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Abstract

This thesis is mainly devoted to the investigation of speed control methods of three
phase, cage rotor induction motors with particular emphasis being given to vector
control and direct torque control techniques. Modern control strategies such as vector
control and direct torque control are investigated as well as the conventional methods
such as open loop (constant V/f) operation. A number of different pulse width
modulation (p.w.m.) waveform generation strategies are simulated and discussed and
their application to the above speed control systems fully investigated. A 3kW, three
phase induction motor drive has been designed and experimental data obtained from it
in order to verify the results achieved by simulation. It is shown that direct torque
control achieves decoupling of the motor torque and the motor flux without the use of a
co-ordinate transform. A variation of the direct torque control algorithm has also been
developed and implemented. It is shown, that by using different switching tables for the
selection of voltage vectors, the performance of direct torque control can be further
improved. Further insight into the nature of direct torque control has been gained from
the study of the effect of the application of inverter switch settings, or the application of
corresponding voltage vectors, on the motor flux and torque. It has been found that the
range of torque variation of the motor drive system depends strongly on both the motor
load torque and the motor speed.

The results of the work reported indicate that the range of torque variation for a drive
system which strongly depends on motor load torque and motor speed is considerably
reduced by the novel direct torque control system resulting from the research.

The control algorithms have been implemented on 32 bit micro processors which
facilitate the use of parallelism in both the hardware and the software design. The
resulting system is capable of controlling a three phase induction motor with variable
voltage and variable frequency with control strategies such as six step operation,
symmetric and asymmetric regular and natural sampled p.w.m. waveforms, sigma delta

modulation methods, space vector modulation techniques, flux vector control and direct

torque control.
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Chapter 1: Introduction

This chapter serves to identify the induction motor as an ideal motor for industry. The
basic principles of speed regulation of induction motor drives are outlined. Advanced
control strategies including the latest developments are then discussed in more detail.

The remainder of this chapter outlines the structure of the thesis.

1.0 Historical Review

The history of electrical motors goes back as far as 1820, when Hans Christian Oersted
discovered the magnetic effect of an electric current. One year later, Michael Faraday
discovered electromagnetic rotation and built the first primitive d.c. motor. Faraday
went on to discover electromagnetic induction in 1831, but it took until 1883 when
Nikola Tesla invented the a.c. asynchronous motor. Presently, over one hundred years
after its invention, the main types of electric motor are still the d.c. motor, the a.c.
synchronous motor and the a.c. asynchronous motor which are all based on the theories

developed by Oersted and Faraday.

Since its invention, the a.c. asynchronous motor, also termed induction motor, has
evolved into the standard industrial motor of today. At present, 60% of all the electrical
energy generated in the UK is converted to mechanical energy by induction motors. This
development is not by chance as induction motors have some considerable advantages
over other types of motors. The main advantage is that induction motors do not require
an electrical connection between stationary and rotating parts of the motor. Therefore,
they do not need a mechanical commutator and brushes which in turn results in a
virtually maintenance-free motor. Induction motors also have low weight and inertia,
high efficiency and a high overload capability. Because of this, induction motors are
cheap to buy and to operate and are not prone to catastrophic failure at high speeds as is
the separately exited d.c. motor. Furthermore, the motor can also work in explosive
environments because no sparks are produced. Induction motors have fewer moving
parts and are routinely supplied to IP55 (hose proof) instead of the normal IP23 (drip

proof) protection, to which most d.c. motors are applied.
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With the advantages outlined above, the induction motor should be the ideal electrical to
mechanical energy converter. However, mechanical energy is often required at variable

speeds and the speed control of an induction motor is not a trivial matter.

1.1 Speed Control of Induction Motors

The only effective way of producing an infinitely variable induction motor speed drive
is to supply the induction motor with three phase voltages of variable frequency and
variable amplitude. A variable frequency is required because the rotor speed depends on
the speed of the rotating magnetic field provided by the stator. A variable voltage is
required because the motor impedance reduces at low frequencies and therefore, the

current has to be limited by means of reduced supply voltages.

Before the days of power electronics, a limited speed control of induction motors was
achieved by switching the three stator windings from delta connection into star
connection. This allows voltage at the motor windings to be reduced without
introducing losses outside the motor. Induction motors are also available with more than
three stator windings to allow a change of the number of pole pairs. However, a motor
with several windings is more expensive because more than three connections to the
motor are needed and only certain discrete speeds are available. An alternative method
of speed control can be realised by means of a wound rotor induction motor, where the
rotor winding ends are brought out to slip-rings. This of course, removes many of the
advantages of the cage rotor induction motor and introduces additional losses. By
connecting resistors or reactances in series with the stator windings of the induction
motor, poor performance is realised at low speed operation because of the resulting high

slip operation.

When, during the last century, an electrical infinitely variable speed drive with good
control characteristics was specified, the natural choice was a d.c. motor supplied from
either a constant speed d.c. generator, mercury-arc rectifier or, more recently, a solid
state switched power converter. These drives, which were built over a wide power
range, permitted operation in the four quadrants of the torque-speed plane including
temporary standstill. They had good efficiency, and with suitable control, excellent
dynamic response. Their main limitation, however, was the requirement of a

commutator and brushes, which in turn limited speed.

1-2



Prior to the advent of solid state variable voltage, variable frequency converters
induction motors were mainly used in applications for which, essentially, constant speed
was acceptable. For variable speed applications, however, the induction motor was not
ideally suited. With the decreasing cost and improved performance in power electronic
devices it has become both possible and economical to produce converters which
provide variable frequency and variable voltage supplies. These converters can be used
with induction motors to produce drives that can compete with d.c. motor drives in both
performance and cost. Therefore, many applications that have conventionally used
constant speed induction motors are now being converted to adjustable speed drives so
that the optimum speed can be chosen for each operating condition, thus achieving
higher system efficiency and energy conservation. Induction motors with semiconductor
converters are being used extensively for applications requiring precise, rapid speed and

position control.

