,’ as both the power switches remain ‘OFF’ simultaneously for a small duration of time.

Thus the ‘ON’ time of each power switch is smaller compared to their corresponding ‘OFF’

time, which is illustrated in Figure 7.14. The upper trace shows the gate drive signal for upper

Figure 7.12 Block diagram of five-phase induction motor drive

Figure 7.13 Power circuit topology of a five-phase voltage source inverter
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switch S1 and the lower trace shows the gate drive signal for lower switch S
0
1. When switch S1

goes ‘OFF,’ the Switch S01 turns off after a delay of td (dead time). The Power module from

Semikron and other manufacturers have built-in hardware for providing this dead time. In

software realization, there are also options in Digital Signal Processors to incorporate and

change the dead time. In practice, the delay time can be set between 5 and 50msec.
To simulate the dead time for inverter leg switching in MATLAB/Simulink, the block of

Figure 7.15 can be used. The input to the block is the gate driving signal, where one signal is

passed directly and the second signal is processed through ‘Discrete Edge Detector’ (from

‘Discrete Control blocks’ of ‘Extra Library’ of ‘SimPowerSystem’ block-sets), thenmultiplied

by � 1 (to make a complimentary signal) using a ‘Gain’ block. The outputs of the block of

Figure 7.15 are two complimentary gate drive signals with the desired dead time. The ‘Discrete

Edge Detector’ block is used to provide the desired dead time. This block is used when the

inverter is modeled using ‘SimPowerSystems block-sets,’ using actual components.

The inclusion of dead time in the simulation model affects the output waveform and will

be illustrated using a simulation example in the next section.

The relationship between pole voltage and switching signals is given as

Vk ¼ SkVdc; k 2 A;B;C;D;E ð7:19Þ

S1 ONS1 ON

τd τd τd τd

S′1 OFF

Gate Drive 
for S1

Gate Drive 
for S′1

S1 OFF

S′1 ON S′1 OFF

Figure 7.14 Illustration for dead time

Figure 7.15 Simulink model to create dead time
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where Sk ¼ 1when the upper power switch is ‘ON’ and Sk ¼ 0 when the lower switch is ‘ON.’

If the load is assumed to be a star connected five-phase, then the relation between the phase-to-

neutral load voltage and the pole voltages can be written as

VA tð Þ ¼ va tð Þ þ vnN tð Þ
VB tð Þ ¼ vb tð Þ þ vnN tð Þ
VC tð Þ ¼ vc tð Þ þ vnN tð Þ
VD tð Þ ¼ vd tð Þ þ vnN tð Þ
VE tð Þ ¼ ve tð Þ þ vnN tð Þ

ð7:20Þ

where vnN is the voltage difference between the star point n of the load and the negative rail of

the DC bus N, called the ‘Common mode voltage.’ This common mode voltage or neutral

voltage is responsible of leakage bearing currents and their subsequent failure [50–53]. The

PWM techniques should take into account the minimization or elimination of common

mode voltage.

By adding each term of the equation (7.20), and putting the sum of phase-to-neutral voltage

zero (assuming a balanced five-phase voltage whose instantaneous sum is always zero),

we obtain

vnN tð Þ ¼ 1=5ð Þ VA tð Þ þ VB tð Þ þ VC tð Þ þ VD tð Þ þ VE tð Þð Þ ð7:21Þ

Substituting equation (7.21) back into equation (7.20), the following expressions for the

phase-to-neutral voltage are obtained

va tð Þ ¼ 4=5ð ÞVA tð Þ � 1=5ð Þ VB tð Þ þ VC tð Þ þ VD tð Þ þ VE tð Þð Þ
vb tð Þ ¼ 4=5ð ÞVB tð Þ � 1=5ð Þ VA tð Þ þ VC tð Þ þ VD tð Þ þ VE tð Þð Þ
vc tð Þ ¼ 4=5ð ÞVC tð Þ � 1=5ð Þ VB tð Þ þ VA tð Þ þ VD tð Þ þ VE tð Þð Þ
vd tð Þ ¼ 4=5ð ÞVD tð Þ � 1=5ð Þ VB tð Þ þ VC tð Þ þ VA tð Þ þ VE tð Þð Þ
ve tð Þ ¼ 4=5ð ÞVE tð Þ � 1=5ð Þ VB tð Þ þ VC tð Þ þ VD tð Þ þ VA tð Þð Þ

ð7:22Þ

Equation (7.22) can also bewritten using the switching function definitionof equation (7.19):

va tð Þ ¼
�
Vdc

5

�
4SA � SB � SC � SD � SE½ �

vb tð Þ ¼
�
Vdc

5

�
4SB � SA � SC � SD � SE½ �

vc tð Þ ¼
�
Vdc

5

�
4SC � SB � SA � SD � SE½ �

vd tð Þ ¼
�
Vdc

5

�
4SD � SB � SC � SA � SE½ �

ve tð Þ ¼
�
Vdc

5

�
4SE � SB � SC � SD � SA½ �

ð7:23Þ
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7.3.2.1 Ten-Step Mode of Operation

This mode of operation is an extension of the six-step operation of a three-phase voltage source

inverter. The output phase voltage assumes ten different values, so is called the ‘Ten-step

mode.’ The switching frequency of the power switches in thismode is equal to the fundamental

output voltage frequency. Each power switch operates for half of the fundamental cycle and so

is called the 180-degree conductionmode. Thus each power switch turns ‘ON’ and turns ‘OFF’

only once in thewhole fundamental cycle. The output in maximum in this mode and switching

losses are minimal. However, the output in mode contains a considerable amount of low-order

harmonics, which decreases the performance of the load. The upper power switch is ‘ON’when

the load current is positive (current flowing from inverter to the load) and the pole voltage is

positive, and the anti-parallel diode across the upper switch is turned ‘ON’ when the load

current is negative while the pole voltage is also positive. The lower power switch is turned

‘ON’when the load current is positive and the pole voltage is zero or negative (depending upon

the choice of DC link, i.e. þVdc and 0 or þ 0.5Vdc and � 0.5Vdc) and the lower anti-parallel

diode is turned on for a negative load current. This is illustrated in Figure 7.16. The possible

pole voltages during the step operation of the five-phase VSI and the corresponding switches

that are ‘ON’ are listed in Table 7.2.

The switching signal for the ten-step mode of operation is given in Figure 7.17. The delay in

switching between the two consecutive phases are 360�/5¼ 72� or p=5. The complementary

gate drive signals are also shown. The ‘dead time’ is not considered here.

To determine the phase-to-neutral voltages for a ten-step mode, the leg voltages from

Table 7.2 is substituted into equation (7.3), and the corresponding values are listed in Table 7.3

V
dc

N

va

va va

va

Vdc Vdc

S1 S1

S′1 S′1

Da1

S1 Da1 S1 Da1

Da2
Da2

Da1

iA

S′1 S′1Da2

iA
Da2

iA

iA

(a)

N

(b)

N

0

(c)

N

0

(d)

V
dc

V
dc

V
dc

Figure 7.16 Switching state for leg A in a five-phase VSI: (a and c) iA > 0; (b and d) iA < 0
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for a star connected load. The correspondingwaveform is given in Figure 7.18. It is evident that

the phase-to-neutral voltage takes on four different values/levels and ten steps in one

fundamental cycle.

Line-to-line voltages are now discussed for a star-connected load. In a five-phase system,

there exist two different systems of line voltages, termed ‘Adjacent line-to-line voltage’ and

‘Non-adjacent line-to-line voltage,’ as illustrated in Figure 7.19. The phase voltages are

represented as va; vb; vc; vd ; veð Þ, the adjacent line voltages are denoted as vab; vbc; vcd ; vde; veað Þ,
and the non-adjacent line voltages are given as vac; vbd ; vce; vda; vebð Þ. The relationship between
the adjacent, non-adjacent, and phase voltages are elaborated upon by using a numerical

example.

Table 7.2 Pole voltages of the five-phase VSI during step mode of operation

Switching

mode Switches ON

Pole

voltage VA

Pole

voltage VB

Pole

voltage VC

Pole

voltage VD

Pole

voltage VE

1 S1, S2, S
0
3, S

0
4, S5 Vdc Vdc 0 0 Vdc

2 S1, S2, S
0
3, S

0
4, S

0
5 Vdc Vdc 0 0 0

3 S1, S2, S3, S
0
4, S5 Vdc Vdc Vdc 0 0

4 S01, S2, S3, S04, S05 0 Vdc Vdc 0 0

5 S01, S2, S3, S4, S05 0 Vdc Vdc Vdc 0

6 S01, S02, S3, S4, S05 0 0 Vdc Vdc 0

7 S01, S02, S3, S4, S5 0 0 Vdc Vdc Vdc

8 S01, S02, S03, S4, S5 0 0 0 Vdc Vdc

9 S1, S
0
2, S

0
3, S4, S5 Vdc 0 0 Vdc Vdc

10 S1, S
0
2, S

0
3, S

0
4, S5 Vdc 0 0 0 Vdc

0
5

3π
5
π

5
2π

5
4π π

5
6π

5
7π

5
8π

5
9π π2

S1

S2

S3

S4

S5

S′1

S′2

S′3

S′4

S′5

Figure 7.17 Gate drive signal for a ten-step mode of operation
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vb

vc

vd

ve

 0         π/5        2π/5            3π/5  4π/5 π           6π/5      7π/5            8π/5   9π/5        2π

ωt

3/5VDC 2/5VDC

Figure 7.18 Phase-to-neutral voltage of a five-phase VSI in ten-step mode

Table 7.3 Phase-to-neutral voltages of a star connected load supplied from a five-phase VSI

Mode Switches ON va vb vc vd ve

1 S1, S2, S
0
3, S

0
4, S5 2/5 Vdc 2/5 Vdc � 3/5 Vdc � 3/5 Vdc 2/5 Vdc

2 S1, S2, S
0
3, S

0
4, S

0
5 3/5 Vdc 3/5 Vdc � 2/5 Vdc � 2/5 Vdc � 2/5 Vdc

3 S1, S2, S3, S
0
4, S5 2/5 Vdc 2/5 Vdc 2/5 Vdc � 3/5 Vdc � 3/5 Vdc

4 S01, S2, S3, S04, S05 � 2/5 Vdc 3/5 Vdc 3/5 Vdc � 2/5 VDC � 2/5 Vdc

5 S01, S2, S3, S4, S05 � 3/5 Vdc 2/5 Vdc 2/5 Vdc 2/5 Vdc � 3/5 Vdc

6 S01, S02, S3, S4, S05 � 2/5 Vdc � 2/5 Vdc 3/5 Vdc 3/5 Vdc � 2/5 Vdc

7 S01, S02, S3, S4, S5 � 3/5 Vdc � 3/5 Vdc 2/5 Vdc 2/5 Vdc 2/5 Vdc

8 S01, S02, S03, S4, S5 � 2/5 Vdc � 2/5 Vdc � 2/5 Vdc 3/5 Vdc 3/5 Vdc

9 S1, S
0
2, S

0
3, S4, S5 2/5 Vdc � 3/5 Vdc � 3/5 Vdc 2/5 Vdc 2/5 Vdc

10 S1, S
0
2, S

0
3, S

0
4, S5 3/5 Vdc � 2/5 Vdc � 2/5 Vdc � 2/5 Vdc 3/5 Vdc
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The adjacent line voltages are calculated from the values of the phase voltages from

Table 7.3, and the resulting values are listed in Table 7.4 for the ten-step mode of operation.

Similarly, non-adjacent line voltages are obtained and listed in Table 7.5.

The pictorial representation of the adjacent and non-adjacent line voltages are given in

Figures 7.20 and 7.21, respectively.

7.3.2.2 Fourier Analysis of the Five-Phase Inverter Output Voltages

In order to relate the input DC link voltage of the inverter with the output phase-to-neutral and

line-to-line voltages, Fourier analysis of the voltage waveforms is undertaken. Out of the two

sets of the line-to-line voltages, discussed in the preceding sub-section, only non-adjacent line-

to-line voltages are analyzed, since they have higher fundamental harmonic values than the

adjacent line-to-line voltages.

Using definition of the Fourier series for a periodic waveform:

v tð Þ ¼ Vo þ
X¥
k¼1

Ak cos kvtþ Bk sin kvtð Þ ð7:24Þ

abv bcv cdv dev
a b c d e

acv
bdv

cev

vda veb

av bv vc dv ve

eav

Figure 7.19 Phase and line voltages in a five-phase system

Table 7.4 Adjacent line-to-line voltages of the five-phase VSI

Mode Switches ON vab vbc vcd vde vea

1 S1, S2, S
0
3, S

0
4, S5 0 Vdc 0 �Vdc 0

2 S1, S2, S
0
3, S

0
4, S

0
5 0 Vdc 0 0 �Vdc

3 S1, S2, S3, S
0
4, S5 0 0 Vdc 0 �Vdc

4 S01, S2, S3, S04, S05 �Vdc 0 Vdc 0 0

5 S01, S2, S3, S4, S05 �Vdc 0 0 Vdc 0

6 S01, S02, S3, S4, S05 0 �Vdc 0 Vdc 0

7 S01, S02, S3, S4, S5 0 �Vdc 0 0 Vdc

8 S01, S02, S03, S4, S5 0 0 �Vdc 0 Vdc

9 S1, S
0
2, S

0
3, S4, S5 Vdc 0 �Vdc 0 0

10 S1, S
0
2, S

0
3, S

0
4, S5 Vdc 0 0 �Vdc 0
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where the coefficients of the Fourier series are given by

Vo ¼ 1

T

ðT
0

vðtÞdt ¼ 1

2p

ð2p
0

vðuÞdu

Ak ¼ 2

T

ðT
0

vðtÞcos kvtdt ¼ 1

p

ð2p
0

vðuÞcos kudu

Bk ¼ 2

T

ðT
0

vðtÞsin kvtdt ¼ 1

p

ð2p
0

vðuÞsin kudu

ð7:25Þ

vab
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vcd 

vde 

vea 

 0         π/5        2π/5            3π/5  4π/5 π           6π/5        7π/5      8π/5        9π/5         2π

ωt

VDC 

Figure 7.20 Adjacent line-to-line voltages of the five-phase VSI

Table 7.5 Non-adjacent line-to-line voltages of the five-phase VSI

Mode Switches ON vac vbd vce vda veb

1 S1, S2, S
0
3, S

0
4, S5 Vdc Vdc �Vdc �Vdc 0

2 S1, S2, S
0
3, S

0
4, S

0
5 Vdc Vdc 0 �Vdc �Vdc

3 S1, S2, S3, S
0
4, S5 0 Vdc Vdc �Vdc �Vdc

4 S01, S2, S3, S04, S05 �Vdc Vdc Vdc 0 �Vdc

5 S01, S2, S3, S4, S05 �Vdc 0 Vdc Vdc �Vdc

6 S01, S02, S3, S4, S05 �Vdc �Vdc Vdc Vdc 0

7 S01, S02, S3, S4, S5 �Vdc �Vdc 0 Vdc Vdc

8 S01, S02, S03, S4, S5 0 �Vdc �Vdc Vdc Vdc

9 S1, S
0
2, S

0
3, S4, S5 Vdc �Vdc �Vdc 0 Vdc

10 S1, S
0
2, S

0
3, S

0
4, S5 Vdc 0 �Vdc �Vdc Vdc
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and observing that the waveforms possess quarter-wave symmetry and can be conveniently

taken as odd functions, we can represent phase-to-neutral voltages and line-to-line voltages

with the following expressions:

vðtÞ ¼
X¥
k¼0

B2kþ1sinð2k þ 1ÞvtÞ ¼
ffiffiffi
2

p X¥
k¼0

V2kþ1sinð2k þ 1Þvt

B2kþ1 ¼
ffiffiffi
2

p
V2kþ1 ¼ 1

p
4

ðp=2
0

v uð Þsin 2k þ 1ð Þudu
ð7:26Þ

In the case of the phase-to-neutral voltage vb, shown in Figure 7.18, the coefficients of the

Fourier series are

B2kþ1 ¼ 1

p

4

5
VDC

1

2k þ 1
2þ cos 2k þ 1ð Þp

5
� cos 2k þ 1ð Þ 2p

5

� �
ð7:27Þ

The expression in brackets in the second equation (7.27) equals zero for all harmonicswhose

order is divisible by five. For all the other harmonics, it equals 2.5. Hence, we can write the

Fourier series of the phase-to-neutral voltage as

vðtÞ ¼ 2

p
VDC sin vtþ 1

3
sin 3vtþ 1

7
sin 7vtþ 1

9
sin 9vtþ 1

11
sin 11vtþ 1

13
sin 13vtþ . . .

� �
ð7:28Þ

vac

vbd

vce

vda

veb

 0         π/5        2π/5            3π/5  4π/5         π           6π/5        7π/5      8π/5        9π/5         2π

ωt

VDC

Figure 7.21 Non-adjacent line-to-line voltages of the five-phase VSI
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From equation (7.28) it follows that the fundamental component of the output phase-to-

neutral voltage has an rms value of

V1 ¼
ffiffiffi
2

p

p
VDC ¼ 0:45VDC ð7:29Þ

It is observed that the fundamental output of a five-phase voltage source inverter is the same

as that of a three-phase voltage source inverter.

Fourier analysis of the non-adjacent line-to-line voltages is performed in the same manner.

Fourier series remains to be given by equation (7.25). Taking the second voltage in Figure 7.20

and shifting the zero time instant by p/10 degrees to the left, we have the following Fourier

series coefficients:

B2kþ1 ¼ 1

p
4

ðp=2
p=10

VDCsin 2k þ 1ð Þudu ¼ 1

p
4VDC

1

2k þ 1
cos 2k þ 1ð Þ p

10
ð7:30Þ

Hence the Fourier series of the non-adjacent line-to-line voltage is

v tð Þ¼ 4

p
VDC 0:95sinvtþ0:59

3
sin3vt�0:59

7
sin7vt�0:95

9
sin9vt�0:95

11
sin11vt� . . .

� �
ð7:31Þ

and the fundamental harmonic rms value of the non-adjacent line-to-line voltage is

V1L ¼ 2
ffiffiffi
2

p

p
VDCcos

p

10
¼ 0:856VDC ¼ 1:902V1 ð7:32Þ

7.3.2.3 MATLAB/Simulink Modeling for Ten-Step Mode

The MATLAB/Simulink model is shown in Figure 7.22. The model consists of a gate drive

generator and the power circuit part of the five-phase inverter. The gate drive signal generator

model, shown in Figure 7.22a, is developed using a ‘repeating’ block of Simulink, illustrated in

Figure 7.22b. The inverter power circuit, shown in Figure 7.22c, is obtained using equa-

tion (7.5). The power circuit can also be modeled using an actual IGBT switch model from

‘simpowersystem’ block-sets of Simulink. The repeating block is generating a square wave

gate drive signal of 50Hz fundamental. This can be changed by changing the time axis values.

The inverter equations are realized using the ‘function block’ of Simulink. The inverter power

circuit, shown in Figure 7.22c, needs the value of the DC link voltage, which can be given from

the main MATLAB command window or from the model initialisation. The R-L load is

modeled using a first-order low pass filter, as shown in Figure 7.22d. The complete MATLAB/

Simulink model is available in the CD-ROM provided with this book.
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The simulation results for 50Hz fundamental frequency and unit DC link voltage are given

in Figure 7.23. The phase voltage, adjacent voltage, and non-adjacent voltage and resulting

current obtained using simulation are shown. The output phase voltages exhibit ten steps and

the remainder of the curves correspond to the theoretical waveforms. This is further verified by

implementing this control in a prototype five-phase inverter experimentally and is shown in the

next section.

Figure 7.22 (a)MATLAB/Simulinkmodel of a five-phase voltage source inverter for ten-step operation

(File Name: Ten_step_mode.mdl); (b) Gate drive signal generation for ten-step operation; (c) Simulink

model of a five-phase VSI; and (d) R-L Load model
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7.3.2.4 Prototype of a Five-Phase VSI for Ten-Step Operation

The inverters control logic can be implemented using an analog circuit and its complete block

diagram is shown in Figure 7.24. The other method is by using advanced microprocessors,

microcontrollers, and digital signal processor to implement the control schemes.

In Figure 7.24, the supply is taken from a single-phase power supply and converted to

9-0-9Vusing a small transformer. This is fed to the phase shifting circuit, shown in Figure 7.25,

to provide an appropriate phase shift for operation at various conduction angles. The phase

shifted signal is then fed to the inverting/non-inverting Schmitt trigger circuit and wave-

shaping circuit (Figures 7.26 and 7.27). The processed signal is then fed to the isolation and

driver circuit shown in Figure 7.28, which is then finally given to the gate of IGBTs. There are

two separate circuits for upper and lower legs of the inverter.

The power circuit can be made up of IGBT, with a snubber circuit consisting of a series

combination of a resistance and a capacitor with a diode in parallel with the resistance.

7.3.2.5 Experimental Results for Ten-Step Mode

This section gives the experimental results obtained from the five-phase voltage source inverter

for stepped operation of an inverter, with a 180-degree conduction modes leading to a ten-step

output with a star connected load. A single-phase supply is given to the control circuit through

Figure 7.22 (Continued)
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Figure. 7.23 (a) Output phase-to-neutral voltage of a five-phase VSI in ten-step mode; (b) Output line

voltages of a five-phase VSI in ten-step mode; and (c) Output phase ‘a’ voltage and phase ‘a’ current of a

five-phase VSI in ten-step mode for R-L Load
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the phase shifting network. The output of the phase shifting circuit provides the required five-

phase output voltage by appropriately tuning it. These five-phase signals are then further

processed to generate the gate drive circuit.

The gate drive signal is given to the IGBTs and the corresponding phase-to-neutral voltages

thus generated, as shown in Figure 7.29, keeping the DC link voltage at 60V. It is seen that the

phase-to-neutral voltages has ten steps with output voltage levels of �0.2 Vdc and �0.4 Vdc.

Another experimental waveform is illustrated in Figure 7.30, for non-adjacent voltage and

stator line current of a five-phase induction motor. The current shows a typical response of an

induction machine.
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Problem 7.1

Assume a balanced five-phase system with 120V rms as the phase voltages. Determine the

adjacent and non-adjacent line voltages and derive their relationship.

Solution:
The five-phase voltage is given as

va ¼ 120
ffiffiffi
2

p
sin vtð Þ

vb ¼ 120
ffiffiffi
2

p
sin

�
vt� 2

p

5

�

Figure 7.29 Output phase ‘a-d’ voltages for 180-degree conduction mode

Figure 7.30 Non-adjacent line voltage and stator current
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vc ¼ 120
ffiffiffi
2

p
sin

�
vt� 4

p

5

�

vd ¼ 120
ffiffiffi
2

p
sin

�
vtþ 4

p

5

�
ð7:33Þ

ve ¼ 120
ffiffiffi
2

p
sin

�
vtþ 2

p

5

�

The adjacent line voltage is given as

vab ¼ va � vb ¼ 120
ffiffiffi
2

p
sin vtð Þ � 120

ffiffiffi
2

p
sin vt� 2

p

5

� 	
ð7:34Þ

The adjacent line voltage can be written in polar form as

vab ¼ 120
ffiffiffi
2

p
< 0� 120

ffiffiffi
2

p
< �72 ¼ 120

ffiffiffi
2

p þ j0:0� 120
ffiffiffi
2

p fcos �72ð Þ þ jsin �72ð Þg
vab ¼ 120

ffiffiffi
2

p þ j0:0� 120
ffiffiffi
2

p f0:309� j0:9511g
vab ¼ 82:92

ffiffiffi
2

p þ j114:132
ffiffiffi
2

p ¼ 199:5086 < 54

Similarly we can determine other adjacent line voltages as

vbc ¼ vb � vc ¼ 199:5086 < �18

vcd ¼ vc � vd ¼ 199:5086 < �90

vde ¼ vd � ve ¼ 199:5086 < �162

vea ¼ ve � va ¼ 199:5086 < 126

This calculation can also be shown using the graphical technique, as in Figures 7.31 and 7.32.

The relationship between the phase voltage and adjacent line voltage can be written as

(assuming balanced voltages)

vabj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vaj j2 þ vbj j2 þ vaj j* vbj jcos

�
3
p

5

�s

Vadj�L ¼ 1:1756Vphase

vabj j ¼ Vadj�L; vaj j ¼ vbj j ¼ Vphase

ð7:35Þ

The relationship between the phase voltage and non-adjacent line voltage can be written as

(assuming balanced voltages)

vabj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vaj j2 þ vbj j2 þ vaj j* vbj jcos

�
p

5

�s

Vnon�adj�L ¼ 1:9025Vphase

vabj j ¼ Vnon�adj�L; vaj j ¼ vbj j ¼ Vphase

ð7:36Þ
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Problem 7.2

Determine the relationship between the line voltages of a three-phase system and a five-phase

system, given the phase voltage as Vphase for both three- and five-phase systems. Assume star-

connected systems.

Solution:
The line-to-line voltage in a three-phase system is given as

Vline ¼
ffiffiffi
3

p
Vphase ¼ 1:7321Vphase ð7:37Þ

Vadj�L ¼
ffiffiffiffiffiffiffiffiffiffiffi
1:382

p
Vphase ¼ 1:1756Vphase ð7:38Þ

Vnon�adj�L ¼ 1:9025Vphase ð7:39Þ

Adjacent Line Voltage Five-phase

Line Voltage Three-phase
¼ Vadj�L

Vline

¼ 1:1756Vphase

1:7321Vphase

¼ 0:6787

Non-Adjacent Line Voltage Five-phase

Line Voltage Three-phase
¼ Vnon�adj�L

Vline

¼ 1:9025Vphase

1:7321Vphase

¼ 1:0984

Problem 7.3
Determine the phase voltage of a five-phase star-connected load for obtaining same highest

line-to-line voltage as that of a standard three-phase system. (Hint: A standard three-phase

system has 400 V line-to-line voltage.) Also determine the ratio of phase voltage of the three-

phase and the five-phase system

Solution:

Given the highest line-to-line voltage of a five-phase system as 400V, i.e. Vnon-adj-L¼ 400V

Vnon�adj�L ¼ 1:9025Vphase ¼ 400

Vphase�5 ¼ 400

1:9025
¼ 210:25 V

Thus the phase voltage of the five-phase load will be 210.25V

The phase voltage of three-phase system is

Vphase�3 ¼ 400ffiffiffi
3

p ¼ 230:94 V

Vphase�3

Vphase�5

¼ 230:94

210:25
¼ 1:0984
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Problem 7.4

Draw the waveform of common-mode voltage generated in ten-step model of operation of a

five-phase voltage source inverter. Assume Vdc¼ 1V.

Solution: Common mode voltage is given as

vnN tð Þ ¼ 1=5ð Þ VA tð Þ þ VB tð Þ þ VC tð Þ þ VD tð Þ þ VE tð Þð Þ ð7:40Þ

The leg voltage waveforms for the ten-step mode of operation are given in Figure 7.33.

Themagnitude of the voltage isVdc. To determine the commonmodevoltage, the instantaneous

values are added for all the five legs and the resulting waveform is given in Figure 7.33.

7.3.2.6 PWM Mode of Operation of Five-Phase VSI

If a five-phase VSI is operated in PWMmode, apart from the already described ten states, there

will be an additional 22 switching states. This is because there are five inverter legs and each of

them can be in two states, since the discussion is limited to two-level inverters. The number of

states increases in the case of multi-level inverters. The number of possible switching states is

in general equal to 2n, where n is the number of inverter legs (i.e. output phases). This

correlation is valid for any two-level VSI. For a multi-level inverter, with m level and n output

phases, the number of possible switching states is mn.

The 22 possible switching states encompass three possible situations: all the stateswhen four

switches from the upper (or lower) half and one from the lower (or upper) half of the inverter are

‘ON’ (states 11–20); two states when either all the five upper (or lower) switches are ‘ON’
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Figure 7.33 Common mode voltage of Problem 7.4
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(states 31 and 32); and the remaining states with three switches from the upper (lower) half and

two switches from the lower (upper) half are in conduction mode (states 21–30). When all the

upper or lower switches are ‘ON,’ they lead to zero output voltage and are termed as ‘zero

states,’ similar to a three-phase VSI (Chapter 3). The remaining combination of switching

states is termed ‘active states,’ as they lead to positive or negative output voltages. Phase-to-

neutral voltages in these 22 switching states are listed in Table 7.6.

In order to introduce space vector representation of the five-phase inverter output voltages,

an ideal sinusoidal five-phase supply source is considered. Let the phase voltages of a five-

phase pure balanced sinusoidal supply be given with

va ¼
ffiffiffi
2

p
VcosðvtÞ

vb ¼
ffiffiffi
2

p
Vcosðvt� 2p=5Þ

vc ¼
ffiffiffi
2

p
Vcosðvt� 4p=5Þ

vd ¼ ffiffiffi
2

p
Vcosðvtþ 4p=5Þ

ve ¼
ffiffiffi
2

p
Vcosðvtþ 2p=5Þ

ð7:41Þ

Since a five-phase system is under consideration, the vector needs to be analyzed in a five-

dimensional space. Decoupling transformation leads to two orthogonal planes, namely dq, xy,

Table 7.6 Phase-to-neutral voltage for PWM operation of five-phase VSI

State Switches ON va vb vc vd ve

11 S1, S4
0, S20, S30 4/5 VDC � 1/5 VDC � 1/5 VDC � 1/5 VDC � 1/5 VDC

12 S1, S4
0, S2, S3, S5 1/5 VDC 1/5 VDC 1/5 VDC � 4/5 VDC 1/5 VDC

13 S4
0S2, S50, S10, S30 � 1/5 VDC 4/5 VDC � 1/5 VDC � 1/5 VDC � 1/5 VDC

14 S1, S2, S5
0, S3, S4 1/5 VDC 1/5 VDC 1/5 VDC 1/5 VDC � 4/5 VDC

15 S4
0, S50, S3, S10, S20 � 1/5 VDC � 1/5 VDC 4/5 VDC � 1/5 VDC � 1/5 VDC

16 S2, S3, S1
0, S4, S5 � 4/5 VDC 1/5 VDC 1/5 VDC 1/5 VDC 1/5 VDC

17 S5
0, S10, S4, S20, S30 � 1/5 VDC � 1/5 VDC � 1/5 VDC 4/5 VDC � 1/5 VDC

18 S1, S3, S4, S2
0, S5 1/5 VDC � 4/5 VDC 1/5 VDC 1/5 VDC 1/5 VDC

19 S4
0, S10, S20, S5, S30 � 1/5 VDC � 1/5 VDC � 1/5 VDC � 1/5 VDC 4/5 VDC

20 S1, S2, S4, S5, S3
0 1/5 VDC 1/5 VDC � 4/5 VDC 1/5 VDC 1/5 VDC

21 S4
0, S2, S10, S5, S30 � 2/5 VDC 3/5 VDC � 2/5 VDC � 2/5 VDC 3/5 VDC

22 1,3,4,7,10 2/5 VDC 2/5 VDC � 3/5 VDC 2/5 VDC � 3/5 VDC

23 1,2,4,5,8 3/5 VDC � 2/5 VDC 3/5 VDC � 2/5 VDC � 2/5 VDC

24 2,3,5,6,9 � 3/5 VDC 2/5 VDC 2/5 VDC � 3/5 VDC 2/5 VDC

25 3,4,6,7,10 � 2/5 VDC 3/5 VDC � 2/5 VDC 3/5 VDC � 2/5 VDC

26 1,4,5,7,8 3/5 VDC � 2/5 VDC 3/5 VDC 3/5 VDC � 2/5 VDC

27 2,5,6,8,9 � 2/5 VDC � 2/5 VDC 3/5 VDC � 2/5 VDC 3/5 VDC

28 3,6,7,9,10 � 3/5 VDC 2/5 VDC � 3/5 VDC 2/5 VDC 2/5 VDC

29 1,2,4,7,8 3/5 VDC � 2/5 VDC � 2/5 VDC 3/5 VDC � 2/5 VDC

30 1,2,5,8,9 2/5 VDC � 3/5 VDC 2/5 VDC � 3/5VDC 2/5 VDC
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and a zero sequence component. The space vectors in the two orthogonal planes are

defined as

va-b ¼ 2

5
ðva þ avb þ a2vb þ a4vd þ a6veÞ

vxy ¼
2

5
ðva þ a2vb þ a4vb þ a8vd þ a12veÞ

ð7:42Þ

where a ¼ expðj2p=5Þ, a2 ¼ expðj4p=5Þ, an ¼ expðjnp=5Þ.
The spacevector is a complex quantity,which represents the five-phase balanced supplywith

a single complex variable. Substituting equation (7.42) into equation (7.41) yields an ideal

sinusoidal source, the space vector:

v ¼ V exp jvtð Þ ð7:43Þ

The space vector model of a five-phase voltage source inverter can be obtained by

substituting the phase voltages in equation (7.42) and determining the corresponding space

vectors in the a-b and x-y planes, as given in Table 7.7.

Thus, it can be seen that the total of 32 spacevectors, available in thePWMoperation, fall into

four distinct categories (three active lenghts and one zero length) regarding the magnitude

of the available output phase voltage. The phase voltage space vectors are summarised in

Table 7.7. The ratio of phase voltage space vector magnitudes is 1:1.618:(1.618)2, from the

smallest to the largest, respectively.All thesevectors form ten sectors of36degrees each andone

decagon. The mapping of the a-b plane vectors in the x-y plane are such that the largest length

vectors of a-b become the smallest length vectors of the x-y plane and vice-versa. Themedium

vectors remain the same in both planes.Moreover, the x-y plane vectors are the 3rd harmonic of

the fundamental, as shown in Figures 7.34 and 7.35. These x-y vectors produce losses in the

system if remaining unattenuated. Thus, while developing PWM techniques, it is necessary

to reduce or eliminate completely the x-y comments to yield sinusoidal output voltages.

7.3.3 PWM Schemes of a Five-Phase VSI

This section describes PWMschemes for a five-phasevoltage source inverter. PWMtechniques

are the most basic method of energy processing in a power converter. The purpose is to obtain

variablevoltage and variable frequency voltages/currents at the output of the inverter. The basic

idea is to modulate the pulse widths in order to alter the mean value of the voltages/currents.

Several PWMschemes are developed in the literature for a five-phaseVSI [6–16]; however, this

chapter focuses only on the simple approaches that are extension of three-phase PWM. The

popular and simple PWM schemes are elaborated on in the next sub-section, along with the

MATLAB/Simulink model.

7.3.3.1 Carrier-Based Sinusoidal PWM Scheme

Carrier-based sinusoidal PWM is the most popular and widely used PWM technique, because

of its simple implementation in both analog and digital realization [54,55]. The principle of

carrier-based PWM true for a three-phase VSI is also applicable to a multi-phase VSI.
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The PWM signal is generated by comparing a sinusoidal modulating signal with a triangular

(double edge) or a saw-tooth (single edge) carrier signal. The frequency of the carrier is

normally kept much higher compared to the modulating signal (10 to 12 times). The operation

of a carrier-based PWMmodulator is shown in Figure 7.36 and generation of a PWMwaveform

is illustrated in Figure 7.37. The reference voltage signals or modulating signals are compared

with the high frequency carrier and the pulses are formed at the intersection of the modulation

signals, which are five-phase fundamental sinusoidal signals (displaced in time by a ¼ 2p=5).
These modulation signals are compared with a high frequency carrier signal (saw-tooth or

Table 7.7 Space vector table of phase voltages for a five-phase VSI

S. No. Switching States Space vectors in a-b plane Space vector in x-y plane

0 0 0 0 0 0 0 0

1 0 0 0 0 1 2=5VDC2expðj8p=5Þ 2=5VDC2expðj6p=5Þ
2 0 0 0 1 0 2=5VDC2expðj6p=5Þ 2=5VDC2expðj2p=5Þ
3 0 0 0 1 1 2=5VDC2cosðp=5Þexpðj7p=5Þ 2=5VDC4cosð2p=5Þexpðj4p=5Þ
4 0 0 1 0 0 2=5VDC2expðj4p=5Þ 2=5VDC2expðj8p=5Þ
5 0 0 1 0 1 2=5VDC4cosð2p=5Þexpðj6p=5Þ 2=5VDC2cosðp=5Þexpðj7p=5Þ
6 0 0 1 1 0 2=5VDC2cosðp=5ÞexpðjpÞ 2=5VDC4cosð2p=5Þexpð0Þ
7 0 0 1 1 1 2=5VDC2cosðp=5Þexpðj6p=5Þ 2=5VDC4cosð2p=5Þexpðj7p=5Þ
8 0 1 0 0 0 2=5VDC2expðj2p=5Þ 2=5VDC2expðj4p=5Þ
9 0 1 0 0 1 2=5VDC4cosð2p=5Þexpð0Þ 2=5VDC2cosðp=5ÞexpðjpÞ
10 0 1 0 1 0 2=5VDC4cosð2p=5Þexpðj4p=5Þ 2=5VDC2cosðp=5Þexpðj3p=5Þ
11 0 1 0 1 1 2=5VDC4cosð2p=5Þexpðj7p=5Þ 2=5VDC2cosðp=5Þexpðj4p=5Þ
12 0 1 1 0 0 2=5VDC2cosðp=5Þexpðj3p=5Þ 2=5VDC4cosð2p=5Þexpðj6p=5Þ
13 0 1 1 0 1 2=5VDC4cosð2p=5Þexpðj3p=5Þ 2=5VDC2cosðp=5Þexpðj6p=5Þ
14 0 1 1 1 0 2=5VDC2cosðp=5Þexpðj4p=5Þ 2=5VDC4cosð2p=5Þexpðj3p=5Þ
15 0 1 1 1 1 2=5VDC2expðjpÞ 2=5VDC2expðjpÞ
16 1 0 0 0 0 2=5VDC2expðj0Þ 2=5VDC2expðj0Þ
17 1 0 0 0 1 2=5VDC2cosðp=5Þexpðj9p=5Þ 2=5VDC4cosð2p=5Þexpðj8p=5Þ
18 1 0 0 1 0 2=5VDC4cosð2p=5Þexpðj8p=5Þ 2=5VDC2cosðp=5Þexpðjp=5Þ
19 1 0 0 1 1 2=5VDC2cosðp=5Þexpðj7p=5Þ 2=5VDC4cosð2p=5Þexpðjp=5Þ
20 1 0 1 0 0 2=5VDC4cosð2p=5Þexpðj2p=5Þ 2=5VDC2cosðp=5Þexpðj9p=5Þ
21 1 0 1 0 1 2=5VDC4cosð2p=5Þexpðj9p=5Þ 2=5VDC2cosðp=5Þexpðj7p=5Þ
22 1 0 1 1 0 2=5VDC4cosð2p=5ÞexpðjpÞ 2=5VDC2cosðp=5Þexpðj0Þ
23 1 0 1 1 1 2=5VDC2expðj7p=5Þ 2=5VDC2expðj9p=5Þ
24 1 1 0 0 0 2=5VDC2cosðp=5Þexpðjp=5Þ 2=5VDC4cosð2p=5Þexpðj2p=5Þ
25 1 1 0 0 1 2=5VDC2cosðp=5Þexpðj0Þ 2=5VDC4cosð2p=5ÞexpðjpÞ
26 1 1 0 1 0 2=5VDC4cosð2p=5Þexpðjp=5Þ 2=5VDC2cosðp=5Þexpðj2p=5Þ
27 1 1 0 1 1 2=5VDC2expðj9p=5Þ 2=5VDC2expðj3p=5Þ
28 1 1 1 0 0 2=5VDC2cosðp=5Þexpðj2p=5Þ 2=5VDC4cosð2p=5Þexpðj9p=5Þ
29 1 1 1 0 1 2=5VDC2expðjp=5Þ 2=5VDC2expðj7p=5Þ
30 1 1 1 1 0 2=5VDC2expðj3p=5Þ 2=5VDC2expðjp=5Þ
31 1 1 1 1 1 0 0
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triangular shape) and all five switching functions for inverter legs are obtained directly.

In general, modulation signal can be expressed as

viðtÞ ¼ v*i ðtÞ þ vnNðtÞ ð7:44Þ
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where i ¼ a; b; c; d; e and vnN represents zero-sequence signal and v*i are fundamental

sinusoidal signals. Zero-sequence signal represents a degree of freedom that exists in the

structure of a carrier-based modulator and is used to modify modulation signal waveforms and

thus to obtain different modulation schemes. Continuous PWM schemes result, as long as the

peak value of the modulation signal does not exceed the carrier magnitude. If the modulating

signals peak exceeds the height of the carrier signals, it is termed a carrier dropping mode and

leads to over-modulation.
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Figure 7.36 Principle of carrier-based PWM technique for a five-phase VSI
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The following relationship holds true in Figure 7.37:

tþn � t�n ¼ vnts ð7:45aÞ

where

tþn ¼ 1

2
þ vn

� �
ts ð7:45bÞ

t�n ¼ 1

2
� vn

� �
ts ð7:45cÞ

where tþn and t�n are the positive and negative pulse widths in the nth sampling interval,

respectively, and vn is the normalized amplitude of modulation signal. The normalization is

done with respect toVdc. Equation (7.37) is referred as the Equal volt-second principle, as

applied to a three-phase inverter [54,55]. The normalized peak value of the triangular carrier

wave is�0:5 in linear region of operation. Modulator gain has the unity value while operating

in the linear region and the peak value of inverter output fundamental voltage is equal to the

peak value of the fundamental sinusoidal signal. Thus the maximum output phase voltages

from a five-phase VSI are limited to 0.5 p.u. Thus the output phase voltage from a three-phase

and a five-phase VSI are the same when using carrier-based PWM [56].

7.3.3.2 MATLAB/Simulink Simulation of Carrier-Based Sinusoidal PWM

Developing the Simulink model, assuming an ideal DC bus and ideal inverter model, is very

simple. It follows exactly Figures 7.36 and 7.37. The inverter can either be modeled using the

actual IGBT switches from the ‘sim-power system’ block-sets or by using equation (7.23).

The complete simulink model is shown in Figure 7.38, where equation (7.23) is used to model

the inverter.

The five-phase sinusoidal source is generated from the ‘sin wave’ block from the ‘source’

sub-library, and the phase shifts are created by substituting appropriate phase differences in the

‘phase (rad)’ dialog box. The triangular carrier signal is generated using the ‘repetitive’ block

from the ‘source’ sub-library. The switching frequency is kept at 5 kHz, the DC link voltage is

assumed as 1, and the fundamental output frequency is assumed as 50Hz. The resulting

waveforms are presented in Figures 7.36 and 7.40. The output voltage magnitude is limited to

0.5 p.u. (typically it the same value as that of three-phase VSI), as evident from Figure 7.40

(spectrum). The filtered output voltages are also depicted to show their sinusoidal nature.

7.3.3.3 5th Harmonic Injection Based Pulse Width Modulation Scheme

The effect of addition of a harmonic with reverse polarity in any signal is to reduce the peak of

the signal. The aim here is to bring the amplitude of the reference or modulating signal as low

as possible, so that the reference can then be pushed to make it equal to the carrier, resulting

in the higher output voltage and better DC bus utilization. Using this principle, 3rd-harmonic

injection PWM scheme is used in a three-phase VSI, which results in an increase in the

fundamental output voltage to 0.575 Vdc, as discussed in Chapter 3. Third-harmonic voltages

do not appear in the output phase voltages and are restricted to the leg voltages. Following the
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same principle, 5th-harmonic injection PWM scheme is used to increase the modulation

index of a five-phase VSI [57].

The reference leg voltages or modulating signals are given as

V*
ao ¼ 0:5M1Vdccos vtð Þ þ 0:5M5Vdccos 5vtð Þ

V*
bo ¼ 0:5M1Vdccos vt� 2p=5ð Þ þ 0:5M5Vdccos 5vtð Þ

V*
co ¼ 0:5M1Vdccos vt� 4p=5ð Þ þ 0:5M5Vdccos 5vtð Þ

V*
do ¼ 0:5M1Vdccos vtþ 4p=5ð Þ þ 0:5M5Vdccos 5vtð Þ

V*
eo ¼ 0:5M1Vdccos vtþ 2p=5ð Þ þ 0:5M5Vdccos 5vtð Þ

ð7:46Þ

Here, M1 andM5 are the peaks of the fundamental and 5th harmonic, respectively. It is to be

noted that the 5th harmonic has no effect on the value of the reference waveform when
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vt ¼ 2k þ 1ð Þp=10, since cos 5 2k þ 1ð Þp=10ð Þ ¼ 0 for all odd k. ThusM5 is chosen to make

the peak magnitude of the reference of equation (7.46) occur where the 5th harmonic is zero.

This ensures the maximum possible value of the fundamental component. The reference

voltage reaches a maximum when

dV*
ao

dt
¼ �0:5M1Vdcsinvt� 0:5 � 5M5Vdcsin 5vt ¼ 0 ð7:47Þ

This yields:

M5 ¼ �M1

sin p=10ð Þ
5

; for vt ¼ p=10 ð7:48Þ

Figure 7.39 Output phase voltages from carrier-based PWM scheme
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Thus the maximum modulation index can be determined from

V*
ao



 

 ¼ 0:5M1Vdccos vtð Þ � 0:5
sin p=10ð Þ

5
M1Vdccos 3vtð Þ










 ¼ 0:5Vdc ð7:49Þ

The above equation gives

M1 ¼ 1

cos p=10ð Þ ; for vt ¼ p=10 ð7:50Þ

Thus the output fundamental voltage is increased to 5.15% higher than the value obtained

using simple carrier-based PWM by injecting 6.18% 5th harmonic into the fundamental

voltage. The output now reaches 0.5257Vdc. The 5th harmonic is in opposite phase to that of the

fundamental voltage. The effect of adding 5th harmonic in the sinusoidal reference is

illustrated with the help of Figure 7.41. When 5th harmonic¼ 0.0618� fundamental voltage

is injected into the sinusoidal reference, the modified signal’s peak reduces, and its shape

changes (Figure 7.41), providing more room for enhancing the reference and subsequently

increasing the output of the inverter.

7.3.3.4 MATLAB/Simulink Simulation of 5th Harmonic Injection PWM

The Simulink model for this PWM scheme is similar to the carrier-based PWM, except the

generation of the modulating signal. In the five-phase reference signals, a 5th harmonic of

0.0618 p.u. is subtracted forming the resultant modulating or reference signal. The modified

modulating signals are then compared with the high frequency carrier signal to generate the

gating pulses, which are then given to the inverter model. The complete Simulink model is

given in Figure 7.42. For the same simulation conditions as that of carrier-based PWM, the
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output PWMvoltagewaveforms look similar to those in Figure 7.39 and so are not shown here.

The filtered inverter output voltages and the spectrum of phase ‘a’ are presented in Figure 7.43

for the reference of 1.0515 p.u. The output voltage now increases to 0.5257 Vdc without going

into pulse dropping mode.

7.3.3.5 Offset Addition Based Pulse Width Modulation Scheme

Another way of increasing the modulation indices is to add an offset voltage to the references.

The offset voltage addition is effectively adding 3n (n¼ 1, 2, . . .) harmonic in a three-phase
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case and 5n (n¼ 1, 2, . . .) in a five-phase case. This will effectively perform the same function

as above. The offset voltage is given as

Voffest ¼ �Vmax þ Vmin

2
ð7:51Þ

where vmax ¼ max va; vb; vc; vd ; veð Þ and vmin ¼ min va; vb; vc; vd ; veð Þ. Note that this is the same

as for a three-phase inverter. In a five-phase VSI, the offset is found as the 5th-harmonic

triangular wave of magnitude 9.55% of the fundamental input reference. This peak value has

been established by simulations approach. Offset addition requires only addition operation and

hence is suitable for practical implementation.

A generalized formula of offset voltage, which is to be injected along with the fundamental

voltage in the case of five-phase VSI, is [58]

Vno ¼ �0:5528 Vmax � Vminð Þ þ 3=5 1� 2mð ÞVDC=2� 3=5 1� 2mð Þ Vmax � Vminð Þ ð7:52Þ

whereVmax is themaximum of the five-phase references; Vmin is theminimum of the five-phase

references; and m is the factor that decides the placement of the two zero vector states. If it is

0.5, then the two zero states are placed equally and this corresponds to symmetrical zero vector

placement and conventional SVPWM. Themodulating signal with and without offset addition

and offset signals are shown in Figure 7.44. The reduction in the modifiedmodulating signal is

evident. Themodulating signal can now be increased further to a yield higher output voltage by

the inverter.

The Simulink model is shown in Figure 7.45. The simulation results are not shown for the

offset addition method, as the nature remains the same as that of the 5th-harmonic injection

method, except for improved switching harmonics.
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7.3.3.6 Space Vector Pulse Width Modulation Scheme

SVPWM has become one of the most popular PWM techniques, because of its easier digital

implementation and better DC bus utilization, when compared to the carrier-based sinusoidal

PWMmethod. The principle of SVPWMlies in the switching of the inverter in a special way, so

as to apply a set of space vectors for a specific time. As seen in the previous section, a five-phase

VSI yields 32 spacevectors spanning over 360 degrees, forming a decagonwith 10 sectors of 36

degrees each. The reference voltage is synthesized by switching between the neighboring

vectors, such that the volt-second balance ismaintained. As seen in Chapter 3, two neighboring

active vectors are employed to implement SVPWM, thus as an extension in a five-phase VSI,

also two neighboring active space vector can be used. However, the next section shows that

simple extension of SVPWM leads to distortion in the output voltage. Hence, it is realized that

instead of two, four neighboring vectors when used to implement SVPWM will lead to

sinusoidal output voltages.As a rule of thumb, n � 1 (n phase number) numbers of active space

vectors are needed to generate sinusoidal output in multi-phase voltage source inverters.

Thus there exists more than one method of implementing SVPWM in a multi-phase voltage

source inverter. Nevertheless, an ideal SVPWMof a five-phase inverter should satisfy a number

of requirements. First, in order to keep the switching frequency constant, each switch can

change state only twice in the switching-period (once ‘ON’ to ‘OFF’ and once ‘OFF’ to ‘ON’,

or vice-versa). Second, the rms value of the fundamental phase voltage of the outputmust equal

the rms of the reference space vector. Third, the scheme must provide full utilization of the

available DC bus voltage. Finally, since the inverter is aimed at supplying the load with

sinusoidal voltages, the low-order harmonic content needs to be minimized (this especially

applies to the 3rd and 7th harmonics). These criteria are used in assessing the merits and

demerits of various SVPWMs. Two methods are elaborated here, one with two active space

vectors and one with four active vectors.
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In one case, two neighboring active space vectors and two zero space vectors are used in one

switching period to synthesise the input reference voltage. There are five legs in a five-phase

inverter, each with two power switches whose operations are complimentary. In one switching

period, eachpower switchwill change its state twice (from ‘OFF’ to ‘ON’and then from ‘ON’ to

‘OFF’), hence in total, ten switchings take place in one switchingperiod. The switchingpatterns

are pre-formulated and stored in a look-up table. The switching is done in such away that in the

first switching half-period, the first zero vector is applied, followed by two active state vectors

and thenby the second zero statevector.The second switchinghalf-period is themirror imageof

thefirst.ThesymmetricalSVPWMisachievedin thisway.Thismethod is thesimplest extension

of space vectormodulation of three-phaseVSIs. The time of application of each active and zero

space vector are obtained using the simple trigonometric relation considered in Figure 7.46.

Assuming the time of application of the right-hand side vector as ta and the time of

application of the left-hand sidevector as tb, and the time of application of zero spacevector is to
where the total switching period is ts. From Figure 7.46, the following relation holds good:

v*s ts ¼ vata þ vbtb ð7:53Þ

In Cartesian form, this equation can be written as

v*s


 

 cos að Þ þ j sin að Þð Þts ¼ va



 

 cos 0ð Þ þ j sin 0ð Þð Þta þ vb


 

 cos

p

5

� 	
þ j sin

p

5

� 	� 	
tb

ð7:54Þ
Now equating the real and imaginary parts, the following relations are obtained:

ta ¼
v*s


 

sin kp=5� að Þ

vl


 

sin p=5ð Þ ts ð7:55aÞ

tb ¼
v*s


 

sin a� k � 1ð Þp=5ð Þ

vl


 

sin p=5ð Þ ts ð7:55bÞ

to ¼ ts � ta � tb ð7:55cÞ

α
/ 5π

*

Img.

Realta
ts

vb

vs

vava

ta
ts

vb

Figure 7.46 Principle of SVPWM for a five-phase VSI
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Here k is the sector number (k¼ 1 � 10), and large vector length is val


 

 ¼ vbl



 

 ¼
vl


 

 ¼ 2

5
VDC 2cos p=5ð Þ. The corresponding medium vector length, which will be needed in

the subsequent expression, is vam


 

 ¼ vbm



 

 ¼ Vm ¼ 2=5ð ÞVDC. Symbol v*s denotes the

reference space vector, while xj j is the modulus of a complex number x. The largest possible

fundamental peak voltage magnitude that may be achieved using this scheme corresponds to

the radius of the largest circle that can be inscribed within the decagon. The circle is tangential

to the mid-point of the lines connecting the ends of the active space vectors, as shown in

Figure 7.47. The trajectory of the output will follow the outermost circle if operating in the

over-modulation region (not discussed here), and the trajectory will follow the inner circle

when operating in maximum linear modulation. The trajectory will be along the decagon for

the ten-step operation of the inverter. Thus themaximum fundamental peak output voltageVmax

is Vmax ¼ vl


 

cos p=10ð Þ, and Vmax ¼ 2=5ð Þ2cos p=5ð Þcos p=10ð ÞVDC ¼ 0:61554VDC. The

maximum peak fundamental output in the ten-step mode is, from equation (7.29), given with

Vmax;10step ¼ 2
pVDC. Thus the ratio of the maximum possible fundamental output voltage with

SVPWM and in the ten-step mode is Vmax=Vmax;10step ¼ 0:96689
The sequence of vectors applied in sectors I and II and corresponding switching patterns are

shown in Figure 7.48,where states offive inverter legs takevalues of � 1/2 and 1/2 (referencing

to the mid-point of the DC supply is applied) and the five traces illustrate, from top to bottom,

legs A, B, C, D, and E, respectively. In odd sector numbers, the left-hand side (with respect to

the reference) vector is applied first, followed by the right-hand side vector; while in even

sectors, the right-hand side vector is applied first, followed by the left-hand side vector. For

implementation of this scheme, these switching patterns are stored in a look-up table.

The abovemethod leads to unwanted low-order harmonics in the output phasevoltages of the

inverter, as shown in the next section. The reason is the free flow of x-y components.

Application of two adjacent medium active space vectors, together with two large active

space vectors in each switching period, makes it possible tomaintain zero average values in the

second plane (x-y) and consequently providing sinusoidal output.When using two large length

2/π
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Figure 7.47 Maximum possible output in SVPWM for a five-phase VSI

340 High Performance Control of AC Drives with MATLAB/Simulink Models



and two medium length active vectors, their mapping in the x-y plane is such that they cancel

each other, as illustrated in Figure 7.49 for sector I and it follows for the rest of the sectors. Since

vector numbers 16 and 25 are opposite to each other, and so are 24 and 29, their lengths are

different (ratio of lengths of larger to smaller is 1.618). Thus if the time of application of the

smaller vector is increased in the same proportion, they will have equal volt-second and will

cancel each other, eliminating the x-y components and generating sinusoidal output.

Use of four active space vectors per switching period requires the calculation of four

application times, labeled here as tal ; tbl ; tam; tbm. The expressions used for calculation of dwell
times of various space vectors are [11]

v*s ts ¼ valtal þ vbltbl þ vamtam þ vbmtbm; ð7:56Þ

where

val


 

 ¼ vbl



 

 ¼ vl


 

 ¼ 2

5
VDC2cos p=5ð Þ ð7:57aÞ

to/4 ta/2tb/2 to/2 ta/2 tb/2 to/4
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Figure 7.48 Switching pattern for SVPWM using only two active vectors
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vam


 

 ¼ vbm



 

 ¼ vm


 

 ¼ Vm ¼ 2

5
VDC ð7:57bÞ

and

tal

tam
¼ tbl

tbm
¼ vl



 


vm


 

 ¼ t ¼ 1:618 ð7:57cÞ

Separating the real and imaginary parts of equation (7.56) and substituting equation (7.57a),

the following equations result:

tal ¼
v*s


 



Vm sin p=5ð Þ
t

1þ t2

� �
ts sin

p

5
k � a

� 	
ð7:58aÞ

tbl ¼
v*s


 



Vm sin p=5ð Þ
t

1þ t2

� �
ts sin a� k � 1ð Þp

5

� 	
ð7:58bÞ

tam ¼ v*s


 



Vm sin p=5ð Þ
1

1þ t2

� �
ts sin

p

5
k � a

� 	
ð7:58cÞ

tbm ¼ v*s


 



Vm sin p=5ð Þ
1

1þ t2

� �
ts sin a� k � 1ð Þp

5

� 	
ð7:58dÞ

t0 ¼ ts � tal � tbl � tam � tbm ð7:58eÞ

where ta ¼ tal þ tam; tb ¼ tbl þ tbm. This allocates 61.8% more dwell time to a large space

vector compared to a medium space vector, thus satisfying the constraints of producing zero

average voltage in the x-y plane. The constraint imposed on the time of application of each

vector is that they cannot be less than zero, and also the sum of time of application of active and

zero vectors cannot exceed the switching time. With these constraints, the maximum possible

output with this approach is 0.5257 VDC, which is almost 16% less than with the previous

method. The switching patterns for the two sectors are shown in Figure 7.50. The switching

pattern is a symmetrical PWMwith two commutations per each inverter leg. The space vectors

are applied in odd sectors using the sequence v31; val ; vbm; vam; vbl ; v32; vbl ; vam; vbm; val ; v31
� �

,

while the sequence is v31; vbl ; vam; vbm; val ; v32; val ; vbm; vam; vbl ; v31
� �

in even sectors.