For such applications however, two main preconditions have to be met:

1. The availability of efficient, fast switching and not too costly power converters so
that the fixed frequency line voltages can be transformed to variable voltage,
variable frequency supplies.

2. The development of suitable methods to control the speed of a.c. machines because
the relative simplicity of their mechanical design is contrasted by a complex
dynamic structure (multivariable and non-linear).

With the enormous advances made in semiconductor technology during the last 20

years, both these obstacles can now be overcome. The first obstacle is removed by the

availability of power electronics which offers ever more efficient and compact switching
devices, whilst the second obstacle is overcome by micro electronics, providing

effective means for solving any control problem using hardware or software techniques.

The speed of an induction motor is determined by its synchronous speed and the slip of
the rotor. The synchronous speed, is related to the supply frequency, whilst the slip is
dependent upon the load. The slip can be controlled by regulation of the amplitude of
the voltage supplied to the motor. As the impedance of an induction motor decreases
with decreasing frequency the voltage to the motor has to be reduced if the current and
flux are to be constant. This, therefore, leads to the requirement of variable voltage,

variable frequency supplies. However, since the frequency of the mains supply is
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constant at 50 or 60 Hz, a variable frequency converter is required. For many

applications the drive should be able to operate in all four quadrants of the torque-speed

plane and have a sofi-start and flying-start capability with provision for electrical

braking. It is only with the advent of power electronics that these requirements can be

adequately met.

The generation of the three phase supply at variable voltage and variable frequency

makes the infinitely variable speed control of induction motors such a challenging and

interesting subject. A number of different topologies, which have been applied in the

past, depending on motor size, available technology and control strategy, are outlined

below:

1.

Cycloconverters have the capability of converting the power from a constant
voltage, constant frequency source to a variable voltage, variable frequency source
directly. However, these converters are useful for producing output power at low
frequencies only. The maximum useful range of output frequency is about one third
of the supply frequency for a three phase system. Typically, eighteen switching
devices are needed because two three phase rectifiers for each phase are required.
Cycloconverter operation is mainly used for high power electrical drive systems.

Six step inverters have a controlled rectifier at the mains side, a d.c. voltage link and
a three phase inverter at the load side. The voltage level is controlled by the rectifier
and the frequency by the inverter. For low output voltages, however, a controlled
rectifier leads to a poor power factor for the drive and, due to the six-step operation,
the voltages and current waveforms have a high harmonic content. In addition, low
speed torque pulsations can present a problem.

Pulse width modulated inverters with a d.c. current fed link have the advantage that
four-quadrant operation is simple to achieve. Nevertheless, due to the phase control
of the mains rectifier, a poor power factor is apparent in this scheme. The drive
cannot be operated in open loop and voltage spikes may present a problem.

Pulse width modulated converters with a d.c. voltage link consist of a diode rectifier
and an inverter. The voltage amplitude and the frequency are controlled by the pulse
pattern applied to the inverter switches. This type of operation is associated with
high power factor and good efficiency. A disadvantage is the trade-off between the
reduction in harmonic content of output voltage and the reduction of switching

frequency to limit the switching losses.



5. Pulse width modulated inverters with resonant d.c. links overcome the problem of
high switching losses. The link voltage is oscillating and periodically clamped to
zero. This is synchronised with the switching instants of the inverter switches,
thereby providing so called soft switching, as opposed to hard switching which
occurs with a constant d.c. link voltage. Device stresses and electromagnetic
emission are therefore very much reduced, and with switching frequencies in the
ultrasonic range, audible noise is also reduced.

The inverter topologies, described above, allow an induction motor to operate with any

load at any speed within its maximum ratings. However, it has become equally

important to provide a rapid but smooth transition from one speed to another. In fact, the
uncontrolled variation of the supply frequency can produce undesirable current and
torque transients which do not occur with constant supply frequency operation.

A great number of different strategies have been devised in order to allow rapid and

controlled variation of the operating speed of the induction motor. These strategies may

be grouped into what is known as scalar and vector control techniques.

1.2 Scalar Control Schemes

Scalar control schemes mainly entail the control of scalar quantities such as frequency,
slip frequency and the amplitudes of voltage and current. The scalar techniques include
a modulator which converts frequency and amplitude signals into balanced three phase
pulse-width-modulated waveforms. Appropriate frequency and amplitude signals are
derived from the measured rotor speed and an input reference speed. The frequency and
amplitude signals can either be related as in constant V/f control or can be momentarily
independent as, for example, in slip control, which results in a more desirable transient
response. However, in terms of transient response, it is fair to say that the scalar

methods are inferior when compared to vector control.
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1.3 Vector Control Schemes

Vector control techniques involve the control of space vector quantities namely current
space vectors, voltage space vectors and flux space vectors. by which independent
control of motor torque and motor flux can be achieved.

Vector control was first introduced by Hasse in 1969 (Hasse, 1969). Pioneering work
was also carried out by Leonhard (1970) and Blaschke (1970). The main idea is that the
three stator currents are resolved into two components in a co-ordinate system rotating
with the supply frequency. It is possible to identify one component proportional to the
motor flux and the other proportional to the motor torque. Thereby, the control task is
greatly simplified as d.c. quantities are controlled, as is the case with a separately exited
d.c. motor. In the past, one drawback of the vector control strategy was that the
complexity of the control algorithm required fast micro-controllers which were not
available when vector control was invented. However, fast and cheap micro-controllers
have become available since and today, a great variety of commercially available high
performance induction motor drive controllers incorporate vector control.