7.3.3.7 MATLAB/Simulink Model of SVPWM

The SVPWM can be developed in MATLAB/Simulink by using different approaches. The

model presented here uses the Simulink and MATLAB function block. The MATLAB/

Simulink model is presented in Figure 7.51. The five-phase voltage reference is generated

using the ‘sine wave’ generator and then transformed into a-b and x-y components. The

reference space vector magnitude and angle is thus generated from the ‘reference voltage

generator’ block. Themagnitude is constant, while the angle changes from 0 to pi and then �pi

to 0 as a sawtooth waveform. The angle is held for one sample time, so as to keep its value
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constant during the calculation of times of application of vectors. Another repetitive signal

(time [0Ts], amplitude [0 Ts]) is used to comparewith the angle to determine the location of the

reference signal. The MATLAB function block contains the switching table and sector

determination algorithm (given in the soft copy). The MATLAB function block outputs the

switching functions and is given to the five-phase inverter model. The algorithm inside the

MATLAB function block can be changed to implement two-vector or four-vector SVPWM.

The inverter produces a space vector modulated voltagewaveform that can be given to the five-

phase load.

Simulation results are shown for two SVPWM techniques, using two active vectors

(Figure 7.52) and using four active vectors (Figure 7.53). The fundamental frequency is kept

at 50Hz, the switching frequency is chosen as 5 kHz, the output is set at maximum value

(0.6115 Vdc for two vectors case and 0.5257 Vdc for four vectors case), and the DC link voltage
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Vdc is set to 1 p.u. The output phase voltages are distorted if only two active vectors are

employed for SVPWM. The distortion appears due to the presence of the x-y plane vectors, as

evident from Figure 7.52b. The phase voltages are completely sinusoidal when using four

active vectors for the implementation of SVPWM. This is due to the fact that the x-y

components are completely eliminated.

7.4 Indirect Rotor Field Oriented Control of Five-Phase
Induction Motor

Field oriented control refers to the control technique in which an induction machine emulates

as a DC machine. The torque and flux producing currents are decoupled and controlled
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Figure 7.52 SVPWM simulation results for two active vectors: (a) phase voltages; (b) a-b and x-y axes
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independently, giving rise to fast dynamics of machine. This control technique is also called

vector control, since the stator current space vector is controlled in this method. The detail

description of field orientation and the vector control principle is discussed in Chapter 4. The

purpose here is to distinguish between the control of a three-phase and a five-phase machine.

Essentially, only two current components are required to produce torque in an induction

machine, regardless of the phase number. In general, the d-axis current control of the flux in the

machine is maintained constant for speed control in the base speed region and is reduced in

appropriate proportion in the field weakening region (speed above the nominal or rated value).

The q-axis current component controls the torque in the machine, since the d-axis current is

kept constant (see equation (7.17)).
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Since only two current components are needed for vector control, its principle remains the

same for a multi-phase (more than three) machine as that of a three-phase machine. The only

difference lies in the transformation of the current from two (a-b) to three (ia, ib, ic) in the case of
a three-phasemachine and two (a-b) to five (ia, ib, ic, id, ie) in a five-phasemachine, as illustrated

in Figure 7.54 for speed control in the base speed region. The commanded speed and the actual

speed (obtained from the speed sensor or speed observer in sensorless mode) are compared to

determine the speed error, which is processed in a PI controller to determine the commanded

torque. The output of the PI controller (commanded torque) is limited to rated torque or some-

times twice the rated torque (for fast acceleration). The commanded torque, when multiplied

by constant K1, gives the q-axis current component. This current component is multiplied by

constant K2 to obtain slip speed. The expression for constants K1 and K2 are given as

K1 ¼ 1

P

Lr

Lm

1

c*
r

¼ 1

P

Lr

L2m

1

i*ds
¼ 0:431 K2 ¼ v*

sl=i
*
qs ¼

Lm

Trc
*
r

¼ 1

Tri
*
ds

¼ 4:527 ð7:59Þ

Slip speed is integrated to obtain the position and then added to the rotor position, this gives

the rotor flux positionfr. The letter ‘P’ in Figure 7.54 represents the number of pole pairs of the

motor and u gives the mechanical rotor position. This is multiplied by the number of pole pairs

of machine to obtain electrical rotor position. The vector rotator block jfr transforms the

d-q-axis current to the stationary a-b-axis current, which is finally transformed into five-phase

currents. Thus generated are the reference five-phase currents, and are reconstructed by a

current controlled five-phase PWM voltage source inverter. The current control can be

performed using a simple hysteresis current controller or by using a ramp comparison current

controller. A block schematic of indirect rotor FOC of a five-phase induction motor is given

in Figure 7.55. In the block diagram, the torque reference is applied if the machine is in

torque controlled mode. In case of speed control mode the reference torque is generated from

the PI controller where the input is the speed error signal.

   PI 

   K2

1/s 

jφr

 e 

 2 

      5 

i *a
i *b
i *c
i *d
i *e

ids* = idsn

iqs*ω*

  s P
θ

φr

ω

ωsl*

K1

T*e

Figure 7.54 Vector controller of a five-phase machine

346 High Performance Control of AC Drives with MATLAB/Simulink Models



7.4.1 MATLAB/SimulinkModel of Field-Oriented Control of Five-Phase
Induction Machine

MATLAB/Simulink model of a five-phase induction machine in indirect field oriented

controlled mode for speed control in base speed region is shown in Figures 7.56 and 7.57.

The vector controller block takes speed reference, the rotor flux reference, and actual speed as

input; the rotor flux is kept constant in base speed region and is reduced in the field weakening

region. The block shows only the actual speed as input, but inside the block, reference speed and

reference rotor flux are provided. The vector controller generates the stator current references,

which are compared with the actual stator current in the comparator block. The current errors

thus generated are given to the hysteresis block that produces the gating signals for five-phase

voltage source inverter. The phase voltages produced by the inverter is transformed using

equation (7.10) (withus ¼ 0, since themotormodel is in the stationary reference frame) intoa-b
and x-y components and is given as the input to the five-phase induction motor model.

The resulting waveforms for the five-phase vector controlled drive system are shown in

Figure 7.58. Per-phase equivalent circuit parameters of the 50Hz, five-phase inductionmachine

are Rs ¼ 10W; Rr ¼ 6:3W; Lls ¼ Llr ¼ 0:04 H; Lm ¼ 0:42 H. Inertia and the number of pole

pairs are equal to 0:03 kgm2 and 2, respectively. Rated phase current, phase-to-neutral voltage,

and per-phase torque are 2.1 A, 220V, and 1.67 Nm, respectively. Rated (rms) rotor flux is

0.5683Wb. Parameters of the speed PI controller are obtained using standard tuning procedure.

Thehysteresisband is set to�2.5%of the ratedpeakphasecurrent (i.e.�0.07425A).The torque

limit is at all times equal to twice the ratedmotor torque (i.e. 16.67Nm). DC link voltage equals

Diode
Bridge

Rectifier

PWM 
Inverter

Induction 
Motor

Hysteresis current controller or 
ramp-comparison current controller

PI

Position
Sensor

θ

)exp( rjφ

*
qsi

*
siα

*
βsi

*
ai

*
bi

*
ci

*
di
*
ei

ai

bi

ci

di

ei

2

5

*
dsi

1K

2K

∫

rφ

*
eT

AC
supply

Figure 7.55 Block schematic of indirect rotor field oriented control of a five-phase induction machine
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587V (¼
ffip
2� 415V) and provides approximately 10% voltage reserve at rated frequency.

The constants K1 and K2 of the vector controller are 0.431 and 4.527, respectively. Rotor flux

reference (i.e. statord-axis current reference) is ramped from t¼ 0 to t¼ 0.01 s to twice the rated

value. In order to obtain a forced excitation, it is kept at twice the rated value from t¼ 0.01 to

t¼ 0.05 seconds. Next, it is reduced from twice the rated value to the rated value in a linear

fashion from t¼ 0.05 to t¼ 0.06 s and it is kept constant for the rest of the simulation period.

Speed command of 1200 rpm is applied at t¼ 0.3 s in a ramp-wise manner from t¼ 0.3 to

t¼ 0.35 s and is further kept unchanged. Operation takes place under no-load conditions

initially, followed by loading and then reversing. Reference and actual rotor flux, reference and

actual torque, speed and stator phase ‘a’ reference, and actual current are shown in Figure 7.57.

After the initial transient rotor flux settles to the reference value, it does not change any more,

showing decoupled torque and flux control (vector control). Acceleration takes place with the

maximum allowed value of themotor torque. Themotor phase current tracks the referencewell

and consequently, torque response closely follows torque reference. Application of the load

torque at t¼ 1 s causes an inevitable dip in speed, of the order of 30 rpm in this case. Motor

torque quickly follows the torque reference and enables rapid compensation of the speed dip

(<100ms).Themotor torque settles at thevalue equal to the load torque after around100msand

the motor current becomes rated at the end of the transient. Reverse speed command is given at

t¼ 1.3 s and actual torque closely follows the reference, leading to the speed reversal, with

torque in the limit, in the shortest possible time interval (�350ms). Thus decoupled torque and

flux control is achieved in a five-phase induction motor drive system.

7.5 Field Oriented Control of Five-Phase Induction Motor with
Current Control in the Synchronous Reference Frame

The current control can be exercised either for phase current control (Section 7.4) or current

control in the synchronous reference frame. Current references are generated by the vector

speed
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controller for phase current control, while voltage references are generated when current

control in the synchronous reference frame is employed. Themathematicalmodel offive-phase

induction machine, obtained in the Section 7.2, is modified to incorporate the vector control

using current control in the synchronous reference frame as follows.

Under the condition of rotor flux orientation, the stator flux is given by (the x-y component is

not considered as it is supposed to be zero for the sinusoidal supply condition)

cds ¼
Lm

Lr
cr þ sLsids

cqs ¼
Lm

Lr
cr þ sLsiqs

ð7:60Þ

where s ¼ 1� L2m
LsLr

is the total leakage coefficient. Substituting equation (7.60) into the stator

voltage equation (7.14) yields
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Figure 7.58 Indirect rotor field oriented control of five-phase induction motor: (a) rotor flux; (b) speed

and torque; (c) stator phase ‘a’ current
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vds ¼ Rsids þ sLs
dids

dt
þ Lm

Lr

dcr

dt
� vrsLsiqs

vqs ¼ Rsiqs þ sLs
diqs

dt
þ Lm

Lr

dcr

dt
� vrsLsids

ð7:61Þ

ids þ sLs
Rs

dids

dt
¼ 1

Rs

vds � Lm

LrRs

dcr

dt
þ vrsLs

Rs

iqs

ids þ sLs
Rs

diqs

dt
¼ 1

Rs

vqs þ Lm

LrRs

dcr

dt
þ vrsLs

Rs

ids

ð7:62Þ

As seen from equation (7.62), the two stator current components are not decoupled. Hence

decoupling circuit needs to be introduced for true decoupled d- and q-axis currents. If the output

variables of current controllers are defined as

v1ds ¼ Rs ids þ sLs
Rs

dids

dt

0
@

1
A

v1qs ¼ Rs iqs þ sLs
Rs

diqs

dt

0
@

1
A

ð7:63Þ

then the required reference values of axis voltages v*ds and v*qs are

v*ds ¼ v1ds þ ed
v*qs ¼ v1qs þ eq

ð7:64Þ

where auxiliary variables are defined as

ed ¼ Rs

Lm

LrRs

dcr

dt
� vr

sLs
Rs

iqs

0
@

1
A

eq ¼ Rs

Lm

LrRs

dcr

dt
þ vr

sLs
Rs

ids

0
@

1
A

ð7:65Þ

Equation (7.65) describes the decoupling circuit which is used in conjunction with the

voltage fed rotor flux oriented controlled five-phase induction motor drive. Usually the

derivative of the rotor flux term is neglected for simplicitywithout compromising the dynamics

of the machine. The structure of the vector controller is shown in Figure 7.59.

The constant in Figure 7.59a is given as v*
sl ¼ K1i

*
qsYK1 ¼ v*

sl=i
*
qs ¼ Lm

Trc
*
r

¼ 1
Tri

*
ds

. Since the

speed control in the base speed region is considered, the d-axis current is held constant equal to

the rated value. The reference q-axis current is generated using the PI controller, which
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processes the speed error. The d-axis current error and q-axis current error are further processed

in the PI controller and the auxiliary variables are subtracted from the outputs to generate the

required reference voltages in the rotational reference frame. These voltages are then

transformed to the stationary reference frame and then transformed into five-phase voltage

references. These five-phase voltage references are given to the PWM block. This block then

generates the appropriate switching signals for the PWM voltage source inverter. The inverter

finally produces the required voltages that are impressed at the stator of the five-phase induction

machine. The PWM that can be used for generating the voltages can be carrier-based sinusoidal

method or space vector method.

The simulation result for the indirect rotor FOC with current control in the synchronously

rotating reference frame is given in [59]. It is evident from the results shown in [59] that the x-y

components of the stator current are still present, despite the use of the PWM method, which

claims to completely eliminate the x-y component. The presence of x-y components of current

is the consequence of the dead time in the switching signals of the IGBTs of the inverter. To

eliminate completely the x-y components of the current and consequently the distortion in the

stator current, two additional current controllers need to be added in the vector controller of

Figure 7.59, resulting in the modified vector control scheme, as shown in Figure 7.60. In the

modified current control scheme, two extra pairs of current controllers are introduced that

operate in the same reference frame as for the d-q components and have the same gains.

The reference currents for x-y are set to zero. The d-q current parameters are the same as in the

previous case (Figure 7.59) and the rotor flux position calculation also remains the same. The

simulation result of the modified current control scheme is also depicted in [59]. The current

waveform now shows complete elimination of the x-y components of current and the distortion

in the stator current is minimized.

7.6 Model Predictive Control (MPC)

In the last 20 years, model predictive control (MPC) has achieved a significant level of

acceptability and success in practical process control applications, and has beenmainly applied

in power plants andpetroleum refineries.With the development of themodernmicro-controller,
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digital signal processors, and field programmable gate Arrays, MPC applications have been

found in a variety of areas including chemicals, food processing, automotive and aerospace

applications, and power electronics and drives [60–65].

MPC algorithms use an explicit process model to predict the future response of a process or

plant.A cost function represents the desired behavior of the system.Anoptimization problem is

formulated, where a sequence of future actuations is obtained byminimizing the cost function.

The first element of the sequence is applied and all calculations are repeated for every sample

period. The process model therefore plays a decisive role in the controller. The chosen model

must be able to capture the process dynamics to precisely predict future outputs and be simple

to implement and understand. Linear models have been widely used, as they can be easily

obtained by system identification technique, or by linearization of first-principles non-linear

models. The cost function, in consequence, is quadratic and the constraints are in the form of

linear inequalities. For such quadratic programming (QP) problem, active set methods (AS),

and interior point methods (IP) can provide the best performance. This formulation of linear

MPC (LMPC) has been implemented successfully in several commercial predictive control

products, such as Aspentech’s DMC Plus, Honeywell’s RMPCT, Adersa’s PFC and HIECON,

and ABB’s 3DMPC. However, if the plant exhibits severe non-linearities, the usefulness of

predictive control based on a linearmodel is limited, particularly if it is used to transfer the plant

from one operating point to another [66]. Adopting a non-linear model in anMPC scheme is an

obvious solution to improve the control performance. In fact, predictive controlwith non-linear

internal models (NLMPC) has been one of the most relevant and challenging problems.

Because the optimization problem to find control action has become non-linear, the convexity

of the optimization problem in LMPC has been lost, which makes the online application

extremely difficult. However, in order to obtain accurate predictions of process behavior, the

application of NLMPC has been increasing by using powerful micro-controller and efficient

optimization algorithms [67–69].
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MPC is an attractive control methodology to modern industry, because it has the ability to

handle both input and output constraints explicitly, which allows plant operation closer to

constraints. If the controlled processes operate at output constraints, the most profitable

operation can be obtained. In addition, input constraints in MPC take account of actuator

limitations, which means safe operations on plant have been considered at the same time as its

most profitable condition [66]. In addition, MPC handles multi-variable control problems

naturally, whichmakes it easilymeet the requirement of integrated control of complex plants in

profit maximization. By monitoring the future behavior of many output variables, MPC can

keep a process operating both economically and safely [70].

However, a widely recognized shortcoming of MPC is that it can usually only be used in

applications with slow dynamics, where the sample time is measured in seconds or minutes.

Hence, the development of a fast MPC to broaden its application in industry has been an active

research field. Onewell-known technique for implementing a fastMPC is to compute the entire

control law offline, in which case the online controller can be implemented as a look-up

table [71,72]. Thismethodworkswell for systemswith small state and input dimensions (i.e. no

more than five), few constraints, and short time horizons. On the other hand, optimization

algorithms, such QP re-formulations, warm-starting, and early termination in IP, have been

investigated to speed up the computation of control action in MPC, and high-quality controls

using these improved algorithms have been obtained [66,72].

7.6.1 MPC Applied to a Five-Phase Two-Level VSI

Since the power electronic converters have finite switching states, MPC can be effectively used

in such converter systems for their current and power control, called ‘finite state MPC.’ This

section elaborates on finite state MPC for a five-phase voltage source inverter for their current

control [76,77].

The basic block schematic of the proposed strategy is illustrated in Figure 7.61. The discrete

loadmodel, called the ‘PredictiveModel,’ is used to pre-calculate the behavior of the current in

the next sampling interval. The pre-calculated current sample is then fed to the optimizer along

with the reference current (obtained from the external loop). The optimizer calculates the cost

function for all the possible switching combinations of the inverter. Thus, it generates the

optimal switching state corresponding to the global minimum cost function in each sampling

interval and passes it on to the gate drive of the inverter. This is how the optimal solution is

obtained. This concept is entirely different from the conventional PWM techniques, where the

symmetrical switching patterns are generated and ensures that each leg changes the state at
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Figure 7.61 Model predictive current controller for five-phase drive
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least twice in the same switching interval, keeping constant the switching frequency spectrum.

In contrast to the MPC, the two switchings of each leg are not guaranteed and hence the

switching frequency is variable. However, this method is powerful owing to the fact that the

concept is simple and intuitive. The controller can incorporatemany desired features by simply

modifying the cost function.

Owing to the fact that a five-phase inverter generates a large number of space vectors (30

active and 2 zero), many possible solutions can exist to implement MPC, as discussed in the

latter section. Nevertheless in this section, few solutions are elaborated on and there still

remains many more to explore.

The choice of the cost function is the most important aspect of the MPC. A judicious choice

leads to the optimal solution of the control objective. Thus the cost function should include all

the parameters to be optimized within the imposed constraints. In the current control, the most

important variable is the current tracking error. Thus the most simple and straightforward

choice is the absolute value of the current error. The other choices could be the square of the

current error, integral of the current error, or the rate of change of error, etc. Specifically, in a

five-phase drive system, there exist two orthogonal sub-spaces, namely a-b and x-y. Thus, in

the case of a five-phase drive system, the current errors in both planes have to be considered for

devising a cost function. In general, for the square of current error, the cost function is given as

ĝab ¼ i*a kð Þ � îa k þ 1ð Þ

 

þ i*b kð Þ � ib k þ 1ð Þ



 




ĝxy ¼ i*x kð Þ � îx k þ 1ð Þ

 

þ i*y kð Þ � îy k þ 1ð Þ



 


 ð7:66Þ

The final cost function can be expressed as

Jabxy ¼ ĝabk2 þ g ĝxyk2
���� ð7:67Þ

where :kk denote modulus and g is a tuning parameter that offer degrees of freedom to put

emphasis on a-b or x-y sub-spaces. Comparative studies are made to emphasize the effect of

the choice of the tuning parameter on the performance of the controller.

The load is assumed as a five-phaseRLE (resistance, inductance, and back emf). The discrete

time model of the load suitable for current prediction is obtained from [63]

î k þ 1ð Þ ¼ Ts

L
v kð Þ � ê kð Þð Þ þ i kð Þ 1� RTs

L

� �
ð7:68Þ

where R and L are the resistance and inductance of the load; Ts is the sampling interval; i is the

load current spacevector; v is the inverter voltage spacevector used as a decisionvariable; and ê

is the estimated back emf obtained from [63]

i ¼ ia ib ic id ie½ �t; v ¼ va vb vc vd ve½ �t ð7:69Þ

ê kð Þ ¼ v kð Þ þ L

Ts
i k � 1ð Þ � i kð Þ Rþ L

Ts

� �
ð7:70Þ
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where ê kð Þ is the estimated value of e kð Þ. However, for simulation purposes, the amplitude and

frequency of back emf are assumed as constant.

7.6.2 MATLAB/Simulink of MPC for Five-Phase VSI

TheMATLAB/Simulink model for current control of a five-phase VSI fed five-phase R-L load

using finite set MPC is shown in Figure 7.62. The five-phase reference current is given as the

commanded value and the actual five-phase current through the five-phaseR-L load is recorded

and compared.

Simulation results are presented first using the outer large vector set from Figure 7.34 and a

zero vector, thus in total 11 vectors are used, and the cost function is such that it minimizes

current tracking errors only in the a-b plane. This is followed by using cost function, which

takes into account the current tracking error minimization in both the a-b and x-y planes. The

sampling time Ts is kept equal to 50msec. The fundamental frequency of the sinusoidal

reference current is chosen as 50Hz. The other parameters are R¼ 10 W, L¼ 10mH, and

Vdc¼ 200V.The five-phase reference current amplitude is at first kept at 4A, then stepped up to

8A in the first quarter of the second fundamental cycle. The optimization algorithm is

implemented using the ‘s’ function of MATLAB.

7.6.3 Using Eleven Vectors with g ¼ 0

The resulting waveforms for using only ten outer large space vectors and one zero vector are

shown in Figure 7.63. The current tracking error is forced to become zero only in the a-b
plane. It is evident from Figure 7.63 that the a-b components of the current are sinusoidal,

while there are extra x-y components produced because of the vector of the x-y plane, which

are firmly tied to the vectors of the a-b plane. Moreover, the optimizer does not take into
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account the tracking error in the second plane. The loci of the current in the two different

planes are illustrated in Figure 7.63. The a-b plane shows circular trajectory, while the x-y

plane is irregular but close to the circle. To further explore the performance of the controller

current and inverter voltage spectrum, they are depicted in Figure 7.63f. The THD is
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calculated up to 500 harmonics for both voltage and current waveforms. The current

waveform shows a THD of 19.67% and the highest lower-order harmonic is third equal

to 19.55% of the fundamental (7.9 A). The voltage spectrum offers a THD of 42.36% and

the highest lower-order harmonic is one-third with their magnitude equal to 25.82% of the

fundamental (82.7V). The switching harmonics are distributed and the average could be

estimated around 7–8 kHz.
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7.6.4 Using Eleven Vectors with g ¼ 1

The simulation results are further shown to eliminate the x-y components of the currents, as they

are undesirblae for distributed winding AC machine drives (causing extra losses). The cost

function thus includes the x-y current tracking error, and the resulting waforms are shown in

Figure 7.64. The results obtained shows effective elimination of the x-y components, leading to

sinuosoidal output voltages and currents. Hence, by using only 11 large outer space vector sets,

sinusoidal output voltages and currents are obtained that were not possible with the SVPWM

technique.

7.7 Summary

This chapter discussed the structure of a five-phase drive system and its control properties and

elaborated the advantages and limitations of a five-phase induction motor drive system and

identified its potential application areas. Modeling of a five-phase voltage source inverter was

illustrated for step mode of operation and PWMmode of operation. FFTanalysis was given for

the step mode of operation of five-phase VSI. Experimental results were also given for step-

mode of operation of the five-phase voltage source inverter. This was followed by the phase

variable model of a five-phase induction machine. The model was then transformed into two

orthogonal planes, namely d-q and x-y and the torque equationwas obtained. Thevector control

principle was then presented for the five-phase induction motor drive system. The difference

between the vector control principle applied to a three-phase system and a five-phase system

was highlighted. The theoretical background was supported by the simulation model using

MATLAB/Simulink software. The modern control technique such asModel predictive control

is discussed with reference to the application for current control of a five-phase voltage

source inverter.

Problems

D 7.1: Calculate the rms voltage of the output phase voltage and adjacent line and non-

adjacent line voltage for ten-step mode of operation of a five-phase voltage source

inverter operating at 100Hz fundamental frequency in terms of dc link voltage Vdc.

D 7.2: A Five-phase voltage source inverter is supplying a five-phase load and operating in

ten-stepmode of operation. The fundamental output frequency is assumed to be 25Hz.

Calculate the conduction period of each power switch of the inverter.

D 7.3: A five-phase induction machine is supplied from a five-phase voltage source

inverter. The five-phase VSI is controlled using space vector PWM technique and

sinusoidal supply is to be supplied to the motor. The inverter switching frequency is

5 kHz and the DC bus voltage at the inverter input is 300V. The inverter output

frequency is 50Hz. The reference phase voltage rms is 100V. Identify the space

vectors that will be applied and their time of application for the time instants: 1ms,

5ms, and 10.5ms.

D 7.4: A five-phase induction machine is supplied from a five-phase voltage source inverter

and controlled in squarewavemodewith conduction angle as 144�. The dc link voltage
is assumed as 1 p.u.,
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(a) Write down the switching state and corresponding leg voltage values and leg voltage

space vectors in the stationary reference frame.

(b) Calculate the phase-to-neutral voltages and determine the corresponding space vectors

in both d-q and x-y planes.

(c) Determine the possible line-to-line voltages and corresponding space vectors in d-q and

x-y planes.

D 7.5: Determine the effect of dead time on the output phase-to-neutral voltage of a five-phase

voltage source inverter operating in ten-stepmode. Consider the dead time of 20ms and
50ms. (Hint: Develop the simulink model to solve this problem)

Solution: (file name: vsi_ten_step_20_micro_delay.mdl)

D 7.6: A Five-phase inductionmachine rated at 200V (adjacent line voltage) is supplied from

a Five-phase PWMvoltage source inverter operating at 5 kHz switching frequency and

employing simple carrier-based sinusoidal PWM scheme. The motor is assumed to be

operating with v/f = constant control law and the rated voltage is applied at 50Hz. To

enhance the output of the inverter, 5th harmonic injection PWM scheme is adopted.

Determine the amplitude and frequency of the 5th harmonic components to be injected

for motor operation at 50Hz, 25Hz, and 10Hz.

D 7.7: A Five-phase induction machine is supplied from a Five-phase voltage source inverter

and the inverter is modulated using space vector PWM with sinusoidal output. The

operation of the five-phase motor is assumed in v/f = constant mode. The inverter

switching frequency is 2 kHz and the DC bus voltage at the inverter input is 600V.

(a) Determine the maximum value of the inverter output phase to neutral fundamental rms

voltage for this PWM mode. This is treated as the rated motor’s voltage and the rated

frequency of the motor is assumed as 60Hz.

(b) Find the set of the space vectors that will be applied and the time of their applications for

the output frequency of 25Hz, for the time instants of: 1.5ms, 4ms and 8ms

(c) The five-phase induction motor is now supplied from 120Hz. Calculate the new

reference space vector and determine which of the space vectors will be applied and

for how long, for the time instants of 2ms, 10ms, 15ms.

D 7.8: Develop a complete MATLAB/Simulink model of a 4-pole, 220V rms, phase, Five-

phase induction motor drive system for open-loop v/f = constant control mode. The

Five-phase voltage source inverter may be simulated using IGBT model from

‘simpower system’ block sets. The inverter dead time may be given as 50msec
and the switching frequency of the inverter is assumed as 5 kHz. The same model

should be implemented in real time with TMS320F2812 DSP and the voltage signal

to the DSP, corresponding to rated speed is 3.3 V. The speed reference should be

given as voltage signal to the control block. Per-phase equivalent circuit parameters

of the 50Hz, Five-phase induction machine, are Rs ¼ 10W; Rr ¼ 6:3W;
Lls ¼ Llr ¼ 0:04H; Lm ¼ 0:42 H. Inertia and the number of pole pairs are equal

to 0:03 kgm2 and 2, respectively. Rated phase current, phase-to-neutral voltage and

per-phase torque are 2.1 A, 220V and 1.67Nm, respectively.

D 7.9: Determine the voltages in the a-b and x-y plane for the following phase voltages in

the stationary reference frame. Use the transformation matrix (assume star connected

load and a= 72�). You can useMATLAB/Simulink simulation and plot the voltages in

the two orthogonal planes. (Assume V3= 0.5V1 and V5= 0.25V1)
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8

Sensorless Speed Control
of AC Machines

8.1 Preliminary Remarks

Sensorless speed control of induction machine (IM) drives has, in the past decade, become a

mature technology for a wide speed range [1–3].

The elimination of the rotor speed sensor, without affecting performance, is a major trend in

advanced drives control systems [1]. The advantages of speed sensorless AC drives are reduced

hardware complexity, lower costs, elimination of the sensor cable, better noise immunity,

increased reliability, access to both sides of the shaft, less maintenance requirements, and

higher robustness. An encoder is expensive and a problematic factor. The special motor shaft

extension increases the drive’s price. The use of encoders affects the reliability, particularly in

hostile environments. In general, the operation in explosive, corrosive, or chemically aggres-

sive environments requires a motor without a speed sensor.

A variety of different solutions for sensorless AC drives have been proposed, mostly in the

past two decades. Their advantages and limits are reviewed in many survey papers [1–60].

Many methods are generally accepted as better solutions for high sensorless performance,

for example, model reference adaptive system (MRAS), Kalman Filters, adaptive non-linear

flux observer, sliding mode observers, and other improvements [7–14].

8.2 Sensorless Control of Induction Motor

Two basic approaches are used for sensorless control. The first includesmethods thatmodel the

inductionmotor by its state equations [1]. A sinusoidal magnetic field in the air gap is assumed.
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The models are either implemented as open-loop structures, like the stator model [1,11], or as

closed-loop models, like adaptive observers [5,17]. The adaptive flux observers are now

receiving considerable attention and many achieving new solutions because of their high

precision and relative robustness against machine parameter deviation [1,10].

Open loop models and even adaptive observers have stability limits at very low stator

frequencies. The rotor induced voltage at such operating points is then zero or close to zero,

which renders the induction motor an unobservable system.

The basic limitation for sensorless operation is theDCoffset components in the stator current

and voltage acquisition channels at very low speeds [1]. At lower speeds, voltage distortions

caused by the PWM inverter become significant.

The second approach used for low speed sensorless operation is the signal injection

technique [1]. Carrier injection methods for sensorless control are sophisticated and the

design must match the properties of the motor [1,4,18,41]. This makes the method unfeasible

for practical application, so will not be discussed in this book.

Eliminating the speed sensor from the drive system requires estimation of the state variables,

for example, motor speed and machine flux using stator variables. In this chapter we will

discuss a few simple solutions for sensorless AC motor drives.

8.2.1 Speed Estimation using Open Loop Model and Slip Computation

The rotor speed in the vector control scheme can be computed from a difference between the

synchronous speed and the slip speed, using the following known equation:

v̂ ¼ csacsbðkÞ � csbcsa

c2
s

� v̂2r ð8:1Þ

where

vsi ¼
Rrðcsaisb � csbisaÞ

c2
s

ð8:2Þ

The stator flux components (or rotor flux in the rotor flux oriented system) can be computed

using open loop models, as explained in earlier chapters, or by using closed loop observer

systems. These observers can be used for speed computation in addition to the flux components,

as will be discussed in the following sections.

8.2.2 Closed Loop Observers

The accuracy of the open loop models decreases as the mechanical speed decreases [1]. The

performance depends on how themachine parameters can be identified. Those parameters have

the largest influence on system operation at lower speeds. The robustness against parameter

deviation can be significantly improved by using closed loop observers.
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8.2.2.1 Observer 1

TheObserver 1 is based on the voltagecs,cr model of the inductionmotor,with combination of

the rotor and stator fluxes and stator current relationships [62]:

t0s
dcS

dt
þ cS ¼ krcr þ uS ð8:3Þ

To prevent problems of voltage drift and to offset errors, instead of pure integrators, low pass

filters are used. The limitation of the estimated stator flux is tuned to the stator flux nominal

value. In addition, the extra compensation part is added, as presented in [61].

Based on equations (8.9)–(8.11), the rotor Observer 1 equations are [62]

dĉsa

dt
¼ �ĉsa þ krĉra þ ûsa

t0s
� kab i1 � î1

� �
ð8:4Þ

ĉr ¼
1

kr
ĉs � sLsis
� � ð8:5Þ

where k is observer gain.

The estimated value of the is current appearing in equation (8.5) is

îs ¼ ĉs � krĉr

sLs
ð8:6Þ

The rotor flux Observer I structure is presented in Figure 8.1.

The rotor flux calculator receives the observed stator flux components and the measured

stator current components, both in the stationary a�b axis frame. These input signals require

high precision, which is achieved by using the correcting error signal in equation (2.4) derived

from the difference between the estimated and the measured stator current vectors. The stator

current calculator in equation (2.6) receives the estimated stator flux and rotor flux. Any

existing error may be further eliminated by providing the current error as a negative feedback

signal in the stator flux observer system. The stator current error signal is � îs

� �
in the negative

feedback of the flux observer is multiplied by a gain k to increase its robustness and its stability

behavior, as well as to help eliminate additional disturbances related to the DC drift and

computational and measurement errors.

Generally, the observer matrix gain k can be tuned experimentally and set at a constant real

value. The tuning should be done for a wide range of operating speeds and varying load

conditions. Finally, a behaviorally chosen optimum constant value of k should be selected. As

was shown in the results sections, in spite of that simple tuning process, the described observer

works properly, even for the low motor small voltage frequency supply.

The next calculation is of a rotor flux vector angle needed for transforming from the

stationary to the rotating frame, and vice versa for a vector controller. The flux position

Sensorless Speed Control of AC Machines 367



calculator receives stator flux components in the a-axis and b-axis stationary frame. The

derivative of this angle gives the rotor flux speed vcr.

Based on the estimated rotor flux components, the flux magnitude and angle position are

ĉr

�� �� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ĉ
2

ra þ ĉ
2

rb

q
ð8:7Þ

r̂cr arc tg
ĉrb

ĉra

ð8:8Þ

If the main goal of the drive controller is to control the torque, then the drive system does not

require a rotor speed signal. However, rotor velocity is required to perform closed-loop speed

control. In the proposed estimation method, the motor mechanical speed signal is obtained by

subtracting the slip from the rotor flux speed:

v̂r ¼ v̂cr � v̂2 ð8:9Þ

where the rotor flux pulsation is

v̂cr ¼
dr̂cr
dt

ð8:10Þ

and rotor slip pulsation is obtained from

v̂2 ¼
ĉra îsb � ĉrb îsa
� �

ĉr

�� ��2 ð8:11Þ

The rotor fluxmagnitude, position, andmechanical speed estimation structure is presented in

Figure 8.2.

Figure 8.1 Structure of the proposed flux Observer I system
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The Observer I system in equations (8.4)–(8.6) does not contain information on rotor speed,

therefore does not require computation or knowledge of its shaft position. Speed computation is

performed in a separate block, as shown in equations (8.9)–(8.11), which does not affect the

precisionoftheproposedobserver.Thiseliminatesanyadditionalerrorassociatedwithcomputing

or even measuring such signals, particularly at extremely low frequencies. It is robust in that it

does not require additional techniques for parameters tuning or DC drift elimination.

Simulink Model of Observer 1
The observer 1 for the estimation of stator and rotor fluxes is depicted by

dĉsx

dt
¼ 1

t0s
ð�ĉsx þ krĉrx þ usxÞ � kðisx � îsxÞ ð8:12Þ

dĉsy

dt
¼ 1

t0s
ð�ĉsy þ krĉry þ usyÞ � kðisy � îsyÞ ð8:13Þ

ĉrx ¼ ĉsx � sLsîsx
kr

ð8:14Þ

ĉry ¼
ĉsy � sLsîsy

kr
ð8:15Þ

The above equations are modeled in Figure 8.3.

Stator Currents
The stator current components can be computed from

îsx ¼ ĉsx � krĉrx

sLs
ð8:16Þ

∠Αngle

+
-

Slip

^

îs

Differentiation

ψr

ω̂ψr

ρ̂ψr

ω̂r

ω̂2

Figure 8.2 Speed estimation calculation structure
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îsy ¼
ĉsy � krĉry

sLs
ð8:17Þ

The above equations are modeled in Figure 8.4.

8.2.2.2 Observer 2

The second flux observer system (Figure 8.5) was recently described in [20]; however, it was

combined with an additional observer for speed computation. It is important to note that such a

solution, as in [20], did not give satisfactory performance at low speed ranges. The approach in

this paper is to compute the rotor speed, not from an additional speed observer, as in [20], but

using slip computation (equations 8.1 and 8.2). This approach of speed computation extended

the operating point of this observer significantly,more than that presented in [20]. In [20], it was

possible to operate the motor down to 3% of rated speed, while in this procedure all observers

Figure 8.3 The stator and rotor flux observer system (Observer 1)
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operated correctly, even around zero speed. Themathematical description of the third observer

is given as [20]

0t s

dĉs

dt
þ ĉs ¼ krĉr þ us ð8:18Þ

0t s

dĉ 0
s

dt
þ ĉ 0

s ¼ krĉ
0
r þ us ð8:19Þ

Figure 8.4 The observed stator currents
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+
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kr ψr
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Figure 8.5 Version 2 of observer system
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dĉ
00
s

dt
¼ us � Rsis � kDus ð8:20Þ

ĉr ¼
1

kr
ĉ

00
s � Lsis

� � ð8:21Þ

ĉ
00
s ¼ Lsis ð8:22Þ

ĉ 0
s ¼ ĉ 0

s � krĉr ð8:23Þ

Dcs ¼ ĉ
00
s � ĉ 0

s ð8:24Þ

Dus ¼ 1

ts
Dĉs ð8:25Þ

which is

Dus ¼ RsDis ð8:26Þ

Rotor speed and flux position are computed using the same procedure as earlier described

systems (equations 8.1–8.8):

The observers’ gains were selected experimentally and are shown in the following sections.

Although a constant gain was used in our verifications, it was possible to run the controller

around zero frequency with sufficient robustness against parameter variation. The influence of

the selected gain on the accuracy and dynamics of the observer will be presented in the

experimental section of this paper.

8.2.2.3 Observer 3

This kind of observer [68,69] is a speed observer and based on the Luenberger observer system

(Figure 8.6). The observer may be used for rotor flux and speed estimation. It has been

developed and discussed for almost 20 years. The differential equations of the speed observer

are [68,69]

d îsx

dt
¼ a1 îsx þ a2ĉrx þ a3vrĉry þ a4usx þ kiðisx � îsxÞ ð8:27Þ

d îsy

dt
¼ a1 îsy þ a2ĉry � a3vrĉrx þ a4usy þ kiðisy � îsyÞ ð8:28Þ

dĉrx

dt
¼ a5 îsx þ a6ĉrx � zy � k2ðv̂rĉry � zyÞ ð8:29Þ
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dĉry

dt
¼ a5 îsy þ a6ĉry þ zx þ k2ðv̂rĉrx � zxÞ ð8:30Þ

dzx
dt

¼ k1ðisy � îsyÞ ð8:31Þ

dzy
dt

¼ �k1ðisx � îsxÞ ð8:32Þ

v̂r ¼ S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2x þ z2y

ĉ
2

rx þ ĉ
2

ry

vuut þ k4ðV � Vf Þ
0
@

1
A ð8:33Þ

where ^ denotes estimated variables; k1; k2; k3 are the observer gains; and S is the sign of speed
(Figures 8.7 and 8.8). The values zx; zy are the components of disturbance vector; V is the

control signal obtained through experiments; and Vf is the filtered signal V. The observer

coefficients k1 to k4 have small values and are selected experimentally. The coefficients depend

on the operating point, for example, torque, speed, etc. The coefficient k2 depends on the rotor

speed:

k2 ¼ aþ b � jv̂rf j ð8:34Þ

where a and b are constants and v̂rf is the absolute value of the estimated and filtered

rotor speed.

Figure 8.6 Control of induction motor model with the speed observer system [Observer_three]
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The control signals are defined as

V ¼ ĉrxzy � ĉryzx ð8:35Þ

dVf

dt
¼ 1

T1
ðV1 � Vf Þ ð8:36Þ

This observer is appropriate for very low speed operations.

Figure 8.7 Observer 3 details

Figure 8.8 Variables estimation
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The observer is simulated in Simulink in [70]. The Simulink software file of control of the

induction motor model with the speed observer system is [Observer_three]. The motor

parameters are located in [PAR_AC], which should be first executed.

8.2.3 MRAS (Closed-loop) Speed Estimator

Although several schemes are available for sensorless operation of a vector controlled drive,

the MRAS is popular because of its simplicity [1,2,25–36]. The model reference approach

takes advantage of using two independent machine models for estimating the same state

variable [36–45,47,49]. The estimator that does not contain the speed to be computed is

considered a reference model. The other block, which contains the estimated variable, is

regarded as an adjustable model (Figure 8.9). The estimation error between the outputs of the

two computational blocks is used to generate a proper mechanism for adapting the speed.

The block diagram of the MRAS-based speed estimation is shown in Figure 8.9.

In this scheme, the outputs of the reference model and the adjustable model denoted in

Figure 8.9 by Yð1Þ
r and Yð2Þ

r are two estimates of the rotor flux vectors.

The difference between the two estimated vectors is used to feed a PI controller (could be the

only gain). The output of the controller is used to tune the adjustable model. The tuning signal

actuates the rotor speed, which makes the error signal zero. The adaptation mechanism of

MRAS is a simple gain, or in this example, a PI controller algorithm:

vest ¼ Kp«þ Ki

ð
«dt ð8:37Þ

where the input of the PI controller is

« ¼ c
ð1Þ
br c

ð2Þ
ar � cð1Þ

ar c
ð2Þ
br ð8:38Þ

and Kp and Ki are the parameters of the PI controller.

8.2.3.1 Simulink MRAS Model

The MRAS consists of two models, the reference one and the tuned one. Both models may be

formed using the following equations.

ε

Reference
Model

Error
calculation

PI
controller

Adjustable
Model

estω

si
ψr(1)

ψr(2)

Figure 8.9 Block diagram of MRAS
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By letting the reference frame speed va ¼ 0, the motor basic equations are

vs ¼ Rsis þ
dc

s

dt
ð8:39Þ

0 ¼ Rrir þ
dc

r

dt
� jvrcr

ð8:40Þ

The extraction of the stator flux vector and rotor current vector enables the computation of

the rotor flux vector using the following known equation:

dc
r

dt
¼ Lr

Lm
vs � Rsis � sLs

dis
dt

2
4

3
5

dc
r

dt
¼ � 1

Tr
þ jvr

2
4

3
5c

r
þ Lm

Tr
is

ð8:41Þ

The first equation (8.41) can be used to calculate the rotor flux vector on the basis of the

measured stator current and commanded voltage (or computed using PWM vectors). This first

equation is independent of rotor speed, therefore it may represent the reference model of

Figure 8.9. On the other hand, the second equation (8.41) requires stator currents only and is

dependent on the rotor speed. Therefore, this equation may represent the adjustable (adaptive)

model of Figure 8.9.

In matrix form those equations (models) appear as

p
car

cbr

" #
¼ Lr

Lm

vas

vbs

" #
� Rs þ sLspð Þ 0

0 Rs þ sLspð Þ

" #
ias

ibs

" #" #

p
car

cbr

" #
¼ �1=Tr �vr

vr �1=Tr

" #
car

cbr

" #
þ Lm

Tr

ias

ibs

" # ð8:42Þ

where s ¼ 1� ðL2m=LsLrÞ and p ¼ d

dt
Figure 8.10 describes the Simulink diagram of MRAS with both references (upper) and

adaptive (lower) models used for motor speed estimation. The currents (ia and ib) and voltages

(Va and Vb) are taken from motor terminals for the speed estimation.

Indeed, it is possible to use different models either as a reference or adaptive system. Below

is an additional example of the reference system in which Observer one is used as reference

model. This is robust and not sensitive tomotor parameters, which gives better results, even for

very low frequencies.

8.2.3.2 MRAS with Observer 1

In this section, a complete and detail description of an induction motor model with MRAS

and Observer one is explained. The induction motor model, induction motor controller,
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MRAS estimator, and the observer are illustrated in Figure 8.11. The Simulink software file

of vector control of IM model is [IM_VC_sensor_less_observer]. The motor parameters are

located in the file model properties within the initial function. Parameters should run

automatically.

Description of inductionmotorwith vector controller is given in an earlier chapter; therefore,

will not be repeated.

The Simulink block of the observer is shown in Figure 8.12. The sensorless flux observer is

used for the estimation of stator and rotor fluxes. The observer can also be used for other

variable estimations.

As shown in Figure 8.12, the adaptive system is connected with inputs (fluxes) obtained

from the sensorless observer, which is used as the reference model. The reference model is

used for adjusting the speed in an adaptive model. By this method a robust scheme is possible

to be designed, because the sensorless flux observer is insensitive to motor parameter

deviation.

Figure 8.10 Simulink diagram of the MRAS estimator (both reference and adaptive models)
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8.2.3.3 Simulation Results

Themotor parameter for simulation are stator and rotor resistances Rs¼Rr¼ 0.045 p.u., stator

and rotor inductances Ls¼L r¼ 1.927 p.u., motor mutual inductance Lm¼ 1.85 p.u., motor-

load moment of inertia J¼ 5.9 p.u., motor load torque, and mo¼ 0.7 p.u. The simulation result

for a square pulse demand in speed is shown in Figure 8.13. The simulation time is set at 10 s. A

step speed command of 0.9 p.u. magnitude is given at 0 s and then becomes zero at 5 s. A step

load torque command is applied at 2 s and thenmakes t zero at 6 s The rotor flux command is set

at 1 p.u.Thecorresponding simulation results of themotor speedvr, currents Idand Iq, rotorflux,

load torque, and applied voltage in the p.u. system are shown in Figure 8.13. Proper limiting of

the control variables is not provided. This should be taken into account for right control.

8.2.4 The Use of Power Measurements

The use of instantaneous reactive power and instantaneous active power provides a simpli-

fication of the speed estimation process [21,22].
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Reference [62] provides new definitions of instantaneous powers in three-phase (p and q)
circuits, based on the instantaneous voltages and currents. The power definitions are

p ¼ usxisx þ usyisy ð8:43Þ

q ¼ usyisx � usxisy ð8:44Þ

The used power P andQ for speed estimation are obtained after filtration (using a first-order

filter) of p and q calculated from the above equations.

Rotor angular speed may be determined by using combinations between power equations,

multiscalar variables, and the machine model (differential equations of stator current and rotor

flux vector components) [21,22].

For simplification, the left-hand side of the machine model is equal to zero in steady state.

Accordingly, the rotor speed can be computed in different ways [21,22]:

vr ¼ a1I
2
s þ a2z3 þ a4P

a3z2
ð8:45Þ

or

vr ¼ �a2z2 � vsiI
2
s þ a4Q

I2s þ a3z3
ð8:46Þ

where

z2 ¼ crxisy � cryisx ð8:47Þ

z3 ¼ crxisx þ cryisy ð8:48Þ

8.3 Sensorless Control of PMSM

The rotor speed and produced torque can be computed using the Luenbergera back emf

observer. Assuming that the dynamics of the mechanical system are much slower than the

dynamics of the electric variables, we may assume that the motor back emf does not change

during an observer sampling period, so that

dea

dt
¼ 0 ð8:49Þ

deb

dt
¼ 0 ð8:50Þ

The used Luenberger observer for the PMSM back emf in the stationary ab frame is

described as [63,64,67]
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d îa

dt
¼ 1

Ls
ua � Rs

Ls
îa þ 1

Ls
êa þ Kia ia � îa

� � ð8:51Þ

dîb

dt
¼ 1

Ls
ub � Rs

Ls
îb þ 1

Ls
êb þ Kib ib � îb

� � ð8:52Þ

dêa

dt
¼ Kea ia � îa

� � ð8:53Þ

dêb

dt
¼ Keb ib � îb

� � ð8:54Þ

where ^ is the estimated value; Ls is the stator inductance, assuming that Ls¼Ld; and Kia, Kib,

Kea, Keb, are observer gains (when using symetrical motor Kia¼Kib¼Ki, Kea¼Keb¼Ke).

The state variables in the observer are stator currents ia, ib; however, the back emf signals ea,

eb are disturbances that should be identified in the observer. The block showing such an

operation is illustrated in Figure 8.14.

The rotor angle can be computed from the following:

u ¼ �arc tg
êa

êb
ð8:55Þ

where

sin û ¼ � êa

êj j ð8:56Þ

cos û ¼ êb

êj j ð8:57Þ

êj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
êað Þ2 þ êb

� �2q
ð8:58Þ

Observer
system

uα

uβ

iα

iβ

êα

êβ

Figure 8.14 emf observer
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Rotor speed is identified by differentiating the rotor angle:

v̂r ¼ dû

dt
ð8:59Þ

v̂rj j ¼ êj j
ke

ð8:60Þ

In this example, the sign of the speed needs to be additionally identified, for example, by

verifying the sign of angle u derivative.

Motor electromagnetic torque can be computed by

t̂e ¼ îaêa þ îbêb

v̂r

ð8:61Þ

The schematic of the back emf observer system is shown in Figure 8.15 [67].

8.3.1 Control system of PMSM

The schematic of the sensorless drive system with PMSM is shown in Figure 8.16.

The machine torque is obtained by

t̂e ¼ cf îq þ Ld � Lq
� �

îd îq ð8:62Þ
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+ -

K

K

uα
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uβ
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isα
^

isβ
^

isα

isβ

ω r̂

^

te
^

θ

Figure 8.15 Schematic of the back emf observer system
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8.3.2 Adaptive Backstepping Observer

The machine model in the rotating d-q frame is [65,67]

ud ¼ Rsid þ dcsd

dt
� vcrcsq ð8:63Þ

uq ¼ Rsiq þ
dcsq

dt
þ vcrcsd ð8:64Þ

csd ¼ Ldid þ cf ð8:65Þ

csq ¼ Lqiq ð8:66Þ

It is possible to obtain [65,67]

dcsd

dt
¼ ud �Rsid þvcrcsq ¼ ud �Rs

csd �cf

Ld

� 	
þvcrcsq ¼�Rs

Ld
csd þvcrcsqþ

Rs

Ld
cf þud

ð8:67Þ
dcsq

dt
¼ uq�Rsiq�vcrcsd ¼ uq�Rs

csq

Lq
�vcrcsd ¼�Rs

Lq
csq�vcrcsd þuq ð8:68Þ

PI PI
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*
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Figure 8.16 Schematic of the sensorless drive system with PMSM
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id ¼csd

Ld
þcf

Ld
ð8:69Þ

iq ¼
csq

Lq
ð8:70Þ

Hence, the observer equations may appear as [65,67]

dĉsd

dt
¼ � R̂s

Ld
ĉsd þ v̂crĉsq þ

R̂s

Ld
cf þ ud þ kd ð8:71Þ

dĉsq

dt
¼ � R̂s

Lq
ĉsq � v̂crĉsd þ uq þ kq ð8:72Þ

id ¼ ĉsd

Ld
þ cf

Ld
ð8:73Þ

iq ¼
ĉsq

Lq
ð8:74Þ

where kd and kq are control signals designed according to the ‘backstepping’ theory [65]. The

errors between the real and observed values can be written as

~csd ¼ csd � ĉsd ð8:75Þ

~csq ¼ csq � ĉsq ð8:76Þ

~vr ¼ vr � v̂r ð8:77Þ
~Rs ¼ Rs � R̂s ð8:78Þ

Then the response of the error can be represented by [65,67]

d~csd

dt
¼ �

~Rs

Ld
~csd þ v̂cr

~csq þ
~Rs

Ld
cf þ ud þ kd ð8:79Þ

d~csq

dt
¼ �

~Rs

Lq
~csq � ~vcr

~csd þ uq þ kq ð8:80Þ
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id ¼
~csd

Ld
þ cf

Ld
ð8:81Þ

iq ¼
~csq

Lq
ð8:82Þ

8.3.3 Model Reference Adaptive System for PMSM

Recently, the sensorless control of the Permanent Magnet Synchronous Motor (PMSM) has

attractedwide attention due to theirwide use in the industry. Several techniques have evolved in

order to estimate the motor speed. Again, open-loop speed estimators, closed loop estimators,

back emf based speed estimators, the high frequency signal injection method, and many others

are used. Although several schemes are available for sensorless operation of vector controlled

PMSM drives, one of the most popular schemes is the MRAS because of the ease of

implementation [37–49]. The model reference approach makes use of two independent

machine models of different structures to estimate the same state variable (back emf, rotor

flux, reactive power, etc.) on the basis of different sets of input variables. The error between the

outputs of the two estimators with the described earlier strategy is used to generate an adaptive

mechanism for identifying rotor speed in the adjustable model. The schematic block of a

MRAS for PMSM is illustrated in Figure 8.17.

The PMSM stator voltage equation in the stationary frame can be used as the reference

model:

vas ¼ Rsias þ Ls
dias
dt

þ eas ð8:83Þ

vbs ¼ Rsibs þ Ls
dibs

dt
þ ebs ð8:84Þ

Machine Model-1

Machine Model-2

PI C
ontroller

X

X

ss iv ,
eas

êas

êbs

ebs

+--

rŵ rŵ

ξ

Figure 8.17 Block diagram of MRAS estimator for PMSM
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where Rs and Ls are stator winding resistance and inductance per phase, respectively and es is

the motor back emf.

The adaptive system contains a motor speed that is supposed to be identified in adaptiveway

according to Figure 8.12. In this scheme, the outputs of the motor model-1 and the motor

model-2 are two estimates of the back emf’s.

The speed tuning signal actuates the rotor speed, which makes the error signal converge to

zero. The adaptation mechanism of the MRAS-based speed estimation method is a PI

controller algorithm:

v̂r ¼ Kpj þ Ki

ð
jdt ð8:85Þ

where the input of the PI controller is

j ¼ easêbs � ebsêas ð8:86Þ

and Kp and Ki are controller gains and j is the error signal.

The complete Simulink diagram of theMRAS block for the control of the PMSM is shown in

Figure 8.18. The MRAS block takes currents and voltages from the motor terminals. The

description of theMRASblock is explained in Figure 8.19. The Simulink software file of vector

control of the PMSMmodel is [PMSM_FOC_alfa_beta]. The motor parameters are located in

[PMSM_param], which should be first executed.
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Figure 8.20 Simulation results of currents (Isx, Isy,), field fluxes (fsx, fsy), and rotor angle and voltages

(usx, usy, usd, usq)

8.3.4 Simulation Results

Selected simulation results for an MRAS sensorless drive are shown in Figures 8.20 and 8.21.

8.4 MRAS-based Sensorless Control of Five-phase InductionMotor
Drive

Sensorless operation of a vector controlled three-phase drive is widely discussed in the

literature; however, this is not true for multi-phase AC machines, where a limited number of

publications have appeared in the literature [25–27,59]. One of themost popular solutions is the

MRAS, which is similar to three-phase drives [29–36].

As was shown in Chapter 6, multi-phase machine models can be transformed into an

orthogonal frame of decoupled equations. The d-q reference frame contributes to torque and

flux production. Hence, in rotor field oriented control (FOC), the rotor flux linkage is kept in the

d-axis so that the q component of the rotor flux is zero. Thus, the produced torque and the rotor

flux can be controlled independently by the d and q components of the stator current. The

decoupled control of the torque and flux using the rotor flux oriented control for a five-phase IM

is illustrated in Chapter 6.

This section focuses on the MRAS-based sensorless control of a five-phase IM, with current

control in the stationary reference frame.API controller is used to compensate the rotor speed in

the adaptive model. Phase currents are controlled using the hysteresis current control method.
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Figure 8.21 Simulation results of currents (Isd and Isq), rotor speed, and load torque.

The difference between the five-phase machine model, given in Chapter 6, and the three-

phase machine model is the presence of x-y component. Motor x-y components are fully

decoupled from d-q components, in addition to the one decoupling from the other. Since the

rotorwinding of a squirrel cagemotor is short-circuited, the x-y components do not appear in the

rotor winding. Since the stator x-y components are fully decoupled from the d-q components

and one from the other, the equations for x-y components do not need to be further considered.

This means that the model of the five-phase IM in an arbitrary reference frame becomes

identical to the model of a three-phase IM. Hence the same principles of RFOC can be used.

The mathematical model of a five-phase induction motor makes it possible that the MRAS

used for a three-phasemachine can be easily extended to amulti-phasemachine. TheMRAS for

the five-phase induction motor drive in the stationary reference frame is shown in Figure 8.22.

8.4.1 MRAS-based Speed Estimator

The schematic block of anMRASbased speed estimator is the same as that for IMor PMSM. In

such a scheme, the outputs of the reference (motor model) and the adjustable models denoted

by cr and ĉr are two estimates of the rotor flux space vector, which are obtained from the

machine model in the stationary reference frame. The rotor flux components in the stationary

reference frame are obtained as

dcdr

dt
¼ Lr

Lm
ðvds � Rsids � sLs

dids

dt
Þ ð8:87Þ
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dcqr

dt
¼ Lr

Lm
ðvqs � Rsiqs � sLs

diqs

dt
Þ ð8:88Þ

dixs

dt
¼ 1

Lls
ðvxs � RsixsÞ ð8:89Þ

diys

dt
¼ 1

Lls
ðvys � RsiysÞ ð8:90Þ

The adaptive model is based on the well-known rotor equations (current model):

Tr
dcdr

dt
¼ Lmids � cdr � vrTrcqr ð8:91Þ

Tr
dcqr

dt
¼ Lmiqs � cqr þ vrTrcdr ð8:92Þ

dcxr

dt
¼ �Rxr

Llr
:cxr ð8:93Þ
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Figure 8.22 MRAS for five-phase induction motor drive
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dcyr

dt
¼ �Ryr

Llr
:cyr ð8:94Þ

TheMRASmodel is using the referencemodel of equations (87–90) and the adaptivemodel

of equations (91–94) as two models for the rotor flux estimation. The angular difference

between the two rotor fluxes is used as the speed tuning signal (error signal). The adaptation

mechanism of MRAS is based on using a simple PI controller:

v̂r ¼ Kpj þ Ki

ð
jdt ð8:95Þ

where the input of the PI controller is

j ¼ cdsĉqs � cqsĉds ð8:96Þ

andKp andKi are arbitrary positive constants (parameters of the PI controller) and j is the error
signal. The complete Simulink diagram of the MRAS block for the control of the five-phase

induction motor is shown in Figures 8.23 and 8.24. The MRAS block takes currents and
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voltages from motor terminals. The simulation block diagram shows a five-phase motor, a

vector controller, and anMRAS block. The Simulink software file of vector control of the five-

phase IM model is [Five_phase_MRAS]. The motor parameters are located in the file model

properties within the initial function. Parameters should run automatically.