A great deal of research has been carried out into numerous variants of vector control.
The sensitivity of vector control decoupling to motor parameter changes with
temperature and magnetic saturation has led to the application of adaptive control
methods (Kao, Luo and Liu, 1992). The co-ordinate system can be made to rotate with
either the stator, air-gap or rotor flux vector (Boldea and Nasar, 1992). The modulator
used can be either voltage (Atkinson and France, 1995) or current (Ohtani, Takada and
Tanaka, 1992) controlled. Sliding mode control as opposed to PID control for the speed
and position controller has also been applied (Ho and Sen, 1989). The slip angle may be
determined by using either the rotor position (Lorenz and Yang, 1992), the rotor speed
(Honderd er al, 1991) or currents and voltages only, as in ‘sensor-less’ systems (Ohtani,
Takada and Tanaka, 1992). Modulators have evolved from triangular carrier wave based
sampling (Jayne et al, 1990) to harmonic elimination (Bowes and Clark, 1992), sigma-
delta modulation (Mertens, 1992), random pulse width modulation (Bourgeois, 1993)
and space vector modulation techniques (Handley and Boys, 1992). Although there can
be virtually hundreds of different combinations of the above mentioned components in
vector control, the main principle always remains the same: the stator current is resolved
into a flux and a torque producing component which allow rapid, precise and most of all

independent control of flux and torque.
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1.4 Direct Torque Control

Until recently, it looked as if the co-ordinate transform method was going to become the
standard technique for controlling induction motors. However, in 1985, Takahashi
(1985) and Depenbrock (1985) introduced methods for decoupling the motor flux and
the motor torque without the use of a co-ordinate transform. In fact, their systems did
not require voltage nor current modulators, decoupling networks, controllers for flux
and torque, and two to three axis transformation of reference quantities. They called
their technique quite rightly ‘direct torque control’, ‘torque vector control’, or ‘direct
self control’.

Although claimed to be superior to flux vector control (Takahashi, 1990), few research
activities have been carried out into this technique. The first direct torque control drive
became commercially available in 1996 (Schofield and Taylor, 1996) and publications
were made in Poland (Kazmierkowski, 1994), USA (Habletler er a/, 1992), Romania
(Boldea and Trica, 1990), as well as in Japan (Takahashi, 1986) and Germany (Baader,
1990).

1.5 Present Converter Technology

The requirements of an inverter in addition to the provision of a variable voltage and
variable frequency output have changed with the advances made in microelectronics.
State of the art inverters now have Fieldbus interfaces (Profibus, Interbus, DeviceNet,
CAN, ...) to integrate the frequency inverter into factory automation applications. Many
manufacturers offer these communication protocols as modules which plug into the
inverter. For high speed, high noise immunity, some manufacturers also offer optical
fibre communications. In most cases, these communication options are offered in
addition to the traditional interfaces (RS 232, RS 485, PLC interface, analogue and
digital inputs and outputs).

Another trend in a.c. inverter operation is the application of commissioning,
maintenance, diagnostics, service, fault finding and control software. With serial
communication, many frequency inverters can be connected to a single PC or PLC. All
parameter settings and the control can be carried out via the central controller. Much of
the diagnostics, which normally would be carried out by ‘customer care technicians’,
can now be carried out by the customer directly, which reduces downtime and cuts

service costs.
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Standardised software modules can be bought off the shelf to suit special applications.
This may allow several drives to run in speed or position synchronisation. Furthermore,
shaft positions can be offset or an adjustable speed ratio can be introduced to
compensate for elongation or shrinkage in applications such as plastics extrusion, wire
drawing and textile manufacture. 'S'-Ramp acceleration and deceleration curves provide
greater smoothness and progressive speed transitions for lifts, hoists, cranes and
conveyors. CNC machine spindle orientation software modules are also available for
tool changing or other automated applications. The final position of the motor shaft
relative to an electronic feedback datum can be specified by the user with a different
module. A software module, which maintains a constant 'web' tension in coiling and
uncoiling applications for the paper, wire, plastics and metal industries, allows the drive
torque to be continuously adjusted to compensate for coil diameter, machine losses and
coil inertia. Software modules can also provide accurate indication of physical power

consumption in applications like mixers, extruders and calendars.

At present, the most commonly used variable speed induction motor drives incorporate
a pulse width modulated inverter, where the implemented control strategies have
evolved from open loop to closed loop schemes. Since the introduction of vector control
in 1969 by Hasse, induction motor drives have achieved the same dynamic performance
as d.c. drives. However, one of the problems with vector control is its sensitivity to
parameter variations in the induction motor, for example, the change in rotor resistance
with temperature presented a considerable design problem. The introduction of direct
torque control improved the situation because direct torque control does not rely on a
co-ordinate transform. It has the following advantages compared to flux vector control
(Takahashi, 1990):

a) less sensitive to changes in resistance with temperature.

b) dynamic performance superior to vector control,

c) produces fewer torque ripples,

d) less complex than vector control.

The co-ordinate transform from stationary orientation to rotor flux vector orientation, as
well as sinusoidal reference waves are not required. With given stator flux and torque

error, the scheme directly selects appropriate inverter switch settings.



1.6 Structure of the Thesis

The work reported in this thesis shows that with an expansion of the voltage vector
selection table used in direct torque control, the stator flux and torque ripples can be
reduced further which is of considerable importance to the fiber optics and paper

industries, where precise torque control is required.

The microprocessors used in this investigation are Transputers, which provide the
means of handling parallelism in a straightforward manner. Together with the associated
programming language Occam this provided a very flexible design, which can be
modified to a wide range of pulse width modulation techniques in a short programming

time.

The following ten chapters of this thesis are organised as follows:

Chapter 2 introduces a mathematical model of cage rotor induction motors. The
elements of space vector notation are also introduced in this chapter and are used to
develop a compact and convenient means of representing magnetic fields. Different

models are presented and the relationship between current and torque is established.

Chapter 3 is devoted to the steady state operation of induction motors. The analysis is
thereby organised by the capabilities of the power converter connected to the induction
motor. The investigated operating modes are constant voltage, constant frequency
operation (CVCF), constant voltage, variable frequency operation (CVVF), variable
voltage, constant frequency operation (VVCF) and variable voltage, variable frequency
operation (VVVF). As VVVF operation introduces a second degree of freedom for
setting up a particular operating condition of the motor, an optimisation is carried out to
find desirable voltage and frequency combinations in order to satisfy different

optimisation criteria.