8.4.2 Simulation Results

The motor parameters of the simulated five-phase IM are

Rs ¼ 10W; Rr ¼ 6:3W; Lls ¼ Llr ¼ 0:04 H; Lm ¼ 0:42 H:

Inertia and the number of pole pairs are 0:03 kgm2 and 2, respectively. The rated phase

current, phase voltage, and per-phase torque are 2.1A, 220V, and 1.67 Nm, respectively. The

rated (rms) rotor flux is 0.5683Wb. The drive is operating in a speed control mode with

feedback signal taken from the MRAS estimator.

Simulation results of different operating points are shown on Figures 8.25–8.28.
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9

Selected Problems of Induction
Motor Drives with Voltage Inverter
and Inverter Output Filters

9.1 Drives and Filters – Overview

Nowadays drives with induction motors and voltage type inverters are commonly used as

adjustable speed drives (ASD) in industrial systems [1].

The inverters are built with insulated gate bipolar transistors (IGBT), whose dynamic

parameters are very high, i.e. the on- and off-switch times are extremely short. Fast switching of

power devices causes high dv/dt at the rising and falling edges of the inverter output waveform.

High dv/dt in modern inverters is the source of numerous adverse effects in the drives

systems [2,3]. Themain negative effects are fastermotor bearings degradation, over-voltages

on motor terminals, failure or degradation of motor winding insulation due to partial

discharges, increase of motor losses, and higher electromagnetic interference levels. Other

negative effects are increased by the long cables used to connect the inverter and motor.

The prevention or limitation of the negative effects of dv/dt is possible if proper passive or

active filers are installed in the drive. In particular, passive filters are preferable for industrial

applications (Figure 9.1).

Passive filters used in induction motor drivers are called inerter output filters or motor filters.

Depending on filter structures and their parameters, the following filters are specified [4,5]:

. differential mode filters;

. common mode (CM) filter; and

. dv/dt filters.

With differential mode filters, the motor supply voltage is smoothed to almost a sinusoidal

shape contrary to the inverter output voltage (filter’s input), which is composed of a series of

short rectangular pulses (Figure 9.2). The differential mode filters are also known as sinusoidal

filters or LC filters.
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TheCMfilters are usedmainly to limit themotor leakage currents, which flow throughmotor

parasitic capacitances. The major part of leakage current flow is through the motor bearing to

the motor case and to the ground.

The role of dv/dt filters is to eliminate the wave reflection effect in long cables, in order to

avoid over-voltages on the motor terminal, as well as to prevent failure of the motor windings
P
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Figure 9.1 Induction motor drives with the inverter output filter

Figure 9.2 The results of differential mode filter operation
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insulation. The wave reflections are due to incompatibility between the cable and motor wave

impedances. In extreme conditions, the peak of the motor terminal over-voltages can reach

twice the value of the inverter supply voltage.

This chapter presents the basic problems associated with electric drives and inverter output

filters. The basic mathematical transformations, CM voltage descriptions, and filter structures

are first presented. Next, the filtermodels and design procedures are shown. An essential part of

this chapter is dedicated to modifications in the original estimation and control algorithms

required in the use of differential mode filters in the drive system. Also, the diagnostic solutions

for selected faults in the drive with filters are presented.

This chapter is supported by simulation and experimental validation. Simulation models are

discussed for better understanding and analysis.

9.2 Three-phase to Two-phase Transformations

For a deeper analysis of electric drives with filters, knowledge of filter models is required.

The natural frame of co-ordinates for a three-phase system is a three-axis co-ordinate with a

120-degree shift, but for a better analysis of the system, the use of the orthogonal co-ordinates is

more useful, aswell as easier to understand. Therefore, for the next analysis, proper co-ordinate

transformations are presented. Two kinds of transformations are used, one for constant vectors

magnitudes and another for constant power of the three-phase and two-phase frames of

reference.

The transformation matrix for the conversion from a three-phase ABC co-ordinate to a two-

phase ab0 co-ordinate for constant vector magnitude is described as

AW ¼

1

3

1

3

1

3

2

3
�1

3
�1

3

0
1ffiffiffi
3

p � 1ffiffiffi
3

p

2
666666664

3
777777775

ð9:1Þ

and the transformation matrix for constant power of the system is

AP ¼

1ffiffiffi
3

p 1ffiffiffi
3

p 1ffiffiffi
3

p
ffiffiffi
2

pffiffiffi
3

p � 1ffiffiffi
6

p � 1ffiffiffi
6

p

0
1ffiffiffi
2

p � 1ffiffiffi
2

p

2
6666666664

3
7777777775

ð9:2Þ

Using equations (9.1) or (9.2), each of themodel variables x can be transformed fromABC to

two-phase ab0 co-ordinates according to
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x0
xa
xb

2
4

3
5 ¼ AW

xA
xB
xC

2
4

3
5 ð9:3Þ

where the variables retain the same magnitude in each co-ordinate.

The next relation is used when the constant power of both systems is fulfilled:

x0
xa
xb

2
4

3
5 ¼ AP

xA
xB
xC

2
4

3
5 ð9:4Þ

The parameter transformations are required for systemmodeling, so the resistancesmatrix is

RW
ABC ¼ RP

ABC ¼
R 0 0

0 R 0

0 0 R

2
4

3
5 ð9:5Þ

The three-phase choke with symmetrical coils on the toroidal core is

MW
ABC ¼ MP

ABC ¼
3M 0 0

0 0 0

0 0 0

2
4

3
5 ð9:6Þ

and for a three-phase choke with an E-shape, the core is

MW
ABC ¼ MP

ABC ¼

0 0 0

0
3

2
M 0

0 0
3

2
M

2
66664

3
77775 ð9:7Þ

In equation (9.6) it is evident that the toroidal three-phase symmetrical choke has parameters

only for the CM, whereas in equation (9.7) the E-core choke has parameters only for the

differential mode. Such a conclusion is essential for choosing the correct choke core selection

in the filters design process.

9.3 Voltage and Current Common Mode Component

As mentioned at the beginning of this chapter, unwanted bearing currents appear in the

drives with voltage inverters. This occurs because the voltage inverter with classical

pulse width modulation (PWM) is a source of CM voltage, which forces the bearing current

to flow.
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To clarify the CM voltage effect, the voltage inverter structure presented in Figure 9.3 is

analyzed.

In voltage inverters, only one of eight transistor switching combinations is possible. Due to

the voltage notation presented in Figure 9.3, the inverter output voltages for each of the eight

states are presented in Table 9.1.

It is noted that the zero-component voltage changes according to changes in the transistors

switching combination. The peak value of the u0 voltage is very high and equal to the inverter

DC link voltage Ud. The u0 frequency is equal to the inverter PWM switching frequency. A

typical u0 voltage waveform is presented in Figure 9.4.

9.3.1 MATLAB/Simulink Model of Induction Motor Drive with PWM
Inverter and Common Mode Voltage

The MATLAB/Simulink model of induction motor drive Symulator.mdl is presented in

Figure 9.5.

The Symulator.mdl model consists of a three-phase inverter with a space vector PWM

algorithm (PWM_SFUN), and induction motor model (MOTOR_SFUN). Both blocks are

Simulink S-functions from C code. The C code files are as follows:

. declarations.h – list of predefined values;

. pwm.h – declaration of global variables for PWM inverter model;

Figure 9.3 Structure of the voltage inverter with output voltages notations

Table 9.1 Voltage inverter output voltages for possible switching combination

Binary notation for transistor switching combination

100 110 010 011 001 101 000 111

uU Ud Ud 0 0 0 Ud 0 Ud

uV 0 Ud Ud Ud 0 0 0 Ud

uW 0 0 0 Ud Ud Ud 0 Ud

u0
Udffiffiffi
3

p 2Udffiffiffi
3

p Udffiffiffi
3

p 2Udffiffiffi
3

p Udffiffiffi
3

p 2Udffiffiffi
3

p 0
ffiffiffi
3

p
Ud

ua

ffiffiffi
2

p
Udffiffiffi
3

p Udffiffiffi
6

p �Udffiffiffi
6

p �
ffiffiffi
2

p
Udffiffiffi
3

p �Udffiffiffi
6

p Udffiffiffi
6

p 0 0

ub 0
Udffiffiffi
2

p Udffiffiffi
2

p 0 �Udffiffiffi
2

p �Udffiffiffi
2

p 0 0
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. pwm.c – source file of PWM inverter model;

. motor.h – declaration of global variables for induction motor model;

. motor.c – source file of induction motor model.

The commanded values are:

. Timp – inverter switching period in milliseconds;

. Td – inverter dead time in milliseconds;

. US – module of the commanded inverter output voltage;

. omegaU – inverter output voltage pulsation;

. ud – inverter DC link supply voltage;

. m0 – motor load torque.

All variables and parameters are in per unit (p.u.) system, where the fundamental base values

are presented in Table 9.2.

The simulated drive is working according to the V/f¼ const principle. No ramp is added for

stator voltage pulsation, so when the simulation starts the motor direct start-up is performed.

Figure 9.4 The CM voltage waveform in a voltage inverter

Figure 9.5 MATLAB/Simulink model of induction motor drive with PWM inverter and common mode

voltage (Symulator.mdl)
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Themodel of 4 poles, PN¼ 1.5 kW,UN¼ 380Vinductionmotor is used. Themotor parameters

are given in the pwm.h file. Examples of simulation results for motor commanded frequency

vu¼ 0.5 p.u. (i.e. 25Hz) and at DC link voltage ud¼ 1.4 p.u. (i.e. 540V) are given in

Figures 9.6 and 9.7. In Figure 9.6 the process of themotor start-up is presented for the complete

simulation time. In Figure 9.7, the inverter output voltage ofa andb components, as well as the

Table 9.2 Base values for p.u. system used in the MATLAB/Simulinkmodel

Definition Description

Ub ¼
ffiffiffi
3

p
Un base voltage

Ib ¼
ffiffiffi
3

p
In base current

Zb ¼ Ub=Ib base impedance

mb ¼ UbIbpð Þ=v0 base torque

Yb ¼ Ub=v0 base flux

vb ¼ v0=p base mechanical speed

Lb ¼ Yb=Ib base inductance

Jb ¼ mb= vbv0ð Þ base inertia

t ¼ v0t relative time

where v0 ¼ 2pfN is nominal grid pulsation.

Figure 9.6 Simulation results for motor start-up
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CMvoltage, are presented inwider zoom. The CMvoltage is related to the negative terminal of

the inverter DC link supply.

The complete MATLAB/Simulink model is available in the CD-ROM provided with this

book.

9.4 Induction Motor Common Mode Circuit

The motor has some parasitic capacitances with small values, in the order of picofarads. The

CM voltage on the stator windings creates a shaft voltage by capacitive coupling through the

motor air gap. Therefore electrostatic discharges are generated through the bearing lubricating

film. Such parasitic currents cause a reduction in the lifetime of the bearings. Themotor’s main

parasitic capacitances are presented in Figure 9.8.

Figure 9.7 Common mode voltage in PWM inverter

Figure 9.8 Parasitic capacitances in the induction motor
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In Figure 9.8, the following motor parasitic capacitances are labeled as:

. Cwf – parasitic capacitance between stator windings and stator frame;

. Cwr – parasitic capacitance between stator winding and rotor winding;

. Crf – parasitic capacitance between the rotor and frame;

. Cb – equivalent capacitance of motor bearings;

. Cph – parasitic capacitance between stator windings.

All the parasitic capacitances, except Cph, are significant for theCM. So in the next explanation,

the phase-to-phase capacitance Cph is omitted.

The Cwf capacitance is dependent on the motor’s mechanical size, according to empirical

relation [6]:

Cwf ¼ 0:00024 �H2 � 0:039 �Hþ 2:2 ð9:8Þ

where Cwf is in [nF] and motor mechanical size H is in [mm].

The bearing capacitance is dependent on the bearing dimensions andmechanical properties.

The value of Cb is of the order of picofarads and close to the Cwr value. In practice, it is assumed

thatCb � Cwr. Themotor parasitic capacitance between the stator windings and the rotor Cwr is

dependent on motor size, winding type, and motor magnetic circuit. The Cwr calculation is

complicated and requires a lot of data, which can be obtained only from the motor manu-

factures. The same goes for the Crf calculations. More in-depth explanations can be found

in [6].

In spite of the small values of the capacitances, the parasitic current can reach large values,

because the switching frequency in modern inverters is high. Part of the parasitic current

circulates inside the motor, while some flows to the motor case and to the ground. The current

flow path to the ground is presented in Figure 9.9.

An equivalent circuit of the motor and feeder cable for CM current is presented in

Figure 9.10.

In Figure 9.10, the motor CM circuit elements are:

. Feeder cable parameters:
– Rc – cable resistance;

– Lc – cable inductance;

– Cc – cable capacitance.

Inverter Motor
U
V
W

PE

Figure 9.9 Common mode current path flow in electric drives with voltage inverter
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. Motor parameters:
– R – stator winding cupper resistance;

– L – stator winding inductance;

– Rb – equivalent resistance of motor bearings;

– Sw – switch, when closed indicates the breakdown of the bearing lubricating film.

9.5 Bearing Current Types and Reduction Methods

The motor bearing currents are of several types. In Figure 9.11, four classes of bearing current

are presented.

The capacitance bearing current has a small value close to 510mAat temperatureTb� 25 �C
andmotor speed n� 100 rpm. For higher temperatures and motor speeds, the current increases

but will not exceed 200mA. Contrary to other bearing current values, the current is negligible

for bearing degradation analysis.

Themachine discharging current appears when the bearing oil film breaks down. According

to the literature, the value of that current peak is up to 3 A [6].

u0 ub

ig

Rc R0Lc L0

Cc
Cwf Crf 2Cb

Cwr

Rb

Sw

1
2

MotorFeeder

Figure 9.10 An equivalent circuit of the motor and feeder cable for CM current [7].

High dv/dt 
on motor terminals

High frequency
grounding current

Common mode
voltage

Capacitance
bearing current

Machine
discharging

current

High frequency
shaft voltage 

Rotor grounding
current

Circulating
bearing current

1
2

3

4

Figure 9.11 Bearing current classes [6]
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The bearing circulating current ibcir is induced by a motor shaft voltage ush. The ush
appears due to parasitic motor flux ycir. In [6], the practical condition for ibcir calculation is

given by

ibcir maxð Þ � 0:4 � ig maxð Þ ð9:9Þ

where ig(max) is the maximum value of the measured grounding current.

An in-depth explanation on the particular bearing currents calculation and measurements

can also be found in [6].

The rotor grounding current can appear when a galvanic connection between the rotor and

ground appears, i.e. caused by a load machine coupled with a motor shaft.

In [6], the types of bearing currents are correlated with motor mechanical size H, as

follows:

. if H< 100mm, then machine discharging current, ibEDM, is dominant;

. if 100mm<H< 280mm, then both ibEDM and circulating bearing currents ibcir are

dominant;
. if H> 280mm, then circulating bearing currents are dominant.

To prevent bearing current flow, the methods presented in Table 9.3 can be used.

Table 9.3 Bearing current prevention methods [6]

Reduction of electric discharge current ibEDM:

. ceramic bearings;

. CM passive filters;

. active compensation systems of CM voltage;

. decreasing of inverter switching frequency;

. motor shaft grounding by brushes use;

. conductive grease in the bearings.

Reduction of circulating bearing current ibcir:

. CM choke;

. active compensation systems of CM voltage;

. decreasing of inverter switching frequency;

. one or two insulated bearings use;

. one or two ceramic bearings use;

. dv/dt filter.

Reduction of rotor grounding current igr:

. CM choke;

. active compensation systems of CM voltage;

. decreasing of inverter switching frequency;

. one or two insulated bearings use;

. one or two ceramic bearings use;

. screened cable for motor supply.
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In addition to the use of passive filters for CM, current active methods are also used, such as

series active filter (Figure 9.12), or by changing the PWM algorithm.

Active filters are unpopular in MV drives, because they operate at a high switching

frequency, which is not recommended from a loss point of view. In this book, the CM active

filters are not discussed and only the PWM algorithms modifications reducing the CM current

will be described in this chapter.

9.5.1 Common Mode Choke

Among the numerous methods for bearing current reduction, the most popular is known from

small electronics circuits is a three-phase CM choke (Figure 9.13).

Ud

∼
∼
∼

Motor

Figure 9.12 System with active CM filter for voltage source inverter [40]

Figure 9.13 Structure of the common mode choke for three-phase system
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ACM choke is built in the form of three symmetric coils wound on a toroidal shaped core.

The choke has a negligible inductance in a differential mode for the orthogonal components

ab; however, it has a significant inductance, L10, for the path of the CM current:

L10 ¼ 3M1 ð9:10Þ
where M1 is the inductance of each CM mode choke.

Figures 9.14 and 9.15 present the results of using CM choke in the 1.5 kW induction motor

industrial drive.

In both Figures 9.14 and 9.15, the current in the motor grounding wire is measured.

Previously, the CM choke used had current peaks up to 1 A (Figure 9.14). When the CM

choke of inductance M1¼ 14mH was installed, the current peaks were strongly limited

(Figure 9.15).

To achieve maximum limiting of CM current, a maximum choke inductance is needed. A

realization of the CM choke is based on using a maximum number of windings on the selected

toroidal shaped core. It is important for a CM choke that all windings are identical, to ensure

Figure 9.14 Waveform of the current measured in the motor grounding wire in 1.5 kW industrial drive

without CM choke use

Figure 9.15 Waveform of the current measured in the motor grounding wire in 1.5 kW industrial drive

with CM choke use
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low leakage inductances. For differential mode circuits only, the CMchoke leakage inductance

can appear.

For high power motors, large-sized toroids for CM chokes cannot be accessible, so CM

current reduction can be achieved by a few CM chokes connected in series.

9.5.2 Common Mode Transformers

The value of the CM voltage may be reduced by using a CM transformer. The difference

between the CM choke and the CM transformer is the additional winding shortened by the

resistor (Figure 9.16).

In the CM transformer, an additional fourth winding is woundwith the same number of turns

as the choke phase windings. A CM transformer makes it possible to reduce the CM current in

the motor by up to 25%, while using less core volume than when using a CM choke [8].

If a CM transformer is used, then the CM circuit consists of an additional inductance Lt and

resistance Rt. The equivalent circuit of the CM transformer is shown in Figure 9.17.

An equivalent circuit of the CM transformer, inverter, feeder cable, and motor is given in

Figure 9.18.

In Figures 9.17 and 9.18, Rt is operating as a dumping resistance for a resonant circuit. If the

CM transformer leakage inductance is neglected, the CM current circuit is [9]

Figure 9.16 Common mode transformer

Lt

Rt
IσtIσt

Figure 9.17 Equivalent circuit of CM transformer (lst – leakage inductance of the transformer)
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I0 sð Þ ¼ sLtCs0 þRtUd

s3LtLs0Cs0 þ s2 Lt þLs0ð ÞCs0Rt þ sLt þRt

ð9:11Þ

The analysis of equation (9.11) calculates the Rt value that limits both maximal and rms CM

current values. According to [9], the proper condition for Rt selection is

2Z00 � Rt � 1

2
Z01 ð9:12Þ

where Z00 and Z01 are wave impedances of the circuit presented in Figure 9.18, if Rt¼ 0 and

Rt¼1.

9.5.3 Common Mode Voltage Reduction by PWM Modifications

Typical methods for limiting the CM current, such as different configurations of CM chokes or

active compensation of CM voltages, are mostly expensive solutions and require additional

hardware.

However, limiting the CM current in the drive system is possible in a way that does not

require inverter reconstruction. The CM current can be limited by only changing the PWM

algorithm. Changing the PWM should be done in such a way that it eliminates or decreases the

CM voltage generated by the inverter. Different methods based on PWM algorithm modifica-

tions are suggested in the literature [10].

The following are the PWM modifications required for CM reduction:

. elimination of zero voltage vectors;

. use of active vectors, which have the same value of zero sequence voltage u0.

Such approaches come under the analysis shown in Table 9.4.

In Table 9.4, the active vectors are named as parity or non-parity vectors. Each of the parity

and non-parity vectors has the same value of zero component u0.

Figure 9.18 Equivalent circuit of CM transformer, inverter, feeder cable, and motor
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For classical PWM methods, an example of a voltage uN0 waveform is presented in

Figure 9.19.

The uN0 is the voltage between the mid-point of the star connected load and the negative

potential of the inverter supply.

It is evident from Figure 9.19 that the highest changes of the voltage uN0 happen during zero

vector changes. It is also obvious that an elimination of such vectors can significantly limit the

CM current. If only active vectors that are equivalent to u0 are used, then the CM current will

decrease. For example, in [11] a PWM algorithm without using zero vectors is presented. with

the algorithm only, the output voltage is built with parity and non-parity active vectors.

The disadvantage of the PWMbased only on parity or odd activevectors is that without over-

modulation, the inverter output voltage is decreased. This is explained in Figure 9.20 for a three

non-parity active vectors (3NPAV) algorithm.

Table 9.4 Zero sequence vectors of inverter output voltage

Vectors type
Arrangement of switches states of three-phase voltage inverter

Active Zero

Vectors notation Uw4 Uw6 Uw2 Uw3 Uw1 Uw5 Uw0 Uw7

Vector binary notation 100 110 010 011 001 101 000 111

Vector decimal notation 4 6 2 3 1 5 0 7

Vectors number 1 2 3 4 5 6 0 7

uN0
1

3
Ud

2

3
Ud

1

3
Ud

2

3
Ud

1

3
Ud

2

3
Ud 0 Ud

u0 (Co-ordinate system ab)
Udffiffiffi
3

p 2Udffiffiffi
3

p Udffiffiffi
3

p 2Udffiffiffi
3

p Udffiffiffi
3

p 2Udffiffiffi
3

p 0
ffiffiffi
3

p
Ud

Notation(1) NP P NP P NP P Z Z

(1) Vector: NP –non-parity, P -parity, Z -zero.

16001200 s][μ0 800400

540

0

uN0

Z - zero vectors A - active vectors

180

360

[V]

2Tsw

ZZ AA ZZ A A ZZ A A ZZ A AZZ A A ZZ A A ZZ A A ZZ A A

2Tsw

Figure 9.19 Example of uN0 waveform with classical space vector PWM algorithm (the inverter DC

input voltage is Ud¼ 540V)
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In Figure 9.21, the inverter output voltage vector ucomout is generated using three non-parity

vectors Uw4, Uw2, Uw1:

ucomout �Timp ¼ Uw4t4 þUw4t2 þUw4t1 ð9:13Þ

The vectors switching times t4, t2 i t1 are [12]

t4 ¼ 1

3
1þ 2Ucom

out

Ud

cos
p

3
þ ru

� �
þ sin

p

6
þ ru

� �� �� �
ð9:14Þ

t2 ¼ 1

3
1�2Ucom

out

Ud

cos
p

3
þ ru

� �� �
ð9:15Þ

t1 ¼ 1

3
1�2Ucom

out

Ud

sin
p

6
þ ru

� �� �
ð9:16Þ

Timp ¼ t4 þ t2 þ t1 ð9:17Þ

where Ucom
out and ru are the length and position angle of the inverter output voltage vector u

com
out ,

respectively.

By using non-parity active vectors, the CM voltage is

u0 ¼ Udffiffiffi
3

p ð9:18Þ

Uw2

Uw4

uout

α

β

com

Uw1

Ud

Ud3
2

3
1

ρu

Figure 9.20 The output voltage vector for 3NPVM modulation strategy
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It is obvious that the constant value of u0 does not allow for zero sequence current flow, i0,
through the internal machine’s capacitances. The disadvantage of the 3NPAV is that the

maximum inverter output voltage is limited to Ud/3.

A higher use of the inverter output voltagewith simultaneous CM current reduction is made

possible by using the modulation method with only active vectors. The method is close to the

classical PWM and was proposed in [12] where a 3AVM is presented. In the 3AVM method,

the position of thevoltagevector is divided into six sectors and displaced by 30degrees from the

original sectors in the classical space vector modulation SVPWM (Figure 9.21).

When the 3AVM algorithm is used, both the value and frequency of u0 are decreased,

therefore the CM current is significantly limited. Simultaneously, the inverter output voltage

amplitude equals 2
ffiffiffi
3

p
=9 �Ud. It is 15.5% more in comparison with the 3NPAV and 3PAV.

Another modulation method that reduces the CM current is the active zero vector control

method (AZVC) presented in [12,13]. In the AZVC algorithm, the zero voltage vectors

are replaced by two opposite active vectors (AZVC-2) (Figure 9.22), or one active vector

(AZVC-1) (Figure 9.23).

The algebraic relations for AZVC-1 andAZVC-2, for the situation presented in Figures 9.22

and 9.23, are

ucomout �Timp ¼ Uw4t4 þUw6t6 þUw2t2 þUw5t5 for AZVC-2 ð9:19Þ

ucomout �Timp ¼ Uw4t4 þUw6t6 þUw3t3 þUw4t
*
4 for AZVC-1 ð9:20Þ

9
2 3

Sector 1
(Uw4 ), U, U w1w2

Sector 2
(Uw6, Uw3, Uw5)

(Uw2, Uw1, Uw4)

(Uw3, Uw5, Uw6)

(Uw1, Uw4, Uw2)

(Uw5, Uw6, Uw4)

Uw5

Uw1

Ud

Uw3

Uw2

Uw6

Uw4

β

α

Sector 3

Sector 6Sector 4

Sector 5

uout
com

Figure 9.21 Output voltage vector for 3AVM modulation strategy
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t4 ¼ Timp �
Ucom

outa �Uw6b �Ucom
outb �Uw6a

Ud �wt

ð9:21Þ

t6 ¼ Timp �
�Ucom

outa �Uw4b þUcom
outb �Uw4a

Ud �wt

ð9:22Þ

t2 ¼ t5 ¼ 1

2
Timp � t4 � t6
� �

for AZVC-2 ð9:23Þ

t3 ¼ t*4 ¼
1

2
Timp � t4 � t6
� �

for AZVC-1 ð9:24Þ

where

wt ¼ Uw4aUw6b �Uw4bUw6a ð9:25Þ

Figure 9.22 AZVC-2 modulation: (a) vectors; and (b) timings
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In both AZVC methods, the same maximum inverter output voltage is obtained, and is the

same as in the classical SWPWM algorithm.

The disadvantage of the modified PWMmethod is with the proper inverter output currents

measurement. In classical SVPWM, current measurements are synchronized with the

SVPWM operation and performed under zero voltage vector generation. Current values

sampled in themiddle of the zero vector’s duration are identical with the values of the inverter

output current’s first harmonic component. When using PWM modulations without zero

vectors, it is essential to use additional filtering elements for inverter output currents.

9.6 Inverter Output Filters

9.6.1 Selected Structures of Inverter Output Filters

The improvement of theACmotor operation in inverter fed drives is possible, if the shape of the

stator voltage becomes as close as possible to the sinusoidal.

A motor fed by such waveforms shows higher efficiency as a result of decreasing

miscellaneous losses in the machine. Motors fed by non-sinusoidal waveforms have higher

eddy current losses. For high switching frequency, those losses are the dominating losses in the

machine, compared to copper and hysteresis losses [14–16].

In inverter fed drives, the use of the voltage inverter output filters reduces the disturbance

levels in the current and voltage waveforms.

Figure 9.23 AZVC-1 modulation: (a) vectors; and (b) timings
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Motor side filters may be categorized into three basic types:

1. sine filter – LC filter;

2. CM filter;

3. du/dt filter.

The three types offilters can be used separately or combined together in different combinations,

for example, connecting a sine filter with a CM filter. In this chapter, different filters

configurations are analyzed, as shown in Figures 9.24–9.30.

The filter shown in Figure 9.24 is a combination of a sinusoidal filter and a CM filter.

Connection of such filters makes it possible to obtain sinusoidal voltage and current at the filter

output, and also limits the CM current. In such situations, it is possible to use a long cable

Figure 9.24 Inverter output filter – Structure 1

Figure 9.25 Inverter output filter – Structure 2
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between the filter and the motor. The length of the cable will be limited only by the allowed

voltage drop in the cable.

Elements L1, C1, and R1 represent the sinusoidal filter, while M1, M2, R0, and C0 represent

the CM filter. These filters create a closed circuit during inverter operation through the

capacitor in the DC bus. The coupled choke,M2, limits the CM current in the circuit external to

the filter and inverter. Chokes L1 are single phase, while chokes M1 and M2 are three-phase

coupled chokes made on the toroidal cores (Figure 9.31).

Figure 9.26 Inverter output filter – Structure 3

Figure 9.27 Inverter output filter – Structure 4

Figure 9.28 Inverter output filter – Structure 5
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ResistancesR1 andR0 are the damping elements protecting the system fromoscillations. The

chokes L3 are used to protect the system from an uncontrolled voltage increase on the filter

capacitor. Such dangerous increases in the voltage may occur in the case of asymmetry in

individual inverter output phases. Present in this case is the DC voltage component, which may

Figure 9.29 Inverter output filter – Structure 6

Figure 9.30 Inverter output filter – Structure 7

Figure 9.31 Three-phase common mode choke
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provide an increment in theDC link voltage on the capacitors, whichwill operate as integrating

elements.

The input and output terminals of the filter are labeled XYZ and UVW, respectively.

Terminal CD should remain connected to the DC link voltage. In most cases, it is accessible for

the user to use the positive polarity of the DC bus battery, which corrects the external braking

resistor. The star point of the chokes L3 is connected with a neutral conductor N.

Examples of the voltage and current waveforms in the inverter fed drive, with the filter from

Figure 9.24, are shown in Figure 9.32.

In Figure 9.32, the smoothed motor current and voltage waveforms are clearly noted. The

level of smoothing of the voltage and current depends on the filter parameters and motor load.

For the proper selection of filter parameters, it is important to assume rated motor loading to

ensure minimum THD in the voltage and current, and also to ensure minimum voltage drop in

the filter.

In the filter from Figure 9.25, the branch containing the parameters R0 and C0 were dropped,

which aided in increasing CM current in the motor compared with the solution from

Figure 9.24. However, such a solution excludes the necessity of using a resistor R0 with

relatively high power and therefore also large dimensions. With high transistor switching

frequency, a large current flows through R0 and C0. This forces the use of a high power resistor,

R0 and the necessity of using a special capacitor, C0.

In filter Structure 3, the choke L3 does not exist. The use of such chokes is limited to systems

with high asymmetry and inaccuracies in generating an inverter output voltage, which may be

caused by the large asymmetry in transistor control. The use of choke L3 is also essential for

specialized systems [17]. By not using L3, a dangerous rise of the DC link voltage is avoided

when using vector or sinusoidal PWMmethods. The use of choke L3 is beneficial for limiting

CM current in the motor when connecting a star point of choke L3 with a protective conductor

Figure 9.32 Voltage and current waveforms in inverter fed drives, with filter from Figure 9.24
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PE. Unfortunately, such solutions exclude the possibility of using residual current devices for

electric shock protection in frequency converters, because the connection used forces CM

current to flow in the protective conductor PE [18].

The filter shown in Figure 9.27 is presented in [4,5]. This is a limited version of the filter from

Figure 9.24, fromwhich the chokes L3 andM2were excluded. Eliminating the elements R0 and

C0 provides the structure shown in Figure 9.28.

Figure 9.29 presents a filter from which the CM choke, M2, was removed as, according to

experimental verifications, in the external circuit for the filter and inverter there is negligible

CM current. Such a structure is only a sinusoidal filter containing damping resistor R1.

A sinusoidal filter is practically the only filter that causes complications in the control of

electric drives. The use of sinusoidal filter with the damping resistor R1 is essential only with

the inaccurate generation of voltages and incomplete compensation of dead time or in systems

without such compensation. In this case there exist small voltages with frequencies close to the

filter resonance frequency, while the resistor R1 protects the system against damage. If the

higher harmonics are very small, then it is possible to exclude the resistor R1 from the circuit

and obtain a simpler and less expensive version of the sinusoidal filter, as shown in Figure 9.30.

9.6.2 Inverter Output Filters Design

Selection of inverter output filters is a complex task. This chapter presents a method for

selecting parameters of the filter shown in Figure 9.24. This selection procedure is presented

in [5,8,17].

The selection methods discussed in this chapter also fits the structures shown in

Figures 9.25–9.30.

The combined filter structure from Figure 9.24 may complicate the selection of its

parameters. Nevertheless, assuming thatM1>>L1 and C0<<C1, this allows separate selection

of filter elements components ab and for CM.

When selecting filter parameters, it is convenient to use a transformation from a three-phase

system to a rectangular one, while maintaining the power of the system during transformation.

For simplification, the leakage inductance of the coupled chokes M1 and M2, as well as the

circuit branch that contains the choke L3, is neglected. Note that L3 is chosen based on the

motor power.

The structure of the filter shown in Figure 9.24, for the orthogonal co-ordinate systemab0, is
presented in Figure 9.33.

Resistances RL1, RM1, and RM2 are copper resistances of the chokes L1, M1, and M2,

respectively. Considerations on the selection of individual elements of the filter are presented in

the following sections.

9.6.2.1 Selection of Differential Mode (Normal Mode) Filter Elements

The first selections are the elements of sinusoidal filter. The selection of the sinusoidal filter

decides:

. assumed acceptable level of output voltage distortion;

. maximum allowed voltage drop in the filter;

. switching frequency of the power switches.
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Selection of filter elements requires specific compromise between total harmonic distortion

(THD) in the voltagewaveform, weight, dimension, cost of the filter, and current parameters of

the inverter. For the selection of sinusoidal filters from the filter for uninterruptable power

supply (UPS), the THD is not a determining value for the parameters of the filter. In UPS

systems, theTHDdoes not exceed 5%under full load. In drive systems, a higher level of THD is

allowed, even above 20%. This is because minimizing THD is the only reason of using a filter.

The level of THD in the stator voltage has an effect mainly on the motor efficiency. Since one

additional reason for using a filter in drive systems is to avoid voltage wave reflection on the

motor terminals, a filter with a THD higher than 5%may probably fit the set tasks while being

economically acceptable. It is important to note that the transistors’ switching frequency has a

significant effect on the value of filter inductances and capacitances. This switching frequency

is much lower in drive systems than in UPS systems.

For further analysis on the selection of filter parameters, it is assumed that the pulse

frequency is the inverse of the time per duration of two adjacent passive vectors (z) and four

active vectors (n) in a cycle z1-n1-n2-z2-n2-n1. This corresponds to a notation of a sampling

period for a sinusoidal PWM.

As a first element of the filter, it is selected as choke L1. One of the methods for selecting a

choke for the sinusoidal filter is identifying L1 on the basis of choke reactance X1, which is

obtained according to the assumed AC current component DIs for inverter switching frequency
fimp [5]. A three-phase voltage inverter with sinusoidal filter and squirrel cage induction motor

can be represented as fimp, as in an equivalent circuit shown in Figure 9.34.

The equivalent circuit, shown in Figure 9.34, results from the situation that during a

sinusoidal PWM and space vector PWM, one of the DC link polarities is connected to one

output phase, while the other polarity is connected to two parallel output phases. This is a

correct assumption, assuming that the selection of the filter elements is done for the whole

control range; this is a maximum inverter output voltage without over-modulation. Therefore,

Figure 9.33 Equivalent circuits of the filter for components: (a) a; (b) b; and (c) 0
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in such inverter controls, it is possible to neglect zero vectors. In this schematic, the stator

copper resistance and the motor leakage inductance is neglected, because their values are too

small comparedwith filter parameters with high pulse frequency. The schematic in Figure 9.34

is reduced, as shown in Figure 9.35.

In Figures 9.34 and 9.36, an inverter is replaced by a sinusoidal voltage source Usin. The rms

value of this voltage Usin under full control, maximum voltage without over-modulation, is

Usin ¼ Udffiffiffi
2

p ð9:26Þ

where Ud is the average value of the DC bus voltage.

The voltage Ud, in the case of feeding an inverter from a three-phase grid through a diode

rectifier, is

Ud ¼
ffiffiffi
2

p
Un

6

p
sin

p

6
ð9:27Þ

where Un is the rms value of the line voltage on the rectifier terminals. Therefore:

Usin ¼ Un

6

p
sin

p

6
� 0; 95 Un ð9:28Þ

Figure 9.34 Equivalent circuit of the inverter and sinusoidal filter

Figure 9.35 Reduced equivalent circuit of the inverter and sinusoidal filter
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In Figure 9.35, the element smoothing the current is mainly the choke L1. The reactance of this

choke is much greater than the reactance of the capacitor for a given switching frequency,

therefore can be written as

2 �p � fimp � 3L1

2
�DIs ¼ Udffiffiffi

2
p ð9:29Þ

where DIs means switching ripple inductor current. Ripple frequency is the equal transistor’s

switching frequency.

It is assumed that DIs should be lower than 20% of the rated current.

After conversion of equation (9.29) the relationship for an inductance of choke L1 is

L1 ¼ 2
Udffiffiffi

2
p � 2 �p � fimp � 3 �DIs

ð9:30Þ

An inductance L1, computed according to equation (9.5), is much higher than the leakage

inductance of the motor [5].

Because of the dimension, weight, and cost, the filter inductance L1 should be as small as

possible. Small L1 means small voltage drop on the filter and less losses in the drive.

Another method of identifying inductance L1 is by computing its value on the basis of

assumed voltage drop in the filter DU1 and on the known maximum value of the first voltage

component Uout 1h. In drives systems, it is assumed that the voltage drop in the filter for the first

component fout 1h should be less than 5% of the motor rated voltage under full current loading

In [8]. With such assumptions, an inductance is calculated as

L1 ¼ DU1

2pfout 1hIn
ð9:31Þ

After identifying L1, the next parameter to be selected is C1, which is described from the

relationship of the resonance frequency of the system:

fres ¼ 1

2p
ffiffiffiffiffiffiffiffiffiffi
L1C1

p ð9:32Þ

hence:

C1 ¼ 1

4p2f2resL1

ð9:33Þ

where fres is the resonance frequency of the filter.

To assure good filtering capabilities of the filter, the resonance frequency should be lower

than the switching frequency of the transistors fimp. At the same time, to avoid the resonance
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phenomenon, the capacitance C1 should be higher than the maximum frequency of the first

harmonic of the inverter output voltage fwy 1h. The safety range is [8]

10 � fout 1h < fres <
1

2
� fimp ð9:34Þ

The upper range of C1 is described by themaximumvalue of the current flowing through this

capacitor during rated operating conditions of the drive. The value of this current for the first

harmonic cannot exceed 10% of the rated motor current.

The risk of resonance existence in the sinusoidal filter occurs during drive operation in the

over-modulation region. In such a situation, the current flowing through the branch with C1

contains multiples of the fundamental harmonic, in addition to the fundamental harmonic.

A filter damping resistor should be selected in such a way that during the existence of the

resonance, the current flowing in a capacitor should not exceed 20% of the rated inverter

current. Hence, for computing C1, it is necessary to know the voltage component with a

frequency close to the filter resonance frequency. Relationships are given in [19]. In practice,

because of the complicated analytical analysis, the harmonic component of resonance

frequency is identified in simulation.

Another method of damping resistor selection is by choosing a value of R1 so that the total

stray losses on the filter damping resistors are kept at the acceptable level of 0.1% of the

converter power rating [5]. With a resistance R1 selected in such way, a filter quality factor is

identified as

Q ¼ Z0

R1

ð9:35Þ

where Z0 is the natural frequency of the filter:

Z0 ¼
ffiffiffiffiffiffi
L1

C1

r
ð9:36Þ

To ensure sufficient attenuation, filters should have the same time minimum power losses

and quality factor in the range 5–8 [5].

Knowing the parameters of the transverse branch of the sinusoidal filter C1, R1, and assuming

the sinusoidal shape of the filter output voltage, the power of the element R1 for the first

harmonic of filter output current and voltage should be computed:

PR1 1har ¼
U2

s ph

R1

ð9:37Þ

where Us p is phase filter output voltage.

With power selection of resistors R1, it is important to take into consideration that the filter

output voltage contains a component with a frequency equal to the transistors switching

frequency. With proper design of the filter, this component is small. However, because of its

high frequency, the impedance of the transverse branch of C1 andR1 for this frequency is small.
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This can cause a flow of essential current with high frequency in this branch. The power of R1

for the voltage component with a modulation frequency is

PR1 imp ¼
U2

s imp

R1

ð9:38Þ

where Us imp is the filter output voltage component for PWM frequency.

Thevalue ofUs imp corresponds to thevalues that result from the assumedTHDof thevoltage

in the design process.

For the chosen elements of the sinusoidal filter, it is possible to find its frequency

characteristic based on the known filter transfer function presented as a two-port network

in Figure 9.36.

Elements Lf, Cf, andRf correspond to thevalues 3/2L1, 2/3C1, and 3/2R1, respectively, for the

reduced filter scheme shown in Figure 9.24. Figure 9.37 presents a sinusoidal filter that has a

two-port network consisting of two impedances, Z1 and Z2.

Impedances Z1 and Z2 are described as

Z1 jvð Þ ¼ jvLf ð9:39Þ

Z2 jvð Þ ¼ Rf þ 1

jvCf

ð9:40Þ

Figure 9.36 Equivalent circuit of the filter for a component

Figure 9.37 Equivalent circuit of the two-port network – sinusoidal filter for component a
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or in the form of a transfer function:

Z1 sð Þ ¼ sLf ð9:41Þ

Z2 sð Þ ¼ Rf þ 1

sCf

ð9:42Þ

The transfer function of the filter for voltages is described as

Gfu sð Þ ¼ Usa

U1a
¼ Zwy sð Þ

Zwe sð Þ ¼
Z2 sð Þ

Z1 sð ÞþZ2 sð Þ ¼
Rf þ 1

sCf

sLf þRf þ 1
sCf

ð9:43Þ

which is

Gfu sð Þ ¼ Usa

U1a
¼ sRfCf þ 1

s2LfCf þ sRfC1 þ 1
ð9:44Þ

The cut-off frequency of the filter is described according to

f3dB ¼ 1

2p
ffiffiffiffiffiffiffiffiffiffi
LfCf

p ð9:45Þ

while the damping coefficient is

j ¼ Rf

2
ffiffiffiffiffiffiffiffiffiffi
Lf=Cf

q ¼ 1

2Q
ð9:46Þ

and Q is the filter quality factor of the filter:

Q ¼
ffiffiffiffiffiffiffiffiffiffi
Lf=Cf

q
Rf

ð9:47Þ

Examples of phase and magnitude characteristics of the sinusoidal filter are shown in

Figure 9.38.

Knowledge of filter parameters and characteristic of parameters is essential for the correct

consideration of such filters in drive systems.

An operation of a filter, presented in Figure 9.24, is shown in Figures 9.39 and 9.40 for a rated

load of a 5.5 kW squirrel cage induction motor.

With a fully loaded motor, voltage and current waveforms are significantly filtered with

minimum voltage drop on the filter and minimum phase shifts of voltages and currents before

and after the filter.
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Figure 9.38 Phase and magnitude plots of a sinusoidal filter (filter chosen for a 1.5 kW motor;

Lf¼ 4mH, Cf¼ 3mF, Rf¼ 1W)

Figure 9.39 Voltage waveforms on input and output of the sinusoidal filter for 40Hz inverter output

voltage frequency
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9.6.2.2 Selection of Elements for Zero Sequence (Common Mode)

Selection of the filter elements for CM starts from choosing CM chokes M1 and M2. In the

integrated filter structure shown in Figure 9.24, it is assumed that both chokes are identical. The

inductances of CM chokes should be the same. During the selection of filter elements, it is

assumed thatM1�L1.While selectingM1 andM2, it is important to pay special attention to the

possibility of their practical realization. Such possibilities result from the parameters of the

used toroidal cores. In practical solutions, the measurement of CM voltage ucm is used, which

enables description of the flux in the choke core [5]:

ccm ¼ 1

Ncm

ð
ucmdt ð9:48Þ

where Ncm is the number of turns in one phase of the CM choke.

The magnetic field density in the choke is

Bcm ¼ ccm

Scm
¼ 1

ScmNcm

ð
ucmdt ð9:49Þ

where Scm is the cross-sectional area of the CM choke.

The computed magnetic field density Bcm should be lower than Bsat, which is the saturated

value of the magnetic field density in the core used for the design of the CM choke.

Manufacturers of magnetic materials currently offer dedicated cores for CM chokes with

Bsat¼ 1. . . 1.2T.

Figure 9.40 Current waveforms before (Ch 1) and after (Ch 2) of the sinusoidal filter for 40Hz inverter

output voltage frequency
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The CM choke inductance with known dimensions is described as

Lcm ¼ mScmN
2
cm

lcm
ð9:50Þ

where lcm is an average path length of the magnetic field in the CM choke core.

Neglecting the small leakage inductance of the CM choke, it is possible to assume that

M1¼M2¼Lcm.

For a constant product ScmNcm, the peak value of theCMcurrent Icmmax is proportional to the

ratio lcm/Ncm. Decreasing the dimensions of chokes by reducing the flux path length to lcm and

increasing the number of turnsNcm has the advantage of limiting the current peak value Icm max.

At the same time, it should be noted that the planned number of turns can fit in thewindowof the

selected core.

Searching for an optimal CM choke according to the described method is a complicated,

iterative process requiring special measuring tools that allow for the identification of ucn and

Icm max. Therefore, to simplify the process of the filter design, manufacturers of magnetic

materials frequently suggest specialized solutions of cores and complete CM chokes

depending on motor power.

The capacitance C0 is determined using the knownvalues of inductancesM1 andM2, and the

resonance frequency frez:

C0 ¼ 1

4p2f2rezLcm

ð9:51Þ

while the resistance R0:

R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lcm=Ccm

q
Q0

ð9:52Þ

where Q0 is the assumed quality factor of the CM filter in the range 5–8.

The power of the resistor R0:

PR0 ¼ U2
cm

R0

ð9:53Þ

where Ucm is rms value of the CM voltage, which is

Ucm � Udffiffiffi
2

p ð9:54Þ

In the case of filters, where it is essential to use chokes L3, it is assumed that the current flowing

through the choke L1 is close to the 10% rated motor current:

L3 � 1

2pfn

Un

0:1 � In ð9:55Þ

where Un, In, and fn are voltage, current, and rated frequency of the inverter, respectively.
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Operation of the CM filter, shown in Figure 9.24, is presented in Figures 9.41 and 9.42.

In comparison with a drive without a filter, the CM current in a shielded conductor

PE for a 5.5 kW motor (Figure 5.20) is limited after using a CM filter, as shown in

Figure 5.21.

9.6.3 Motor Choke

Motor chokes are used inmany inverter fed drives. They represent the simplest form of inverter

output filters. In three-phase systems, motor chokes are three-phase or three single-phase bulks

connected between motor and inverter terminals, as shown in Figure 9.43

Themain task of themotor choke in AC drives is to limit the voltage rise (dv/dt) on themotor

terminals, which decreases the danger of damaging the insulation of the motor.

Motor chokes are also used for limiting short circuit currents before running the internal

short circuit protection of the inverter.

While neglecting the copper resistance, a motor choke could be represented as a linear

inductance, as shown in Figure 9.44.

According to Figure 5.23, a motor choke may be represented as

dis

dt
¼ 1

L1

u1 � usð Þ ð9:56Þ

where L1 is motor choke inductance.

Figure 9.41 Current waveform in a shielded conductor PE of a 5.5 kWmotor fed by an inverterwithout

output filter
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The selection ofmotor choke L1 is performed by assuming that the voltage drop on themotor

choke of the first component fout 1h is lower than 5%of the ratedmotor voltage under loading the

filter with rated current In:

L1 ¼ DU1

2pfout 1hIn
ð9:57Þ

Figure 9.42 Current waveform in a shielded conductor PE of a 5.5 kW motor fed by an inverter with

output filter

Figure 9.43 Electric drive with induction motor, voltage inverter, and motor choke

Figure 9.44 Equivalent circuit of the motor choke and induction motor
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Figure 9.45 shows examples of currents and voltages waveforms from an experimental set-

up with a squirrel cage induction motor and motor choke.

In the system with motor choke, the voltage feeding the motor has a pulse shape super-

imposed with an additional small component of the sinusoidal voltage.

The motor choke effect on du/dt is shown in Figure 9.46.

In the waveforms shown in Figure 9.46, it is possible to note the clear limit of motor voltage

dv/dt after connecting a motor choke.

9.6.4 MATLAB/Simulink Model of Induction Motor Drive with PWM
Inverter and Differential Mode (Normal Mode) LC Filter

The MATLAB/Simulink model of induction motor drive with inverter and LC filter sys_LC_

filter.mdl is presented in Figure 9.47.

Figure 9.45 Waveforms registered from experimental setup with induction motor and motor choke:

(a) inverter output voltage; (b) voltage on motor terminals; (c) motor current (a, b – 200V/div, 5ms/div;

c – 5A/div, 2ms/div, motor 1.5 kW 300V, choke L1¼ 11mH, motor loaded with rated condition –

registered waveforms are not synchronized)
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Figure 9.46 Waveforms: (a) inverter output voltage; (b) motor current for the drive with motor choke

(scale 10ms/div, 200V/div – waveforms are not synchronized)

Figure 9.47 MATLAB/Simulink model of induction motor drive with PWM inverter and LC filter -

sys_LC_filter.mdl: (a) whole structure; (b) inverter and PWM sub-system; and (c) LC filter sub-system
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The simulated system is prepared as the single file sys_LC_filter.mdl. The model consists of

the following blocks (sub-systems):

. Three-phase inverter with space vector PWM algorithm (PWM&Inverter);

. LC filter model (Filter model);

. induction motor model (Motor model);

. frame of references transformation (dq2xy, xy2abc);

. flux and speed observer (Observer);

. PI controllers, commanded signals and scopes.

The commanded values are speed and flux. The motor control algorithm is the classical FOC.

Both control systems and the observer are the classical solutions, without any changes due to

LCfilter use. To assure the systemworks correctly, the dynamics of the drive is limited, because

the aim of the simulation is to present the LC filter properties only.

The induction motor model is 4 poles, PN¼ 1.5 kW, UN¼ 300V. All the system parameters,

including filter and motor parameters, are given in the preload function (File ! Model

properties ! Callbacks).

In the simulation test, the constant motor flux is retained, whereas the commanded motor

speed is changed.Due to the speed variations, themotor voltage supply frequency changes. The

LC filter assures that motor voltages and currents are sinusoidal in shape. In Figures 9.48

and 9.49, the example of the motor voltages and currents are presented.

The complete MATLAB/Simulink model is available in the CD-ROM provided with

this book.

Figure 9.47 (Continued)
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9.7 Estimation Problems in the Drive with Filters

9.7.1 Introduction

For motor closed loop control purposes, the actual controlled state variables have to be known.

In most control systems, the controlled variables are mechanical speed, magnetic flux, and

motor torque. The speed is easy to measure; however, measuring other variables is not so

simple. In spite of the easy speed measurement in modern drives, the requirements for speed

sensor elimination exists. To solve these problems, numerous estimation methods are used and

Figure 9.48 Motor supply voltage

Figure 9.49 Simulation of the drive start-up and speed variations
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the variables are calculated on-line. Then the sensors are limited to only the current and voltage

sensors installed inside the converter. To prevent noise, all sensors should be installed inside the

converter box. A drive with such limited sensors is known as a sensorless drive. The general

structure of the sensorless AC drive is presented in Figure 9.50.

In the literature, numerous sensorless solutions are proposed. A comprehensive review can

be found in [20]. Butmost of the solutions presented are applicable for the driveswithoutmotor

filter use.

In the case of motor filter use, the estimation process is more complicated. Some of the

solutions propose the installation of voltage and current sensors outside the converter for direct

motor current and voltage measurement [21,22]. Unfortunately, as was mentioned earlier, this

is not an applicable solution. The more useful solution is to implement the filter model in the

estimation algorithm, where the sensor structurewill be the same as in drives without filter use.

Then the general structure of the sensorless drive with the LC filter is as presented in

Figure 9.51.

Only the differential model filter has influence on motor control and estimation

algorithms.

Only a limited amount of literature presents estimation solutions for driver with

filters, some of which are proposed in [23–25]. The most common estimation method is

to add the filter model dependencies into some known observer structure and to change

Figure 9.51 General structure of the sensorless AC drive with motor LC filter use

Figure 9.50 General structure of the sensorless AC drive
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the observer correction parts. Some of the possible solutions are presented in the following

sections.

9.7.2 Speed Observer with Disturbances Model

The operation of modern complex asynchronous motor electric drives requires application of

the calculating system, which computes on-line all the state variables used in control systems.

Nowadays, frequent solutions in state variable calculations are to use a state observer. In this

chapter, the state observer presented in [26] has been converted into a system with a sine filter.

The base observer structures for the drive, without the sine filter in ab references, are

d̂isa

dt
¼ �RsL

2
r þRrL

2
m

Lrwd
îsa þ RrLm

Lrwd
ĉra þ

Lm

wd
jb þ

Lr

wd
ucomsa þ k3 isa � îsa

� � ð9:58Þ

d̂isb

dt
¼ �RsL

2
r þRrL

2
m

Lrwd
îsb þ RrLm

Lrwd
ĉrb þ

Lm

wd
ja þ

Lr

wd
ucomsb þ k3 isb � îsb

� � ð9:59Þ
dĉra

dt
¼ �Rr

Lr

ĉra � jb þRr

Lm

Lr

îsa � k2Sbĉra þ Sk2k3ĉrb Sb � SbFð Þ
þ Sk5 Sx � SxFð Þĉra � Sb � SbFð Þĉrb

� � ð9:60Þ

dĉrb

dt
¼ �Rr

Lr

ĉrb þ ja þRr

Lm

Lr

îsb � k2Sbĉrb � Sk2k3ĉra Sb � SbFð Þ
þ Sk5 � Sx � SxFð Þĉrb � Sb � SbFð Þĉra

� � ð9:61Þ

dĵa
dt

¼ � v̂crĵb � k1 isb � îsb
� � ð9:62Þ

dĵb
dt

¼ v̂crĵa þ k1 isa � îsa
� � ð9:63Þ

dSbF

dt
¼ 1

TSb

Sb � SbFð Þ ð9:64Þ

dv̂rF

dt
¼ 1

TKT

v̂r � v̂rFð Þ ð9:65Þ

dSxF

dt
¼ 1

TSx

Sx � SxFð Þ ð9:66Þ

S ¼ 1 if v̂cr > 0

� 1 if v̂cr � 0

	
ð9:67Þ

Sx ¼ ĵaĉra þ ĵbĉrb ð9:68Þ
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Sb ¼ ĵaĉrb � ĵbĉra ð9:69Þ

v̂cr ¼ v̂rF þRr

Lm

Lr

ĉra îsb þ ĉrb îsa

ĉ
2

ra þ ĉ
2

rb

0
@

1
A ð9:70Þ

v̂r ¼ ẑaĉra þ ẑaĉra

ĉ
2

ra þ ĉ
2

rb

ð9:71Þ

where ja, jb are components of the motor electromotive forces;vyr is the angular speed of the

motor flux vector; k1, k2, k3, k4, k5 are the observer gains; Sx, SxF, Sb, SbF are additional

variables used to stabilize the observer work; TSb, TKT, and TSx are the time constants of the

filters; and S is the sign of the rotor flux speed.

The state observer equations (9.58) to (9.71) need to be modified to assure the proper

function of the electric drive, as presented in [27].

For the system with the sine filter, the observer equations (9.58) to (9.71) are extended with

LC filter model equations.

The circuit of the LC filter, presented in Figure 9.52, can be described as

duca

dt
¼ ica

C1

ð9:72Þ

di1a

dt
¼ u1a �R1i1a �Rcica � uca

L1 þLsM1ð Þ ð9:73Þ

ica ¼ i1a � isa ð9:74Þ
usa ¼ Rc i1a � isað Þþ uca ð9:75Þ

ducb

dt
¼ icb

C1

ð9:76Þ

di1b

dt
¼ u1b �R1i1b �Rcicb � ucb

L1 þLsM1ð Þ ð9:77Þ

icb ¼ i1b � isb ð9:78Þ
usb ¼ Rc i1b � isb

� �þ ucb ð9:79Þ

Figure 9.52 Equivalent circuit of the differential inverter output LC filter
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The correction parts in equations (9.58) and (9.59) are changed to the difference between

measured and calculated inverter output current. Instead of the commanded motor voltages in

equations (9.58) and (9.59), the commanded inverter output voltages are used in equa-

tions (9.51) and (9.52). In equations (9.2) and (9.6) of the LC filter model, the new correction

terms are added.

Equations of the modified state observer for electric drives with inverter output filter are

d̂isa

dt
¼ �RsL

2
r þRrL

2
m

Lrwd
îsa þ RrLm

Lrwd
ĉra þ

Lm

wd
jb þ

Lr

wd
ûsa þ k3 i1a � î1a

� � ð9:80Þ

d̂isb

dt
¼ �RsL

2
r þRrL

2
m

Lrwd
îsb þ RrLm

Lrwd
ĉrb �

Lm

wd
ja þ

Lr

wd
ûsb þ k3 i1b � î1b

� � ð9:81Þ

dĉra

dt
¼ �Rr

Lr

ĉra � jb þRr

Lm

Lr

îsa � k2Sbĉra � Sk2k3ĉrb Sb � SbFð Þ
þ Sk5 Sx � SxFð Þĉra � Sb � SbFð Þĉrb

� � ð9:82Þ

dĉrb

dt
¼ �Rr

Lr

ĉrb þ ja þRr

Lm

Lr

îsb � k2Sbĉrb � Sk2k3ĉra Sb � SbFð Þ

þ Sk5 � Sx � SxFð Þĉrb � Sb � SbFð Þĉra

� � ð9:83Þ

dĵa
dt

¼ � v̂crĵb � k1 i1b � î1b
� � ð9:84Þ

dĵb
dt

¼ v̂crĵa þ k1 i1a � î1a
� � ð9:85Þ

dûca

dt
¼ i1a � îsa

C1

ð9:86Þ

dûcb

dt
¼ i1b � îsb

C1

ð9:87Þ

d̂i1a

dt
¼ ucom1a � ûsa

L1

þ kA i1a � î1a
� �� kB i1b � î1b

� � ð9:88Þ

d̂i1b

dt
¼ ucom1b � ûsb

L1

þ kA i1b � î1b
� �þ kB i1a � î1a

� � ð9:89Þ

ûsa ¼ ûca þ i1a � îsa
� �

Rc ð9:90Þ

ûsb ¼ ûcb þ i1b � îsb
� �

Rc ð9:91Þ

dSbF

dt
¼ 1

TSb

Sb � SbFð Þ ð9:92Þ
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dv̂rF

dt
¼ 1

TKT

v̂r � v̂rFð Þ ð9:93Þ

dSxF

dt
¼ 1

TSx

Sx � SxFð Þ ð9:94Þ

S ¼ 1 if v̂cr > 0

�1 if v̂cr � 0

	
ð9:95Þ

Sx ¼ ĵaĉra þ ĵbĉrb ð9:96Þ
Sb ¼ ĵaĉrb � ĵbĉra ð9:97Þ

v̂cr ¼ v̂rF þRr

Lm

Lr

ĉra îsb þ ĉrb îsa

ĉ
2

ra þ ĉ
2

rb

0
@

1
A ð9:98Þ

v̂r ¼ ẑaĉra þ ẑaĉra

ĉ
2

ra þ ĉ
2

rb

ð9:99Þ

where kA and kB are the additional observer gains.