In chapter 4 the well known six step mode of inverter operation is reviewed.

Cnapter 5 covers a number of different pulse width modulation strategies. P.w.m.

methods such as natural sampling, symmetrical and asymmetrical sampling, space
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vector modulation, harmonic elimination and optimised p.w.m methods are analysed

and compared.

Chapter 6 is mainly devoted to the discussion and analysis of flux vector control
strategies. Direct and indirect control, as well different modes of flux orientation of the
co-ordinate system such as orientation with the stator flux space vector, the magnetising
flux space vector and rotor flux space vector are analysed. The chapter concludes with a

discussion on the sensitivity of flux vector control on changes of the motor parameters.

In chapter 7 a number of different direct torque control strategies are discussed. The
system first published by Takahashi in 1985 as well as variants are discussed. Also
included is a study on the effect of the application of a voltage vector on motor flux and

motor torque.

In chapter 8 the development of the experimental inverter system is described. The
design of the circuitry including insulated gate bipolar transistors (IGBT’s) with
associated driver interface are fully described. The design procedure for the Transputer
interfaces to driver circuitry, analogue to digital converter and shaft encoder are also
presented. Also included in this chapter are aspects of the programming language

Occam and its use for the experimental induction motor drive system.

Chapter 9 covers the implementation of flux vector control and direct torque control and

also the experimental results which have been obtained to verify simulated results.

In chapter 10 achievements are summarised and appropriate conclusions drawn.



Chapter 2: Induction Motor Model

2.0 Review of Motor Models

The three phase induction motor can be of the synchronous or asynchronous type. This
thesis, however, will only concentrate on the asynchronous motor. The asynchronous
motor mainly consists of two parts: the stator, which is the stationary part, and the rotor,
which is the rotating part. The stator is normally wound with a three phase distributed
a.c. winding, whereas the rotor can have a cage winding or an a.c. three phase
distributed winding similar to the one on the stator. The internal yoke of the stator and
the rotor are generally constructed from laminations of ferro-magnetic material. The air
gap between the stator and the rotor is symmetrical and normally designed to be a
minimum. A picture of a stator of an induction motor and its associated windings is

shown in Fig. 2.1.

Fig. 2.1: Stator of Induction Motor

It may be seen that the stator windings are housed in slots where they are enclosed in
iron laminations.

The wound rotor induction motor has a three phase symmetrical winding, which is
housed in the rotor slots but insulated from the rotor. The ends of the rotor windings can
be connected in a star or delta configuration and these connections are brought out from

the windings to slip rings. The slip rings and associated brushes provide a means for
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connecting the rotor windings to external circuit components which may be used for
speed and torque control purposes.

The squirrel cage rotor induction motor, on the other hand, has a cage winding which is
housed in the rotor. Such a winding consists of bars placed or cast in rotor slots and
their ends short-circuited by means of end rings. The bars and shorting rings are made of
copper, brass or aluminium and are not normally insulated from the rotor. This enables
the casting of the rotor windings in the slots, which makes an inexpensive but reliable

motor design. A typical induction motor rotor is shown in Fig. 2.2.

N—

e ikt

Fig. 2.2: Rotor of Induction Motor

Because of the simple and low cost cage rotor construction techniques, cage rotor

induction motors have found wide application in industrial motor drive systems.

The following sections of this chapter show how a mathematical model of asynchronous

motors may be derived. The mathematical transformations, required in order to simplify

the analysis of these motors, are listed as follows:

1. Space vector notation allows the set of twelve voltage and flux-current equations to
be reduced to four in the complex space vector form.

2. The transformation of stator and rotor quantities to a common rotating reference
frame makes it possible to eliminate the dependence of the mutual inductance on the
angle of rotation relative to the stator. This can be achieved because of the

application of the space vector notation.
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3.

By referring the rotor quantities to the stator circuit, notational unification is
achieved. The completed model is thereby transformed to a form which contains in
its stator two fictitious windings rotating with the same angular speed.

The per unit system brings about notational ease and thereby simplifies the analysis
of the induction motor mcdel. All quantities are scaled to those corresponding to

rated operation and therefore the results can be assessed more easily.

The resulting motor model is presented in stator fixed co-ordinates, rotor fixed co-

ordinates and synchronous rotating co-ordinates in the form of equations and block

diagrams. The model is also shown in the form of the unified two-axis theory of

electrical machines and in the state space form.

2.1 Induction Motor Model in Natural Co-ordinates

The following simplifying assumptions are made when deriving the set of equations

which describe an induction motor with three-phase windings on both the stator and the

rotor.

1.

5.

The three phase induction motor is symmetrical with regard to windings and
magnetic flux distribution around the air gap.

The higher harmonics of the spatial field distribution and of the magnetomotive
force (MMF) in the air gap are disregarded.

The spatially distributed stator and rotor windings are replaced by a specially formed
so-called concentrated coil.

The effects of anisotropy, magnetic saturation, iron losses and eddy currents are
neglected.

The coil resistances and inductances are taken to be constant.

For such an idealised motor, the principle of superimposition can be applied. Fig. 2.3

shows the layout and symbols for the induction motor with concentrated windings.
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Fig. 2.3: Induction Motor Model in Natural Co-ordinates

The motor model shown in Fig. 2.3 corresponds to a motor with a single pole pair and
three windings in both the stator and the rotor. Though motors with a higher number of
pole pairs have more than three windings, they may be modelled by using an electrical
and a mechanical base frequency in order to simplify the analysis. On the other hand, the
cage rotor shown in Fig. 2.2, for example, has 16 rotor bars which is not even divisible
by three. Even so, because of the current flowing in the rotor bars, a time varying,
rotating magnetic field is produced in the rotor. In order to simplify the analysis, this
field may be assumed to be produced by three rotor windings as shown in Fig. 2.3.

In the following, the governing equations of the induction motor mode] are derived.