The small resistance R1 and leakage inductance LsM1 could be omitted in the modified

observer procedure.

9.7.3 Simple Observer based on Motor Stator Models

Some estimations of algorithms are based on themotor stator circuit model. Thesemethods are

simple in implementation, but have an inseparable problem with voltage drift [28]. In the

literature, some suggestions for motor stator based estimation improvements are pro-

posed [29,30]. For example, in [30], the observer is based on the voltage model of the

induction motor with combination of rotor and stator fluxes and stator current relationships:

t0s
dcsa

dt
þcsa ¼ krcr þ us ð9:100Þ

where ĉs ¼ ĉsa; ĉsb


 �T
is stator flux vector;, ĉr ¼ ĉra; ĉrb


 �T
, us ¼ usa; usb


 �T
; t0s ¼ sLs=Rs

is time constant, and kr ¼ Lm=Lr is the rotor coupling factor.

To prevent problems of voltage drift and offset errors, instead of pure integrators, low pass

filters (LPFs) are used. The limitation of the estimated stator flux is tuned to the stator flux

nominal value. In addition, the extra compensation part is added, as presented in [30].

This section presents the observer system from [30], which is changed adequately to fit the

drive with the LC filter requirements – the structure of the observer is extended, taking into

account the model of the filter [30]. For the drive with the LC filter, the extra filter simulator

relations are used. In the filter dynamics simulator block, the estimated values of the motor

current and voltage are calculated as îs and ûs. These estimated variables are calculated on

the basis of the inverter commanded voltage ucom1 and the measured inverter output current i1.
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The simulator calculations are performed in an open loop, according to equations (9.18)

to (9.23) filter model:

dûs

dt
¼ i1 � îs

C1

ð9:101Þ

d̂i1

dt
¼ u1 � ûs

L1

ð9:102Þ

where i1 ¼ i1a; i1b

 �T

, î1 ¼ î1a; î1b

 �T

, îs ¼ îsa; îsb

 �T

, u1 ¼ u1a; u1b

 �T

, ûs ¼ ûsa; ûsb

 �T

The other rotor flux and stator flux observer equations are computed as

dĉsa

dt
¼ � ĉsa þ krĉra þ ûsa

t0s
� kab i1 � î1

� �
ð9:103Þ

ĉr ¼
ĉs �sLŝis

kr
ð9:104Þ

where kAB ¼ kA � kB
kB kA

� 

is the observer gains matrix.

The rotor flux magnitude and angle position are

ĉr

�� �� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ĉ
2

ra þ ĉ
2

rb

q
ð9:105Þ

r̂cr ¼ arc tg
ĉrb

ĉrb

ð9:106Þ

The estimated current îs, appearing in equation (9.103), is

îs ¼ ĉs � krĉr

sLs

ð9:107Þ

The rotor flux pulsation is

v̂cr ¼
dr̂cr
dt

ð9:108Þ

The rotor slip is obtained from

v̂2 ¼
ĉra îsb � ĉrb îsa

ĉr

�� ��2 ð9:109Þ

The rotor mechanical speed is the difference between the rotor flux pulsation and slip

frequencies:

v̂r ¼ v̂cr � v̂2 ð9:110Þ

The observer structure is presented in Figure 9.53.
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The presented closed-loop flux observer has high robustness of the ASD, with the observer

based on the stator model, and the results can be found in [30]. The observer is not affected by

stator resistance and other motor parameters mismatch. This significantly extends the stable

operating region, even without precise parameter tuning.

9.8 Motor Control Problems in the Drive with Filters

9.8.1 Introduction

The differential mode motor filter has considerable influence on the control process. This is

because each filter adds a voltage drop and a phase shift between the current and voltages on the

filter input and output. For example, a typical LC filter for a 5.5 KWmotor, under nominal load

and frequency, gives ca. 5% and 5 degrees of voltage drop and phase shift, respectively.

An example of real voltages on the filter input and output are presented in Figure 9.54.

As a result,most of the sophisticated sensorless drives cannotwork properlywhen the filter is

installed. It is also necessary to take into account the filter’s components in the control process.

Figure 9.53 Close-loop observer structure
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The general concept is to extend the corresponding steering algorithm with its subordinated

control system for some of the filter state variable controls.

A differential mode LC filter is a two-dimensional linear stationary controlled system. The

controlled state variables aremotor supply voltageus and inverter output current i1,whereas the

control quantity is an inverter output voltage u1. Current i1 represents the filter’s internal

variables.

The basic structure of the LC filter control system is presented in Figure 9.55.

In the control structure shown in Figure 9.55, the commanded signal is a motor supply

voltage us
com. The commanded signal is compared with a real motor supply voltage us and the

proper controller evaluates the desired inverter output voltage u1, which should be directly set

to the controlled system, LC filter. For the control process, the motor current is is a disturbance.

The disturbance influence on the control process is possible, if it takes into account the control

algorithm. The disturbance has to be compensated for, as presented in Figure 9.56.

In the control systems presented in Figures 9.55 and 9.56, the inverter output current i1 is not

controlled, which is unadvisable because of the lack of inverter current protection. To control

the inverter current and motor voltage, the multi-loop control system proposed in [22] can be

used (Figure 9.57).

The control system presented in Figure 9.57 requires information on the actual i1 and us
signals. Current i1 is easily measured, but us requires sensors outside the inverter, which is not

Figure 9.54 Drive with LC filter – waveforms of: (a) commanded inverter output voltage; and (b) real

motor supply voltage

Figure 9.55 Structure of the LC filter control system
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recommended. So instead of theus measurement, the estimation process for ûs can be used. The
corresponding system structure is presented in Figure 9.58.

Themulti-loop control structure of the LCfilter can be applied in numerousmotor regulation

algorithms. Some of them are presented in the following sections.

9.8.2 Field Oriented Control

Among the induction motor closed loop drives, the most popular is the field oriented control

(FOC) system. The control principle is widely presented in the literature [31], as well as in

previous chapters of this book. Here the FOC is used in the drive with an LC filter and only the

necessary information is given.

The base FOC structure is presented in Figure 9.59 and the vectors relations in Figure 9.60.

In Figure 9.61, the operation of the classical FOC system for the driverwithout an LCfilter is

presented. The same operations are presented in Figure 9.62, but with the LC filter installed.

In both cases, the controller setting and control structure are kept the same. The influence of

the observer is eliminated, because all control variables are assumed as measured on-line.

When Figures 9.61 and 9.62 are compared, they shows that when an LC filter is installed, the

Figure 9.56 Structure of the LC filter control system

Figure 9.57 Structure of the multi-loop LC filter control system

Figure 9.58 Structure of the multi-loop LC filter control system with motor voltage estimation
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system’s performance degenerates. It is especially visible in the motor torque waveforms,

where high frequency oscillations appear as a result of the controlled object structure change.

This disadvantage can be compensated for if the FOC structure is modified with respect

to the multi-loop filter control conception. The additional control variables of capacitor

voltages uca, ucb and inverter currents i1a, i1b are controlled by additional blocks.

Figure 9.59 Classical field oriented control structure

Figure 9.61 Operation of the classical FOC system in driver without LC filter – system without

observers

Figure 9.60 Relations between vectors in FOC system
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Assuming that usa� uca and usb� ucb, the LC filter model is described in the dq frame of

references:

dusd

dt
¼ icd

C1

ð9:111Þ

di1d

dt
¼ u1d � usd

L1

ð9:112Þ

dusq

dt
¼ icq

C1

ð9:113Þ

di1q

dt
¼ u1q � usq

L1

ð9:114Þ

icd ¼ i1d � isd ð9:115Þ

icq ¼ i1q � isq ð9:116Þ

In the multi-loop, structured usd, usq, and i1d, i1q are controlled by correct PI elements.

In Figure 9.63, the modified FOC structure is presented.

The operation of the control system, presented in Figure 9.63, is show in Figure 9.64.

The modified FOC structure properties (Figure 9.61) are similar to those in classical FOC

(Figure 9.58). The only notable difference is the lower dynamics of the drive with an LC filter,

which is the result of the higher stator current time constant. However, the difference is

insignificant.

The examples of the modified FOC operations in the speed sensorless mode are presented in

Figures 9.65 to 9.67.

Figure 9.62 Operation of the classical FOC system in driver with LC filter – system without observers
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Figure 9.63 Field oriented control structure modified due to LC filter use

Figure 9.64 Operation of the modified FOC system for driver with LC filter – system without observers
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9.8.3 Non-Linear Field Oriented Control

The most popular industrial induction motor (IM) control is rotor field oriented control

(RFOC) [31]. In classical RFOC, the coupling between flux and torque exists. Therefore, to

improve the RFOCproperties, a decoupling control is often used. Themost popular decoupling

system relies on adding electromotive rotation compensation components appearing in motor

model equations (9.1) and (9.2): a3vrcry and �a3vrcrx to themotor commanded voltages ucomsx ,

ucomsy . Other solutions for decoupling of the motor also exist. One such method is proposed

in [32], in order to control amotor electromagnetic torque te instead of the q current component

(in [32] the controlled te variable is noted as x):

te ¼ isqcrd ð9:117Þ
The motor torque te is accepted as an additional state variable. With such an assumption, the

motor model equations (9.1) to (9.5) can be rewritten, using the rotating dq co-ordinates, as

disd

dt
¼ a1isd þ a2crd þ te

vcr

crd

þ a4usd ð9:118Þ

dte

dt
¼ a5 �RsLr

ws

� �
te þ a6te

isd

crd

�vcrcrd isd þ a3crdð Þþ a4crdusq ð9:119Þ

dcrd

dt
¼ a5crd þ a6isd ð9:120Þ

dvr

dt
¼ 1

J

Lm

Lr

te � tL

� �
ð9:121Þ

Figure 9.65 Operation of themodifiedFOC system for a drivewith LCfilter in sensorlessmode – system

with variables estimation
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wherevcr ¼ a6isq=crd þvr and isd, isq, usd, usq,yrd are motor stator current, voltages, and rotor

flux in dq co-ordinates.

Equations (9.118) to (9.121) describe the model of the induction motor in dq co-

ordinates, which is a non-linear and coupled system. If the following, control variables

v1 and v2 are

v1 ¼ a6te
isd

crd

�vcrcrd isd þ a3crdð Þþ a4crdusq ð9:122Þ

v2 ¼ vcr
te

crd

þ a2crd þ a4usd ð9:123Þ

the motor model dq equations (9.7) to (9.10) are converted into two linear decoupled sub-

systems:

disd

dt
¼ a1isd þ v2 ð9:124Þ

dcrd

dt
¼ a5crd þ a6isd ð9:125Þ

dte

dt
¼ a5 �Rsa4ð Þte þ v1 ð9:126Þ

dvr

dt
¼ 1

J

Lm

Lr

te � tL

� �
ð9:127Þ

The base structure of the non-linear filed oriented controlmethod is presented in Figure 9.68.

In Figure 9.68, the angle ryr represents the position of the rotor flux vector and ud is the

voltage in the inverter DC link. A block marked as dq/ab represents the Park transformation

from the rotating dq into the stationaryab frame of references. Theab co-ordinates are natural

for PWM space vector algorithm.

9.8.3.1 Extended Control System

In order to assure control of the system with the LC filter, the motor control structure presented

in previous section has been extended by using additional controllers.

The cascaded multi-loop PI controllers are used to control the motor supply voltages usd, usq
and inverter output currents i1d, i1q [21,22]. In the filter control sub-system, the disturbance

compensation on the stator voltage controllers is used.

In order to eliminate a phase shift in the PI units, the control of the filter state variables is done

by the synchronous dq co-ordinates synchronized with the rotor flux vector – the same co-

ordinates as used in the basic RFOC control system.

The disadvantage of multi-loop solutions is a necessity of the motor voltage and current

knowledge. Unfortunately the real sensors are not practical in this solution, as noted in the

introduction. The variables are calculated on-line in the complex observer structure.
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In this section, instead of the full multi-loop structure, only the PI controllers formotor stator

voltage are implemented. The whole structure of the extended control system of the drive with

induction motor, inverter, and LC filter is presented in Figure 9.69.

In the extended control systempresented in Figure 9.66, two additional PI controllers appear.

The controllers directly control the motor stator voltage. The inverter output current is not

controlled explicitly. This happens because the capacitor current is small, contrary to themotor

current. The motor current controllers are present in the FOC structure, so that the inverter

output current is controlled indirectly.

The commanded inverter voltage components, ucom1d and ucom1q , are transformed to the

stationary ab co-ordinates, ucom1a and ucom1b , and are treated as the inputs of the PWM module.

9.8.4 Non-Linear Multiscalar Control

In this section, the non-linear multiscalar control system, designed to be operated with the LC

filter, is presented. For the control, only one sensor is used to measure the inverter DC supply

voltage and two sensors are used tomeasure the two inverter output currents. The control system

is divided into two sub-systems, the superiormotor control and the subordinate LCfilter control.

The control structure is part of the motor speed sensorless system presented in Figure 9.70.

9.8.4.1 Motor Control Sub-system

In the motor control sub-system, the non-linear control using non-linear feedback is used. That

control is based on themethods of the differential geometry and was first adapted to the electric

Figure 9.68 Base control system for decoupled rotor field oriented method
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drive in [32] (MMB) and presented in other papers later, but only for the drivewithout LC filter.

InMMB, the non-linear and decoupled object is converted into a linear onewith use of the new

state variables and the non-linear feedbacks. The four MMB state variables are

x11 ¼ vr ð9:128Þ

x12 ¼ craisb �crbisa ð9:129Þ

x21 ¼ c2
ra þc2

rb ð9:130Þ

x12 ¼ craisa þcrbisb ð9:131Þ

where x11 is rotor angular speed; x12 is proportional to the motor torque; x21 is square of rotor

flux; x22 is scalar product of the stator current and rotor flux vectors; and is and yr are the

magnitudes of the stator current and rotor flux, respectively.

Figure 9.69 Induction motor and LC filter non-linear field oriented control system structure
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With the multiscalar variables x12x12x12x12equations (9.128) to (9.131), the next model

of the motor is

dx11

dt
¼ x12

Lm

JLr

�TL

J
ð9:132Þ

dx12

dt
¼ � 1

Tv

x12 � x11ðx22 þ x21
Lm

ws
Þþ u1

Lr

ws
ð9:133Þ

dx21

dt
¼ 2Rr � 1

x21
þ x22

Lm

Lr

� �
ð9:134Þ

dx22

dt
¼ � 1

Tv

x22 þ x11x12 þ x21Rr

Lm

Lrws
þ RrLm

Lr

x212 þ x222
� �

x21
þ u2

Lr

ws
ð9:135Þ

where Tn ¼ wsLr= Rrws þRsL
2
r þRrL

2
m

� �
.

The compensation of non-linearities in equations (9.12) to (9.15) leads to the new driving

functions m1 and m2:

u1 ¼ ws

Lr

x11 x22 þ x21
Lm

ws

� �
þm1

� 

ð9:136Þ

u1 ¼ ws

Lr

�x11x12 � x21
RrLm

Lrws
�RrLm

Lr

x212 þ x222
x21

þm2

� �
ð9:137Þ

The components of the commanded motor stator voltage vector in the stationary frame are

ucomsa ¼ crau2 �crbu1

x21
ð9:138Þ

ucomsb ¼ crbu2 �crau1

x21
ð9:139Þ

With equations (9.8) to (9.11) and (9.16) to (9.19), the asynchronousmotor model is decoupled

and converted into two separate linear sub-systems, mechanical equations (9.20) and (9.21),

and electromagnetic equations (9.22) and (9.23):

dx11

dt
¼ x12

Lm

JLr

�TL

J
ð9:140Þ

dx12

dt
¼ � 1

Tv

x12 �m1 ð9:141Þ
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dx21

dt
¼ 2Rr � 1

x21
þ x22

Lm

Lr

� �
ð9:142Þ

dx22

dt
¼ � 1

Tv

x22 þm2 ð9:143Þ

The fully decoupled sub-systems make it possible to use this method in the case of a

changing flux vector and to obtain simple system structure, which is not easily achieved in the

case of vector control methods. It is possible to use cascade structure of simple proportional-

integral PI controllers in the decoupled, linear control sub-systems.

The motor stator current does not exist in the control system distinctly. So to limit the motor

current to the maximum allowed Is max, the output of the x11 controller is variably limited

according to the relation:

xlimit
12 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2s maxx21 � x222

q
ð9:144Þ

9.8.4.2 LC Filter Control Sub-system

In the case of a drive without the LC filter, the MMB output variables ucomsa and ucomsb are

commanded for the PWM block. The PWM controls the inverter transistors to obtain the

commanded voltage on the inverter output.

When the LC filter is used, the inverter output voltage changes the form of the motor supply

voltage. So the error in theMMBcontrol loopwill appear. To solve this problem, themulti-loop

controller loops, presented in previous section, is used.

The filter output sensors are not used because of the proper observer use. To omit the phase

shift of PI controllers, the filter variables are operated in the rotating frame of references. The

frame of reference is noted as the dq system, where the position of the d-axis is connected with

the commanded inverter output vector us.

9.9 Predictive Current Control in the Drive System with Output
Filter

In this section, the predictive current controller (PCC) is presented in the IM speed sensorless

system with a FOCmethod and load angle regulation, to show how the system is modified due

to motor choke installation.

9.9.1 Control System

Among different control algorithms, the control of the load angle FOC exists [33]. The

structure of the load angle control seems simpler than the FOC, because they do not need Park

transformations. The load angle d is noted as the angle between the cr and is vectors. The
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control of the vector amplitudes and mutual position makes it possible to control the motor

electromagnetic torque Te:

Te ¼ k � Im c*
r is

� � ¼ k crj j isj jsin d ð9:145Þ

where k is the constant of proportionality.

The FOC load angle control system base structure, based on equation (9.145), is presented in

Figure 9.71.

In the control system shown in Figure 9.71, the measured variables are the inverter output

currents and inverterDC link voltage. Themotor currents andmotor voltages are notmeasured.

The load angle is controlled by commanding the motor slip frequency v2. The sum of v2 and

the motor speed vr is noted as current commanded angular frequency vcom
i . The signal vcom

i ,

along with the commanded stator current magnitude icoms , are simultaneously controlled by the

current controller algorithm. The current controller co-operates with the PWMprocedure. The

commanded values of Is and vi are set by speed and flux module controllers, with the output

signals Icoms and dcom:

Icoms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
icomsd

� �2 þ icomsq

� �2
r

ð9:146Þ

dcom ¼ arc tg
icomsq

icomsd

� �
ð9:147Þ

The amplitudes of thecr and is vectors are kept constant, while themotor torque is controlled

by changing the angle d. Unfortunately, in transients, some coupling and interactions

appear between the controlled variables, due to inherent non-linearities and couplings in the

induction motor.

To prevent these negative features from appearing in the drive, the non-linear control

principles [34] are implemented [32].

Figure 9.71 Base structure of the FOCalgorithmwith load angle control (̂ denotes variables evaluated in

estimation block)
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The non-linear control principle is implemented for the FOC system presented in Figure 9.71.

The linearization and decoupling of the Figure 9.71 structure is based on the equations of the

current controlled induction motor model described by the next dependencies:

dis

dt
¼ 1

Ti

is � Icoms

� � ð9:148Þ

dd

dt
¼ �RrLm

Lr

is

cr

þvi �vr ð9:149Þ

dcr

dt
¼ �Rr

Lr

cr þ
RrLm

Lr

is cos d ð9:150Þ

dvr

dt
¼ � 1

JM

Lm

Lr

cris � tL

� �
ð9:151Þ

where is andus are stator current andvoltagemodules, respectively;yr is rotorfluxmodule; Icoms is

commanded stator current; andTi is the time constant of the LPF related to the inertia of elements

appearing in the current control loop.

Equation (9.148) exists only in the control system and is added to model the physical

limitations of the stator current pulsation changes.

Based on the analysis of equations (9.149) and (9.150), the linearization and decoupling of

the system are performed. To assure system stability, the relationship of cos d in equa-

tion (9.150) should be positive, otherwise positive feedback can appear in the control loop.

To insure cos d> 0, the angle d is limited to the (�p/2. . . p/2) range and then a new control

variable c*
r is introduced:

c*
r ¼ Lmiscosd ð9:152Þ

From equation (9.152), the commanded stator current module is

icoms ¼ c*
r

Lm cos d
ð9:153Þ

The LPF equation (9.148) is replaced by the LPF dependency for the rotor flux magnitude:

dc*
ri

dt
¼ 1

Ty
c*
ri �c*

r

� � ð9:154Þ

where c*
ri is an output signal of the LPF and Ty is LPF inertia.

According to equation (9.154), equation (9.153) has the form:

icoms ¼ c*
ri

Lm cos d
ð9:155Þ

If the control signal equation (9.152) is substituted into equation (9.149), then the dynamic of

the load angle is transformed into the form:

dd

dt
¼ �Rr

Lr

c*
ri

cr cos d
þvi �vr ð9:156Þ
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which is still non-linear. To transform equation (9.156) into a linear form, the commanded

motor current pulsation should be

vcom
i ¼ vr þ Rr

Lr

c*
r

cr cos d
þ 1

Td
d* � d
� � ð9:157Þ

where d� and Td are desired load angle and time constant of the load angle dynamic system,

respectively.

Regarding equations (9.152) and (9.157), the next dynamic system for the load angle and

rotor flux control is

dd

dt
¼ 1

Td
d* � d
� � ð9:158Þ

dcr

dt
¼ Rr

Lr

c*
ri �cr

� � ð9:159Þ

It is noted that the dynamic system equations (9.158) and (9.159) are linear and decoupled.

The structure of the non-linear FOC with the load angle controller is presented in Figure 9.72.

In the system shown in Figure 9.72, the commanded value of the load angle is

dcom ¼ arc tg
icomsq

îsd

� �
ð9:160Þ

The commanded stator current amplitude is calculated in control block 1, based on

equation (9.155), and the commanded stator current pulsation is calculated in control block

2, based on equation (9.157). Both blocks are indicated in Figure 9.72.

9.9.2 Predictive Current Controller

The integral part of the FOC system is the IM stator current controller. Many different methods

for current control are presented in the literature. A comprehensive survey is presented in [35].

Figure 9.72 Structure of the non-linear FOC with load angle control
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Good results of current control are reported in [36], where a variety of predictive control

methods (PCM) were used.

The filters significantly affect the structure of the system, so some of the predictive controllers

cannot work properly. The simplest version of the inverter output filter is a motor choke, which

reduces the reflected waves in long cables connected to the motor, prevents over-voltages on

motors and inverter transistors, and reduces the radio frequency interference level. However, in

drives with motor chokes, the predictive controller’s algorithm should also be modified.

In the control system presented in this section, the motor stator current is controlled. The

controller uses actual values of the induction motor electromagnetic forces e (emf) to obtain

proper current regulation. Values of the emf are calculated in the observer system described in

the next section.

The notation for the presented current controller is explained in Figure 9.73.

The basic assumption is that the PWM inverter is working in such a way that the inverter

output voltage us is equal to its commanded value ucoms :

us � ucoms ð9:161Þ

The current controller principle is based on the dynamic equation that describes themodel of

the system. An equivalent model of the presented system contains three parts, inductance,

resistance, and emf. Because amotor choke is installed in theASD, it is acceptable to neglect an

equivalent resistance of the load. With such an assumption, the system dynamic is

dis

dt
¼ 1

L1 þLs
ucoms � e
� � ð9:162Þ

where ucoms is the inverter commanded voltage vector and Timp is the inverter switching

frequency period.

For small Timp, equation (9.162) is approximated as

is kð Þ� is k� 1ð Þ
Timp

¼ 1

L1 þLs
ucoms k� 1ð Þ� e k� 1ð Þ� � ð9:163Þ

If (k� 1). . . (k) is the time period taken into account, the variables is(k) and e(k� 1) are

unknown and should be predicted on the basis of previous known examples.

In the presented system, emf is calculated on-line in the estimation block:

ê ¼ vrĉr ð9:164Þ

Figure 9.73 Samples notation for switching period Timp
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Motor emf equation (9.74) is calculated inside an observer structure presented in

section 9.9.3.

The samples of ê k� 2ð Þand ê k� 3ð Þ, calculated in the observer, are memorized and used to

predict the value of ê k� 1ð Þ:

êpred k� 1ð Þ ¼ CEMFê k� 2ð Þ ð9:165Þ
where

CEMF ¼ cos Dweð Þ sin Dweð Þ
�sin Dweð Þ cos Dweð Þ

� 

ð9:166Þ

and Dwe is e vector angular position change:

Dwe ¼ arc tg
êa k� 3ð Þêb k� 2ð Þ� êa k� 2ð Þêb k� 3ð Þ
êa k� 2ð Þêa k� 3ð Þþ êb k� 2ð Þêb k� 3ð Þ ð9:167Þ

For the calculated êpred value, the current sample at (k) is predicted as

ipreds kð Þ ¼ is k� 1ð Þþ Timp

L1 þLs
ucoms k� 1ð Þ� êpred k� 1ð Þ� � ð9:168Þ

The current regulation errors at the instant (k� 1) and (k) are calculated as

Dis k� 1ð Þ ¼ icoms k� 1ð Þ� is k� 1ð Þ ð9:169Þ

Dis kð Þ ¼ icoms kð Þ� ipreds kð Þ ð9:170Þ

In order to minimize the stator current regulation error at the (kþ 1) instant, the proper voltage

vector ucoms kð Þ should be applied [30]:

ucoms kð Þ ¼ L1 þLs

Timp

icoms kþ 1ð Þ� ipreds kð ÞþDIs

� �þ êpred kð Þ ð9:171Þ

where DIs is the current controller correction feedback:

DIs ¼ W1CEMFDis kð ÞþW2C2EMFDis k� 1ð Þ ð9:172Þ

and

êpred kð Þ ¼ C2EMFê k� 2ð Þ ð9:173Þ

C2EMF ¼ cos 2Dweð Þ sin 2Dweð Þ
�sin 2Dweð Þ cos 2Dweð Þ

� 

ð9:174Þ

and W1 and W2 are tuned parameters.

The PCC structure is presented in Figure 9.74.

466 High Performance Control of AC Drives with MATLAB/Simulink Models



An important parameter of the system is the inductance that appears in current controller

relationships. Therefore, it is important to add the motor choke inductance L1 to the current

controller equations.

9.9.3 EMF Estimation Technique

In the case of the ASDwith motor choke, the disturbance observer is modified in a similar way

to the solution presented in [37].

In this section, the disturbance observer [26] is presented, taking into account the presence

of the motor choke. In the observer, the motor emf is treated as a disturbance with components

in the ab co-ordinates calculated using the exact disturbance model [38]:

dj

dt
¼ Rr

Lr

jþRr

Lm

Lr

vris þ jv̂rj ð9:175Þ

where

ja ¼ cravr ð9:176Þ

jb ¼ crbvr ð9:177Þ

j ¼ ja jb

 �T ð9:178Þ

In the case of the ASD with motor choke, the disturbance observer is modified in a similar

way to the solution presented in [37]. In the case of the ASD with motor choke, the L1

inductance is added to the motor model (Figure 9.75).

Figure 9.74 Predictive current controller structure for ASD with motor choke
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The equations of the observer for the ASD with motor choke are

d̂is

dt
¼ �RsL

2
r þRrL

2
m

Lrws1
îs þ RrLm

Lrws1
ĉr � j

Lm

ws1
ĵþ Lr

ws1
ucom1 þ k1 is � îs

� �
ð9:179Þ

dĉr

dt
¼ Rr

Lr

ĉr þRr

Lm

Lr

îs þ jĵþ ec ð9:180Þ

dĵ

dt
¼ Rr

Lr

ĵþRr

Lm

Lr

vr̂is þ jv̂rĵþ jk4 is � îs

� �
ð9:181Þ

dSbF

dt
¼ kfo Sb � SbFð Þ ð9:182Þ

where ec ¼ �k2Sbĉra þ k3ĉrb Sb � SbFð Þ � k2Sbĉrb � k3ĉra Sb � SbFð Þ
h iT

; k1, k2, and k4
are observer gains; Sb is the observer stabilizing component; SbF is the Sb filtered value; and

ws1 ¼ Lr Ls þL1ð Þ�L2
m ð9:183Þ

The rotor mechanical speed is estimated as

v̂r ¼
ĵaĉra þ ĵbĉrb

Y2
r

ð9:184Þ

In equations (9.179) to (9.182), due to the assumption of the small step of the observer

calculation, the derivative of estimated speed is neglected. For the PCC, the value of the motor

emf e is equal to j, calculated in equation (9.181).