The instantaneous stator phase voltages are given by

a¥y
v,=I1,R, +—*
A ATTA dl

ay
Vo =IpRy+—* .1

V.=1.R.+ d¥e
c — fcthe df
where V,, Vp and V¢ are the instantaneous stator voltage values and 1, Ig and I¢ are the

instantaneous values of the stator currents. In a motor with symmetrical windings the

stator resistances R4, Rz and R are all equal to each other and are therefore called Rs in

the following.
R, =R, =R, =R; (2.2)

The flux linkages W4, ¥ and ¥¢ consist of the following components:
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¥, =V, +¥, +¥Y,+¥, +¥, +¥,
Wy =W+ W + Wy + Wy + ¥ + ¥, (2.3)
Ve =W+ Wpc t e + W + W + ¥,
where the respective components of the flux linkages with the stator phase ‘A’ are
defined as follows:
W44 by the current of stator winding 'A’,
Ypa by the current of stator winding ‘B,
Y4 by the current of stator winding 'C’,
¥ .4 by the current of rotor winding 'a’,
Y4 by the current of rotor winding 'b',
Y 4 by the current of rotor winding 'c',
Consequently, the above components of the flux linkages are given by the equations:
Y,.=L,1, Y,=M_,I
Voo =My 0y ¥, =M,]I, (2.4)
Yoo =M de Wy =Myl
The self-inductance of the phase ‘A’ winding may be defined as:
L,=n, q;“ n, Pty Ly 2.5)

A IA

where n, is the number of turns of stator winding ‘A’ and Ly, is the leakage inductance
of stator winding 'A’".
The mutual inductances are defined by:

-L

M=M= 2MA (2.6)
where the factor 1/2 comes from the relationship
2 -®
&, =0, cosa,, =@,, cos—3£=—2—’""— (2.7)

where oyp is the angle between the flux linkages ¥4 and ¥ Due to the motor

symmetry, it therefore follows that:
— LMA
2

MCAZMAC=MAB=MBA= (2.3)

When determining the mutual inductance between the stator and the rotor windings,
account must be taken of the rotating motion of the rotor. This means that the flux of the
stator phase ‘A’ winding, induced by the current of the corresponding phase of the rotor,
is a function of the angle 7, which is the rotor position relative to the stator. Thus, the

mutual inductances are given by:
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nad)m cosy ,, n,

= —_—a” Aad _ = L COS
MaA MAa IA IA nA MA },m
2n
n®,, cosy, +—
n CD b= MA ( m 3 j n 27[
M,=M, = bI 2 = I =n_bLMA Cos| V., +T) (2.9)
A A A
4
nd,, cosly, +—
q) c MA ( m )
MCA:MAC:HC Ac — 3 :nc LMA COS('}/M +i7_[
I, I, n, 3

With the mutual inductances known, the stator flux linkage equations can now be

expressed as follows:

L
W, =(Lys + Loy )14 - ;AUB+LJ+ELLM(QCMYM+1“m{ym+2§)+lgm{ym+%§)

U

N

¥,

L
(LME + LaB)IB - ;’E (]A +1C)+:_bLMB(]b cosy, +1. COS[}’M +2T7rj+ 1, cos(ym +4Tn))

B

c

L 2 4
W =(Lyc + Lo ) ¢ ——;‘—g—(l/,1 + IB)+:—‘LMC(IC cosy, +1, cos(ym +—37£)+ I, cos(ym +—3£D

(2.10)
The equations for the rotor voltage may be defined similar to the equations (2.1) for the

stator voltage. It follows that:

%:Q&+wﬂ
dt

a¥y

m:h&+d: (2.11)
n:g&+dh
dt

where V,, V, and V. are the instantaneous values of rotor voltages and I,, I and I. the
instantaneous values of rotor currents, R,, R, and R. are the rotor resistances of the three
rotor windings, and ¥,, ¥, and ¥, the magnetic flux linkages with rotor phases 'a’, 'b’
and 'c’, respectively. Similar to the stator flux linkages, the rotor flux linkages may be
defined as:

¥, =¥, +¥, +¥, +¥, +¥: +Y¥

¥, =¥,+¥, +¥,+¥, +¥, +¥, (2.12)

Y =¥ +¥, +¥, +V¥, +¥, +¥.
which can also be written in terms of currents and corresponding inductances as

follows:
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Y =LI1+M,I + M I +M, I, +MpI, +M_.I."
VY,=M_,I +LI,+M, I +M, I, +M,I,+M,I. (2.13)
Y =MI1+M,UI + LI +M, I, +M,I,+M_.I.

The self-inductance of the rotor phase 'a’ winding is defined by:

+O
La =na (I)Mal aa

a

= LMa + Lo‘a (214)

where Lg, is the leakage inductance of rotor winding 'a’. The mutual inductances of the

rotor windings are therefore given by:

n®,, cos(%rj L
M, =M, = ——Ma

I, 2
(2.15)
an
n®,, cos(?) L
MCG = Mﬂ{.‘ = = M
I 2

a
The mutual inductances between the stator and the rotor windings are given by the

following equations:

L] 0

M, =M, =l M"]C s :n—"LM,, cosy,,

n,®,, cos[}'m +2_7t) )
M, =M, = 3/ Mg oy +2% (2.16)

Ba aB I n Ma Ym 3 N
4r

n.®,, cos(ym +TJ " A

MCa = MaC = I :n—CLMA COS(Ym +?)