Figure 9.76 presents the operation of the drive only with PCC, without the FOC loop. The

controller operates correctly with a current regulation error of less than 5%. At the 100ms

instant, the inductance of the motor choke L1 is set to zero. It is noticeable that if the choke

parameters are not taken into account, the drive is not operating correctly.

Figure 9.77 presents the operation of the full control system without non-linear feedback.

The structure of the system is based on the scheme presented in Figure 9.71. In steady state, the

system correctly controls the commanded speed and flux, but in transients, the interaction

Figure 9.75 Induction motor drive with voltage inverter and motor choke

468 High Performance Control of AC Drives with MATLAB/Simulink Models



between both the regulation systems appears. In the case of the speed reverse, a huge flux error

appears. In the real system, the drive operating without the decoupled control will not work in a

stable manner. The stablework of this system is possible only when the dynamics of the system

are limited. In the real system, the fluxwill be limited due tomagnetic circuit saturation. This is

not observed in the simulation, because a linear model of the motor is assumed.

In Figures 9.78–9.81, the operation in the speed sensorless non-linear FOC systemwith load

angle controller is presented.

In Figure 9.78, the speed changes are commanded. In comparison with Figure 9.77, better

properties are observed. The decrease of the motor speed at 0.1 s has no influence on the motor

flux. The estimated load angle is the same as the commanded value. Only for speed reverse is

the calculated flux decreased, whereas the real flux is kept constant. It is the result of passing the

observer through an unstable point that typically appears in the low-speed regenerative mode.

Such a phenomenon is typical for induction motor observers and is reported in [39].

Fortunately, the phenomenon has negligible influence on how the system works.

Figure 9.76 Current controller operation – at instant 100ms the motor choke L1 is eliminated from

current controller equations

Figure 9.77 The speed sensorless adjustable speed drive (ASD) in case of the speed variation in the

control system without linearization feedback – the control structure is as presented in Figure 9.71
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In Figure 9.79, the operation of the ASD under flux and load torque variations is presented.

The flux variations have no influence on the speed control loop, except at the moments where

controller saturation occurs. Under the step change of the load torque at 1 s instant, a small

speed drop appears until it is compensated for by the speed controller at 1.3 s instant.

In Figure 9.80, the ASD operation under speed variations, including low speed ranges, is

presented. The system correctly keeps the commanded speed and flux. Interactions between

torque and flux regulations result from the controller’s saturation, when passing the regen-

erative mode during speed reverse.

Figure 9.78 The speed sensorless induction motor control in case of the speed variation in the control

system with linearization feedback for speed variations – the control structure is as presented in

Figure 9.72

Figure 9.79 Speed variation for the sensorless control systemwith linearization feedbackwith flux and

load torque variations – control structure as in Figure 9.72
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A slow reverse of the proposed ASDwith feedback linearization is presented in Figure 9.81.

In comparison with the previous fast speed reverse, the estimated flux, which appears during

passing through the regenerative mode, is smaller.

9.10 Problems

Problem 9.1

Design the differential filter (normalmode filter) with L, C, and R dampings for the drivewith a

voltage inverter, and inductionmotor. The filter topology is presented in Figure 9.29. The three-

phase induction motor data is Pn¼ 3 kW, Un¼ 380V (Y connected), and In¼ 6.4 A. The

Figure 9.80 Speed variation for the sensorless control system with linearization feedback and low

speed variations – control structure from Figure 9.72

Figure 9.81 Speed variation in the sensorless control system with linearization feedback for slow

speed reverse – the control structure is presented in Figure 9.72
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inverter DC supply voltage is 540V, transistor switching frequency is fimp¼ 3.3 kHz, and

inverter outputmaximal frequency is fout 1h¼ 100Hz. The desired systemproperty is switching

ripple current DIs¼ 20%.

Solution: First the inductor is selected. The motor ripple current is

DIs ¼ 0:1 � In ¼ 0:2 � 6:4 ¼ 1:28 A ð9:185Þ

The L1 inductance is

L1 > 2
Udffiffiffi

2
p � 2 �p � fimp � 3 �DIs

¼ 2
540ffiffiffi

2
p � 2 �p � 3300 � 3 � 1:28 ¼ 9:5 mH ð9:186Þ

The voltage drop on L1 for the motor nominal frequency fn and nominal load is

DU1 ¼ In2pfnL1 ¼ 6:4 � 2p � 50 � 0:0095 ¼ 19 V ð9:187Þ

The assumed L1¼ 9.5mH satisfies the limiting current ripple and permitted voltage drop.

The L1 nominal current is equal to the motor nominal IL1n¼ In¼ 6.4A.

Next the C1 is selected. TheC1 is related to the assumed resonant frequency fres. The value of

the fout 1h should satisfy:

10 � fout 1 h < fres <
1

2
� fimp

10 � 100 < fres <
1

2
� 3300

1000 < fres < 1650

ð9:188Þ

so the resonant frequency is selected:

fres ¼ 1333 ð9:189Þ

hence:

C1 ¼ 1

4p2f2resL1

¼ 1

4 �p2 � 13332 � 0:0095 ¼ 1:5 mF ð9:190Þ

For the capacitor, the nominal voltage should be at least as much as the inverter supply voltage:

C1 > Ud ¼ 540V ð9:191Þ

Because the C1 current consists of a high frequency ripple fimp¼ 3.3 kHz, the proper capacitor

type should be selected.

Thevalues of L1 andC1 calculated in the aboveway satisfy that the filter output voltage THD

factor is not greater than 5%.
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For the selected L1 and C1, the filter characteristic impedance is

Z0 ¼
ffiffiffiffiffiffi
L1

C1

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9:5e� 3

1:5e� 6

r
¼ 80W ð9:192Þ

if damping resistance R1¼ 10W, so the filter quality factor is

Q ¼ Z0

R1

¼ 80

10
¼ 8 ð9:193Þ

The calculated quality factor is in the acceptable range of Q¼ 5–8, which gives a good filter

quality and satisfies the dumping properties.

The nominal voltage of R1 is the same as for C1.

The total power of R1 is the sum of two parts, related to fout 1har and fimp. For both

frequencies, the impedances of C1 and R1 connected in series are

ZR1 1har � XC1 1har ¼ 1

2pfout 1harC1

¼ 1

2p � 100 � 1:5e� 6
¼ 1062W ð9:194Þ

ZR1 imp � XC1 imp ¼ 1

2pfimpC1

¼ 1

2p � 3300 � 1:5e� 6
¼ 32W ð9:195Þ

It is noticeable that the most important R1 power part is related to the ripple current. So finally

the power of R1 should be

PR1 > R1

Unffiffiffi
3

p
ZR1 1har

� �2

þ UTHD

ZR1 imp

� �2
" #

¼ 10
380ffiffiffi
3

p � 1062

� �2

þ 0:05*540

32

� �2
" #

¼ 7:5W

ð9:196Þ

and PR1¼ 10W was selected.

Problem 9.2
Design the differential filter (normal mode filter) with L, C, and R dampings for the drive with

voltage inverter and inductionmotor. The filter topology is presented in Figure 9.29. The three-

phase induction motor data is Pn¼ 5.5 kW, Un¼ 400V (Y connected), and In¼ 11A. The

inverter DC supply voltage is 540V, transistors switching frequency is fimp¼ 5 kHz, and

inverter output maximal frequency is fout 1h¼ 80Hz. The desired system properties are

switching ripple current DIs¼ 20%. When the filter is calculated, prepare the simulation in

Simulink (Hint: use the sys_LC_filter.mdl example).

Solution: Because the design process is the same as in Problem 9.1, so some comments are

omitted and mainly the calculations and results are presented.
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The motor ripple current:

DIs ¼ 0:2 � In ¼ 0:2 � 11 ¼ 2:2 A ð9:197Þ

The L1 inductance is

L1 > 2
Udffiffiffi

2
p � 2 �p � fimp � 3 �DIs

¼ 2
540ffiffiffi

2
p � 2 �p � 5000 � 3 � 2:2 ¼ 1:8 mH ð9:198Þ

The voltage drop on L1 is

DU1 ¼ In2pfnL1 ¼ 11 � 2p � 50 � 0:0018 ¼ 6:2 V ð9:199Þ

The resonant frequency fres should fulfill condition:

800 < fres < 2500 ð9:200Þ

so fres is selected:

fres ¼ 1650 ð9:201Þ

Capacitance C1 is

C1 ¼ 1

4p2f2resL1

¼ 1

4 �p2 � 16502 � 0:0018 ¼ 5:2 mF ð9:202Þ

The filter characteristic impedance is

Z0 ¼
ffiffiffiffiffiffi
L1

C1

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:8e� 3

5:2e� 6

r
¼ 18:6W ð9:203Þ

For the quality factor Q¼ 5, the R1 is

R1 ¼ Z0

Q
¼ 18:6

5
¼ 3:7W ð9:204Þ

The impedances ZR1 1har and ZR1 imp are

ZR1 1har � XC1 1har ¼ 1

2pfout 1harC1

¼ 1

2p � 80 � 5:2e� 6
¼ 382W ð9:205Þ

ZR1 imp � XC1 imp ¼ 1

2pfimpC1

¼ 1

2p � 5000 � 5:2e� 6
¼ 6W ð9:206Þ
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The power of R1 should be no less than

PR1 > R1

Unffiffiffi
3

p
ZR1 1har

� �2

þ UTHD

ZR1 imp

� �2
" #

¼ 3:7
400ffiffiffi
3

p � 382

� �2

þ 0:05*540

6

� �2
" #

¼ 76W

ð9:207Þ

Power PR1¼ 100W is selected.

9.11 Questions

Q1. Why does the common mode voltage appears in PWM voltage inverters?

A1. The common mode voltage is inherent for PWM voltage inverters. It is the result of transistors

switching sequence. It should be explained by the analysis of zero voltage components for each

voltage vector, as presented in Table 9.2.

Q2. Explain the bearing current phenomena.

A2. The bearing current phenomena are explained in Section 9.4.

Q3. Why is the differential mode filter used?

A3. The main purpose of the differential mode filter use is to obtain the sinusoidal motor supply

voltage. As the result of the supply voltage shape improvement, the motor has greater

efficiency, is less noisy, and the disturbance level is decreased.

Q4. Which type of filter is correct for bearing current limitation?

A4. The common mode filter limits the common mode current and bearing currents.

Q5. Specify the method for motor protection in the drive with a voltage inverter.

A5. This is explained in Section 9.5 and Table 9.3.

Q6. Describe the design process of the differential mode filter.

A6. The design process is presented in Section 9.61.

Q7. Describe the design process of the common mode filter.

A7. The design process is presented in Section 9.61.

Q8. Sketch the structure of the common mode choke. Where should the CM choke be installed?

A8. The structure of the commonmode choke is presented in Figure 9.13,with a description given is

Section 9.5.1. The CM choke is installed on the output of the voltage inverter?

Q9. If the long cable connection is used to connect the inverter andmotor, where should theLCfilter

be installed? Explain why.

A9. The LC filter should always be installed close to the motor. It is because the sinusoidal shaped

voltage is in the whole cable, which connects the inverter/filter with the motor. When the

voltage in cable is sinusoidal in shape, the risk of inducted noise is strongly limited in

comparison with the rectangular high dv/dt shape.

References

1. Bose, B. K. (2009) Power electronics and motor drives recent progress and perspective. IEEE Trans.

Ind. Elec., 56(2), February.

Selected Problems of Induction Motor Drives with Voltage Inverter and Inverter Output Filters 475



2. Erdman, J., Kerkman, R., Schlegel, D., and Skibinski, G. (1995) Effect of PWM inverters on AC

motor bearing currents and shaft voltages. IEEE APEC Conf. Dallas, TX.

3. Muetze, A. andBinder. A. (2003)High frequency stator ground currents of inverter-fed squirrel-cage

induction motors up to 500 kW. EPE Conf. Toulouse.

4. Akagi, H. (2002) Prospects and expectations of power electronics in the 21st century. Power Conv.

Conf. PCC’2002. Osaka.

5. Akagi, H., HasegawaH., andDoumoto, T. (2004) Design and performance of a passive EMI filter for

use with a voltage-source PWM inverter having sinusoidal output voltage and zero common-mode

voltage. IEEE Trans. Power Elect., 19(4), July.

6. Muetze, A. and Binder, A. (2007) Practical rules for assessment of inverter-induced bearing currents

in inverter-fed AC motors up to 500 kW. IEEE Trans. Ind. Elect., 54(3), June.

7. Binder, A. and Muetze, A. (2008) Scaling effects of inverter-induced bearing currents in AC

machines. IEEE Trans. Ind. Appl., 44(3), May/June.

8. Xiyou,C., Bin,Y., andTu,G. (2002) The engineering design and optimization of inverter outputRLC

filter in AC motor drive system. IECON, USA.

9. Ogasawara, S. and Akagi, H. (1996) Modeling and damping of high–frequency leakage currents in

PWM inverter-fed AC motor drive systems. IEEE Trans. Ind. Appl., 22(5), September/October.

10. Zitselsberger, J. andHofmann,W. (2003) Reduction of bearing currents by using asymmetric, space-

vector-based switching patterns. EPE’03, Toulouse.

11. Cacciato, M., Consoli, A., Scarcella, G., and Testa, A. (1999) Reduction of common-mode currents

in PWM inverter motor drives. IEEE Trans. Ind. Appl., 35(2), March/April.

12. Hofmann, W. and Zitzelsberger, J. (2006) PWM-control methods for common mode voltage

minimization: A survey. Int. Symp. Power Elect., Elect. Dr., Auto. Mot., SPEEDAM 2006, 23–26

May, Taormina, Italy.

13. Lai, Y. S. and Shyu, F.-S. (2004) Optimal common–mode voltage reduction PWM technique for

inverter control with consideration of the dead-time effects, Part I: Basic development. IEEE Trans.

Ind. Appl., 40(6), November/December.

14. Ruderman, A. andWelch, R. (2005) Electrical machine PWM loss evaluation basics. Int. Conf. Ener.

Effic. Mot. Dr. Syst. (EEMODS), vol. 1, September, Heidelberg, Germany.

15. Ruifangi, L., Mi, C. C., Gao, D. W. (2008) Modeling of iron losses of electrical machines and

transformers fed by PWM inverters. IEEE Trans. Magn., 44(8), August.

16. Yamazaki, K. and Fukushima, N. (2009) Experimental validation of iron loss model for rotating

machines based on direct eddy current analysis of electrical steel sheets. Elect. Mach. Dr. Conf.,

IEMDC’09, 3–6 May, Miami, FL.

17. Krzeminski, Z. and Guzi�nski, J. (2005) Output filter for voltage source inverter supplying induction
motor. Int. Conf. Power Elect., Intell. Mot. Power Qual., PCIM’05. 7–9 June, Nuremberg.

18. Czapp, S. (2008) The Effect of Earth Fault Current Harmonics on Tripping of Residual Current

Devices. International School on Non-sinusoidal Currents and Compensation, Łag�ow, Poland.
19. Franzo, G., Mazzucchelli, M., Puglisi, L. and Sciutto G. (1985) Analysis of PWM techniques using

uniform sampling in variable-speed electrical drives with large speed range. IEEE Trans. Ind. Appl.,

IA–21(4).

20. Rajashekara, K., Kawamura, A., and Matsuse, K. (1996) Sensorless control of AC motor drives.

IEEE Ind. Elect. Soc., IEEE Press, USA.

21. Kawabata, T., Miyashita T., and Yamamoto, Y. (1991) Digital control of three phase PWM inverter

with LC filter. IEEE Trans. Power Elect., 6(1), January.

22. Seliga, R. and Koczara, W. (2001)Multiloop feedback control strategy in sine-wave voltage inverter

for an adjustable speed cage inductionmotor drive system.Eur. Conf. Power Elect. Appl., EPE’2001.

27–29 August, Graz, Austria.

23. Adamowicz,M. andGuzi�nski, J. (2005)Control of sensorless electric drivewith inverter output filter.
4th Int. Symp. Auto. Cont. AUTSYM 2005. 22–23 September. Wismar, Germany.

476 High Performance Control of AC Drives with MATLAB/Simulink Models



24. Guzinski, J. and Abu-Rub, H. (2008) Speed sensorless control of induction motors with inverter

output filter. Int. Rev. Elect. Eng., 3(2), 337–343.

25. Salomaki, J. and Luomi, J. (2006) Vector control of an induction motor fed by a PWM inverter with

output LC filter. EPE J., 16(1), February.

26. Krzemi�nski, Z. (2000) Sensorless control of the inductionmotor based on new observer.PCIM2000.

N€urnberg, Germany.

27. Guzi�nski, J. (2008) Closed loop control of AC drive with LC filter. 13th Int. Power Elect. Mot. Conf.

EPE–PEMC 2008. 1–3 September, Pozna�n, Poland.
28. Holtz, J. (1995) The representation of AC machine dynamics by complex signal flow graph. IEEE

Trans. Ind. Elect., 42(3), June.

29. Abu-Rub, H. and Oikonomou, N. (2008) Sensorless observer system for induction motor control.

39th IEEE Power Elect. Spec. Conf., PESC0’08, 15–19 June, Rodos, Greece.

30. Abu-Rub, H., Guzi�nski, J., Rodriguez, J., Kennel, R., and Cort�es, P. (2010) Predictive current

controller for sensorless induction motor drive. IEEE-ICIT 2010, Vina del Mar, Valparaiso, Chile.

31. Vas, P. (1990) Vector Control of AC Machines. Oxford University Press, Oxford.

32. Krzemi�nski, Z. (1987) Non-linear control of induction motor. Proc. 10th IFAC World Cong. Auto.

Cont., vol. 3, Munich.

33. Bogalecka, E. (1992)Control systemof an inductionmachine.EDPE1992, HighTatras, Stara Lesna,

Slovakia.

34. Isidori, A. (1995) Non-linear Control Systems, 3rd edn. Springer-Verlag, London.

35. Ka�zmierkowski, M.P., and Malesani, L. (1998) Current control techniques for three-phase voltage-

source PWM converters: A Survey. IEEE Trans. Ind. Elect., 45(5), 691–703.

36. Tsuji, M., Ohta, T., Izumi, K. and Yamada, E. A. (1997) Speed sensorless vector-controlled method

for induction motors using q-axis flux. IPEMC. Hangzhou, China.

37. Guzinski, J. (2009) SensorlessACdrive controlwithLCfilter. 13thEur. Conf. PowerElect. App. EPE

2009. 8–10 September. Barcelona.

38. Krzemi�nski, Z. (2008) Observer of induction motor speed based on exact disturbance model. Proc.

Int. Conf. EPE-PEMC 2008, Poznan, Poland.

39. Kubota, H., Sato, I., Tamura, Y., Matsuse, K., Ohta, H., and Hori, Y. (2002) Regenerating-mode low-

speed operation of sensorless induction motor drive with adaptive observer. IEEE Trans. Ind. App.

38(4), July/August.

40. SunY., Esmaeli A., Sun L. (2006) A newmethod tomitigate the adverse effects of PWM inverter, 1st

IEEE Conference on Industrial Electronic and Applications. ICIEA’06, 24–26, May, Singapore.

Selected Problems of Induction Motor Drives with Voltage Inverter and Inverter Output Filters 477



Index

AC machines models, 19

Active power, 153

Adjacent line-to-line voltage, 311, 317

Artificial neural network, 5

Arbitrary common reference frame see machine

model, 298

Back EMF, see Electromotive force

Base values, 406

Bearing

capacitance, 408-409

circulating current, 411

current, 404, 410

calculation, 410

classification, 410–20

reduction, 410–11

types, see Bearing current classification

discharging current, 410

BLDC, 234–5

Butterworth filter, 206–207, 223

Cable parameters, 409

Choke

3 phase, 404

E shape, 404

toroidal, 404, 412–13, 422, 433

Clarke transformation, see transformation Clarke

Common mode

circuit, 408

component, 404, 415

filter, 402

inductance, 434

magnetic field density, 433

choke, 412–14, 423

design, 433

current, 409

path, 409

flux, 433

motor parameters, 410

reduction, 415

active zero voltage vector AZVC, AZVC-1,

AZVC-2, 418–20

three active vectors 3AVM, 418

transformer 414–15

equivalent circuit, 415

voltage, 11, 60, 307, 309, 405–406, 408,

415–20

reduction, 415

waveform, 406

Comparator

flux comparator, 183, 236, 240

torque comparator, 183, 236, 240–42

Compensation, 202, 211, 213–17

Computational, 233

Control problems, 447–61

Co-ordinate Transformation, see motor

model, 297

Cost function see Model Predictive

Control, 355

Current limit, 153

Damper winding, 235

DC motor, 19–24

separately excited, 20–22

analogy, 143–4

series excited, 22–4

DC link, 305, 307, 310, 316, 321, 332

Dead time, 307

dead band, 53

effect, 129

Direct torque control, 6, 8

Differential mode, see Sinusoidal filter

Double fed induction generator

autonomous generation system 153

base values, 34

control system, 158–9
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Double fed induction generator (Continued)

grid connected system, 153–4

model, 32–5

vector control, 153–9

DSC direct self control, 253

DTC direct torque control, 173–6, 179, 182–5,

189, 191–7, 199–200, 202, 206, 209,

211–20, 227, 229–30, 233–4, 236–7,

243–4, 253–4

Dumping resistance, 414

dv/dt 401

effects, 401, 437

filters, 401, 411

Dwell time, see Space vector PWM, 75

Dynamic model, 179, 181, 199–200, 202,

209, 234

Electric drive system, 2, 5, 10

Electromotive force EMF, 23

estimation, 467

Estimation, 172, 182–4, 206, 213, 233,

237, 239,

Field oriented method 139, 145–6, 344, 347

direct, 148–9

with filter, 449–53

indirect, 148–9

stator oriented, 152

Field weakening control, 152–3

Five-phase, 293

five-phase drive system, 294

five-phase induction motor model, 295

five-phase inverter model, 307

five-phase supply, 327

five-phase VSI, 304, 307, 310, 326, 328

Fourier Series, 48, 316

Flux

adaptive observer, 150–51

air gap flux, 205–206, 234

estimation, 141–2, 149

rotor rotor flux, 173–6, 186, 233–4, 236, 253

stator stator flux, 172–9, 181–8, 191–4, 196,

198–9, 205–6, 208–9, 211, 213, 220, 222,

224, 228, 233, 236–7, 239–41, 243, 246,

249, 251–2

Flux vector acceleration, 254

Frequency modulation ratio, 49, 66

Gate drive signal, 307–8

High performance drive, 6, 9

Hysteresis band, 172–4, 177–9, 182, 233, 240,

242, 252

Impedance, 429–30, 473

base, 407

characteristic, 473–4

wave, 403, 415

Impedance Source or Z-Source inverter, 117

Induction motor, 172–4, 176, 179, 182–7, 191,

193–5, 199–203, 209–11, 214, 217–18,

220, 226, 229, 233

common mode model, 404–408

dq model, 144

five phase, 388–96

control, 388–96

parameters, 396

machine control, 139–53

per unit model, 30–32

scalar control, 139–40

sensorless control, 365–80

squirrel cage, 25, 139

stator resistance, 141

vector control, 143–9

Inverter output filter, 420

control, 447–61

design, 425–33

estimation, 440–47

structures, 420–25

Iron losses, 185, 202–203, 206, 209–20, 224,

226–32

LC filter, see Sinusoidal filter, 4

Leg/pole Voltage

five-phase, 307, 309–10

three-phase, 62

Load angle control, 461–4

Long cable connection, 401–402, 421, 465

Look-up table, 179, 187, 189, 243

Maximum torque production, 153

Magnetizing inductance, 180–81, 218–20, 225

Matlab, 182, 184–5, 191, 199, 202, 209, 218,

236, 243

Medium voltage drive, 10

Model reference adaptive system MRAS, see

Observer model reference adaptive system

Modulation index defination, 49, 51

Model predictive control, 352, 354

Model transformation, see Five-phase, 297

Motor torque, 297
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Multi-loop control, 448–9, 461

Multi-phase, 293–4

Multi-level inverters, 104, 326

cascaded H-bridge, 112

diode clamped, 106

flying capacitor, 109

Multiscalar control with filter, 457–61

Nonlinear field oriented method NFOC with

filter, 6, 453–6

Normal mode filter, see Sinusoidal filter

Non-adjacent line-to-line voltage, 311, 316–17

Observer, 9, 442–7

adaptive back stepping, 383–5

close loop, 366–75, 445–7

structure 1, 367–9

structure 2, 370–72

structure 3, 372–5

disturbance, see Observer speed

flux, see Observer close loop

Luenberger, 151

model reference adaptive system MRAS,

365, 375–8

five-phase induction motor, 388–9

observer 1 structure, 376–8

PMSM, 385–8

speed estimator, 389–96

simple, see Observer close loop

speed, 366, 442–5

Over-modulation, 90

over-modulation I, 91

over-modulation II, 94

Parasitic

capacitances, 402, 408

current, 408–409

Passive filter, 401–402, 411–12

Park transformation, 25, 29–30

Per unit system, 14, 38–9, 406

Permanent magnet synchronous motor, 160–68

back EMF observer, 380–82

control, 164–5, 382–3

scalar, 166–8

sensorless, 380–88

model, 35–6, 162

base values, 39

in ab coordinates, 40–41

in dq coordinates, 36–8

in per unit, 38–40

properties, 161

vector control, 160–61

Phase shifting network, 321

Phase variable model, see Five-phase induction

motor, 295

Phase voltage or phase-to-neutral voltage, 62,

307, 309

PI controller, see Proportional-integral

PI controller

Power calculation, 153, 158, 378, 380

Power measurement, see Power calculation

PMSM, 233–7, 239, 243–8, 250–52

Predictive control, 233

Predictive current control with filter, 461–71

Proportional-integral PI controller, 142–3, 145,

158–9, 303, 346–7, 375, 386, 391, 439,

456, 457, 461

cascaded, 163

Pulse width modulation PWM, 4, 326, 328

ANN based PWM, 96

carrier-based PWM, 64, 328, 332, 335

discontinuous PWM, 46, 77

fifth harmonic injection, 332–3, 337

offset addition, three-phase, 69, 71

five-phase, 336

space vector PWM three-phase, 72

five-phase, 294, 338, 342

sinusoidal PWM control, 294

synchronous and asynchronous, 51

third harmonic injection, 67

unipolar, bipolar, 55–6

modifications, 415–20

Quality factor, 429, 431, 434, 473–4

Quasi impedance source or qZSI inverter, 127

Reactive power, 153

Ripple

flux ripple, 191, 233

Torque ripple, 191, 196, 200, 211, 233

Ripple inductor current, 428, 472–4

Rotor flux estimation, 149

Saturation, 179, 184–5, 217–20, 224, 227–32

Sensorless speed control, 5, 9, 365

Sector, 172–3, 176–9, 183–5, 187–8, 236,

239–41

Simulation, 181–2, 184–5, 191, 193–4, 199–202,

206, 209, 214, 217–18, 220, 229–30, 233,

236–8, 243
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Simulink, 182, 184–6, 189–91, 199, 202, 209,

218, 229, 236–7, 243

Sinusoidal filter, 401, 421–2, 425–7, 429

characteristics, 430

circuit, 430

design, 429–30

elements, see Sinusoidal filter design

model, 437, 439

Sinusoidal wave shape, 233

Six-step mode, 60

Space vector, 25

five-phase, 328

representations of AC machines, 143

three-phase, 72

Space Vector Modulation, 233

Speed control, 172–3, 182–5, 191, 193–7, 199, 202,

209, 211–12, 214, 216–8, 229–30, 243, 252

SPMSM, 233–7, 239, 243–8, 250–52

Stator current relationship, 157

Steady state equivalent circuit, see Five-phase

system, 300

SVPWM, 233

Switching combination 405

Switching Frequency

changing switching frequency, 233

constant switching frequency, 233

Switching table, 176, 178, 183, 185, 187, 236, 243

Ten step operation, see Five-phase system,

294, 310

Torque control, 171–6, 177–9, 181–2, 185, 193,

196, 199, 202, 206, 213–15, 218, 220,

227–9, 233, 236

Transformation

Clarke, 26–9, 145

matrix constant

magnitude, 403

power, 404

Park, 29–30

variables, 147, 156–7, 164

Trapezoidal wave shape, 234

Uniform cylindrical surface, 234

Variable speed drives, 235

Voltage source inverter, see three-phase, 56

five-phase, 304, 307, 310, 326, 328

Voltage space vector, 173–7, 182, 185, 187,

190, 233

Wind generation systems, 154

Zero sequence component, see Common

mode, 331
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