Since the stator coils have the same number of turns n4 = ng = n¢ and because of the
similarity of the equations (2.9) to the equations (2.16) and also because of the
symmetry of the stator and the rotor windings of the motor it follows that:

Bog,, ="AL,, (2.17)
n, n

a

The equations resulting from the above analysis may now be rewritten in matrix form as

follows:
VA— !, \PJ
V,|=R|1, +5— ¥, (2.18)
Vc_ Ic t lycd
vd- lﬂ ‘Pﬂ—}
i) of
dt
Vc_ Ic \Pc_
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r 1 17 [ 2 4]
1+0 - -~ L cosy . Cos '}’M+T co ‘}’M+T
4 g 2 2 [ [
‘ 1 1] 4z 2ry| '+ |(2:20)
¥, |=L,, -3 I+0, > I, |+—L,,|cos ym+7 cosy,, o ym+—-3- 1,
n
q"c _l _l 1+0 ‘]C ! 2r 4r __IC
L2 7 .r- LCOS('}"" +-—3—] COS('}’"l +'—3—J CosY . ]
r 1 1 i ( 47:) [ 271')—
1+0 2 — | CosY,, cos| v, +— | cos ¥, +—
¥, o2 2, 3 31221
’ 1 1 n, 2 any| (221
qu =LMA —5 ]+0', _5 lb +n—LMA COo§ 7m+—3— cosy . COs| 7m+_3_) IH
2 5 /
‘ S I+o, [ cos(ym+i£) cos| ¥ 42 cosy - e
L 2 2 § i 3 m 3 m |

The stator and rotor leakage factors ¢, and o, in the above equations are given by the

following equations:

O.: - LGA - LA ___1
LMA LMA (2 22)
L .
c,=—%=—0-1
LMa LMa

Matrix equations (2.18-21) constitute the set of voltage and flux current equations for a
three phase a.c. induction motor in natural co-ordinates. However, the mutual
inductances depend on the rotor position and this leads to considerable difficulties and
numerical complexity when used to model an induction motor. Space vector notation is
therefore applied in the following sections, where it is shown that the number of
equations is reduced and that all stator and rotor quantities can be transformed to a

common reference frame.

2.2 Induction Motor Model in Space Vector Notation

Space vector notation allows the transformation of the natural instantaneous values of a
three-phase system onto a complex plane located in the cross section of the motor. In
this plane, the space vectors rotate with an angular speed equal to the angular frequency
of the three phase supply system. The rotating magnetic field, for example, can be
described by a space vector rotating with the same angular speed. Moreover, in the
special case of the steady state, where the supply is sinusoidal and symmetric, the space
vectors become equal to three-phase phasors, which therefore allow analysis in terms of
complex algebra.

In order to transform the induction motor model, in natural co-ordinates, into its

equivalent space vector form, the following factor is introduced:



A1 3
a=¢ 3 =——+j— .
e S+ 5 (2.23)

The addition of equations (2.1) when multiplied by the above factor, the square of the

above factor and 2/3 gives the following equation:

%(IVA +aV, +a’V,) =%(11A +al, +a’I, )R, +%%(1‘PA +a¥, +a’¥,)(2.24)

2 . .
The factor 3 makes the amplitude of any space vector which represents a three phase
balanced system equal to the amplitude of one phase of the three phase system. The
2 , . : :
factor 3 may also be used to define the power invariance of a three-phase system with
its equivalent two-phase system. Some authors however, do not make use of the
L 2 2 . . . :
normalisation factors 3 and 3 mainly because the normalisation factor is entirely

arbitrary and depends solely on notational convenience.

The stator voltage equation may, therefore, be written in space vector form as:

—

V.=RI + ¥, (2.25)
dt

where \75 is the stator voltage space vector, I . the stator current space vector and q’s

the stator flux linkage space vector. Similarly to the stator voltage equation, the rotor

voltage equation may be written as:

—

V.=RI + ¥, (2.26)
dt

where V_ is the rotor voltage space vector, f, the rotor current space vector and ‘i’, the

rotor flux linkage space vector. The flux-current equations (2.20-21) may be written in
the form:

- 3 - 3n -

Y =L,, (—+GJ)I, +—*L,, 1"

2 2n,
(2.27)
¥ =L [§+o )7 LA poa
r~ “Ma 2 rr 2n Ma”s

A

These two equations may be further simplified by use of the following definitions:
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3
L =L, 5+0‘

3
L=L, (Eﬂr,) (2.28)
M=oy, =g
- 2",1 MA — 2na Ma

Thus, the complete set of space vector equations for a three phase induction motor,

excluding the mechanical motion equation, can now be expressed as follows:

-

- . 4P
‘/S = RSI_; + dt \{]s = L:ix +Mej7m1’
- - - = (2.29)
. ¥ =1 ~i7n
VV :Rr1r+ d’ r ,I,+M€ IS
t

It has, therefore, been shown that the use of space vectors reduces the number of voltage
and flux-current equations from twelve in the natural co-ordinate system defined by
equations (2.18-21) to four in the space vector representation defined by equations
(2.29). This is equivalent to replacing the real motor having three stator phase windings
and three rotor phase windings by a fictitious machine with one stator phase winding

and one rotor phase winding, as shown in Fig. 2.4.

Fig. 2.4: Motor Model with one Stator and one Rotor Winding

It should be noted that the stator equations (2.29) apply to a stator fixed reference frame,

while the rotor equations (2.29) apply to a rotor fixed reference frame. The presence of
the factors e/’ and e /'~ indicates the dependence of mutual inductance on rotor

position.
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2.3 Common Rotating Co-ordinate System for Stator and Rotor

An important advantage of space vectors as a mathematical tool when applied to the
analysis of induction motors is that the motor models can be represented in various
systems of rectangular co-ordinates. However, this requires that the stator and rotor of
the induction motor model are referred to the same co-ordinate system. This also serves
to eliminate the dependence of mutual inductance on the angle v,,, which is the angle of
the rotor relative to the stator.

In order to reduce the set of equations (2.29) to a common co-ordinate system with an
arbitrary angular speed €, the flux-current equations (2.29) are substituted into the

voltage equations (2.29) to give:

o =od(LI + Me])
V.=RI +
o (2.30)
. d(LT +Me T
V=R +
dt

The voltages and currents defined by equations (2.30) may now be transformed to a new
co-ordinate system where the reference frame rotates with the angular speed €. This

transformation is performed with the following substitutions:

- - - (2.31)
Is — I:ken'k Ir = Irke](h_ym)
Equations (2.30) can then be expressed as follows:
L Lo d(LIe M)
V.e" =RI e + -
t
(2.32)
d(L, 1,7 + I,/ 7)

Vrkej(y‘_y'") R I,ke Jre=ta)
dt

These two equations can be further expanded to give:

5 sk

. I . T dy,
V,e" =R I, el + L, dly —E M +I,ke17kj—d7* +M d—" 7 +I e”" (2.33)
dt dr dt d

rérk dl

dl, dy, =7
+M (71 Ym)+1 e Wre— )/M)j (},k 7 )
dt dt

- dI B - e d =Y
V,e J(h-?’m) =R T e J(Ye=7n) bl ( dt (Yk Ym) +Irke1(h 7,.)] (y" Y ))
(2.34)

It should be noted, however, that
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dy, dy
Q = Q =—~tm 2.35

where p; is the number of pole pairs. On substitution of equations (2.35) into equations

(2.33-34) it follows that:
(LT, +MI,)

v =i, + AL Ska't + j (LT, + M)

- - (2.36)
4 - d(LrIrk + MIsk) T =g
V,=RI, + = +j(Q, - p,Q, )L, T, + ML)

Finally, after substituting the flux equations (2.29) into the voltage equations (2.36), the

vector equations in terms of a common rotfating co-ordinate system can now be

expressed as follows:

‘-}.vk :R:Isk+ dt +ijlPsk
Sy, ;
Vrk = RrIrlc + : +J(Qk prm )\Prk (237)

The index & denotes the space vectors in a co-ordinate system rotating with an arbitrary

speed €. The induction motor model may thus be represented as shown in Fig. 2.5.

Fig. 2.5: Motor Model with Common Rotating Reference Frame

It can be seen from equations (2.37) that the mutual inductance does not depend on the

rotor position, and therefore, simplification of the motor model equations (2.29) has

been achieved.
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2.4 Referral of Rotor Quantities to Stator

In order to have an equivalent circuit of the induction motor where stator and rotor side
are not magnetically but electrically linked, the rotor quantities of equations (2.37) are
referred to the stator side. On referring the rotor quantities to the stator side, the rotor

current vector can be expressed as

T

n -
Irk z—alrk (238)

n,

Substitution of equations (2.27) and equation (2.38) into equations (2.37) yields:

\_I:!sk = LMA(§+O-S)isk +§LMA n“ irk :o-:LMAisk +n_AM(7.\'k +ir‘;<)

2 2 n, n,

3 3 2 (2.39)
\-i,rk = LM“(—+O-’)7’:‘ +_LMA n_A-isk = na O-rLMa E‘L ir:( +n—AM(iSk + Tr:)

2 2 n, n, n, n,

In order to simplify the equations (2.39), the following definitions are used:

L,=0,L,, stator winding leakage inductance
L,=0,L,, rotor winding leakage inductance
n 2 rotor winding leakage inductance referred to stator
* A
Lra —| T chr
na
n 3 3 mutual inductance
Ly=—2M==Ly=-Ly,
n
a
I,=1,+T, magnetising current space vector
¥, =L,I,, mutual flux linkage vector
¥ =L, stator leakage flux linkage vector
SO 5 S
v o =L_I, rotor leakage flux linkage vector
r ro " ri

(2.40)

Substitution of the rotor flux linkage defined by equation (2.40) into the rotor voltage

equation (2.37) gives the following:
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nA —a na d(\}’ro’k + \PMk )
= _errk +
n n, dt

a

1%

rk

+ j(Qk - prm)(\—Prak + me) (2.41)

All rotor quantities may now be referred to the stator side of the induction motor model

by means of the following definitions:

*

2
* Y 7 n y T =
R = ("—J T R (2.42)
na na na

Substitution of these terms in equation (2.41) gives the following:

T (d(fv:,,k +¥,)

"= RT,+ " +J(Q - P2, )T + ) (2.43)

The flux linkage however, is made up of the mutual flux ‘i’m and the leakage flux ¥,

{P:k = \—P:O'k + \-Pm =L, 1+ Lyl (2.44)

rork
Substitution of equation (2.44) in equation (2.43) gives the following rotor voltage

equation:

ViR + dj; w4 Q- p,0, )T (2.45)

rork

Similarly, substitution of the magnetising current equation given by I,, = isk + f; into
the flux linkage equations (2.40) gives:
\—I:'sk = (Lw +Ly, )isk + LMir;(
-, . -, ~ (2.46)
‘Prk = (Lra + LM )Irk + LM[:k
The self-inductances, however, are the sum of the mutual and the leakage inductances:
L=L_+1L
A (2.47)
L=L_+L,
Finally, by combining equations (2.44-47) and (2.37), the set of motor equations, where

the rotor quantities have been referred to the stator side, can be expressed as follows:

- d¥Y ) -,
(=R — +j(Q, - p,Q, )Y, (2.48)

The induction motor model given above may now be represented as shown in Fig. 2.6.
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Fig. 2.6: Motor Model with two Windings in the Stator

It may be seen that the motor model now contains in its stator two fictitious windings

rotating with angular speed Q, .

2.5 Power and Torque with Mechanical Motion Equation

This section serves to clarify the relationships of power and torque of an induction
motor. The mechanical motion equation is derived and the complete set of equilibrium
equations of a three-phase induction motor is presented.

The instantaneous power supplied to an electrical motor can be expressed as:
3 hnging 4
P(t)==R(V.I 249
(n)=2R(VL) (2.49)

where 7; is the complex conjugate of 11. The power can also be expressed using

instantaneous voltages and currents. Substitution of the space vector definition

equations yields:
P(t)= 39{(3(‘/ +aV, + ava)E(I +a'l,+ a'zlc)) (2.50)
2 3 A B 3 A

This can be simplified by using the following relations:

1 2

a’=a'=a
a’=a’=a
%(a)—&){(az)z—l (2.51)
I, +1,+1.=0
The expression for the instantaneous power gives:
P(1)=V,I,+V, I, +VI, (2.52)
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For the particular case of the motor operating under steady state with a symmetrical
sinusoidal supply, the space vectors can be converted directly to rotating complex

phasors, as shown below.

7 — iy, 12
V.= 1/5‘/:(%)‘9 €

- . (2.53)
I = \/Els(m)e""'e*’nf’
After substitution of equations (2.53) in equation (2.52) follows
P =3V, oL stoms) COS((Pu - (Pi) (2.54)

The overall electromagnetic power of an electric motor can be expressed as the sum of
the power supplied to the stator (2.52) and the power in the rotor windings. This can be
expressed as

P(t)= %93(\77)%91(‘77) (2.55)

The voltage vector equations (2.48) can then be substituted into equation (2.55). For a

fixed reference frame (Q, = 0) this leads to

m ror

P(t)= %{9{(&757; + d;tls I J + 9{1%:1?1":‘ + % I“ = jipQ I~ H (2.56)

which can be simplified to

d(I‘l =) d(}‘j.!‘ ok 3 g
] +—=17 |+=p,Q R(—j¥YT° 2.57
dt 5 dt r ] 2pb m ( J rfr ) ( )

P(t)= %(Rxlf + Rj1:2)+§ﬁ'ﬁ(

The first term in expression (2.57) represents the copper losses in the stator and rotor
windings, the second term represents the power in the magnetic fields and the third term

represents the electromagnetic (shaft output) power P, The instantaneous

out *
electromagnetic torque developed by an electric motor is defined as

P
T=-ou 2.58
0 (2.58)

m

where P, is the shaft output power and (2, is the mechanical angular rotor speed. The

torque can then be expressed by combining equations (2.57c) and (2.58)
3 ":*"': _ 3 T*Ts _3 o
T= —E pr(\Pr Ir ) - _5 prMS(I: ]r ) - _2— pr("Ps 1:) (259)
This torque is equal to the sum of the load torque and the acceleration torque, as shown

below:
T=T+T, (2.60)
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where T is the external load torque and Ty is the dynamic torque. Friction and elastic
torques are neglected. If the moment of inertia is taken to be constant, the dynamic
torque may be calculated as follows.

dQ
T,=J]—= 2.61
d it (2.61)

where J is the lumped inertia of the drive including moments of inertia of the motor,
mechanical transmission, clutch and working machine. From equations (2.58) and (2.61)

follows

dQ, 1( 3 s
— _7(—5 P, L, S(I; I,)—TL) (2.62)

The voltage equations (2.48), the flux-current equations (2.48) and the mechanical

motion equation (2.62) give the complete set of electric motor equilibrium equations:

- —

¥,=LI, +L,I: (2.63)

s * sk
q‘rxk = L:r-irjc + LMisk
de ] 3 =g J —':
) _‘7(—5prMS(I:k1rk)—TL)

The set of equations (2.63) describes a machine model where stator and rotor winding

rotate with an arbitrary speed 2, . The rotor quantities are referred to the stator side as
denoted by the prime index. The relation to the instantaneous currents is as follows:

- 2 A
I, = E(IA +al, +a’] )e ™

(2.64)

2n,

I, ===(I,+al, +a21c)e‘j(“*"7m)

3n,

An additional advantage of using complex space vectors is that the transition to the

steady state, with symmetrical sinusoidal supply, is fairly easy.

2.6 Park's Transformation
The well known Park equations can be derived from equations (2.63) for

Q. =p, (2.65)
The complex space vectors are split into their real and imaginary components. The real

part is called the direct component; denoted by index ‘d’, whereas the imaginary part is
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called the quadrature component; denoted by index ‘g’. The stator and rotor voltage,

current and flux linkage vectors are:

V.=V, +jv, Vi = Vi +jv;
I=I1,+]I, Io=rI,+jI, (2.66)

\ka = \Psd + ijsq \_Pr:k = \P:d + J\P:q
Equations (2.63) can be split into real and imaginary part:

5

d¥y
Vd = Rslsd +7d— prm\Psq

ay,,
sq = R:Isq + dt - prm\Psd
(2.67)
d¥;
Ve = RIS, 42
rd rord dt

s sys d\}lqu
Vig = Ry +——
Which are called the Park equations and describe the relations between the voltages,

currents and flux linkages in rotor co-ordinates.

2.7 Relationship to Unified Theory of Electric Motors
To establish a relationship to the unified theory of electrical motors, a fixed co-ordinate

system is assumed (Qk = O). The complex space vectors can be written as follows:

Vi=Ve+ivy

so sB
i.rk - Isa +jlsﬁ 7;( = I:a +j]:ﬁ (268)
\—f’sk - \P:a +jl}ls’3 ql:k = \Prsa +j\PrSﬁ

Thus, the voltage equations (2.63) may be spilt into real and imaginary parts, which

results in the following expressions:

‘/S(l = R.\'I:(Z + d\},:a
dt

V.=RI L
= +

sp s%sp dt

(2.69)

d\PJ
Vi =R, +— 2+ p,0,%,
t

rora

s

s sys d\P'B 5
Vrﬁ = errﬁ + dt —prm\Pra

After substitution of equations (2.68) into equations (2.69) and employing matrix

notation, it follows that
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Ve R +sL, 0 sL,, 0 I
Vv, 0 R + 5L, 0 sL 1,

4 ] Mo (2.70)
‘/;a SLM prmLM Rr + SLr prmLM Ira

Vol [-PSLy  sL, -pQ,L, R +sL |1

sa

where s :% denotes the derivative operator. Equation (2.70) is the well known matrix

form of the conventional equations of the unified two-axis theory of electric machines.

2.8 Per Unit System

Per unit systems are defined in terms of base units which mostly correspond to rated
motor parameters. Commonly adopted base units are V,, I, and Q,, and from these
derivative base quantities are derived. In the following, absolute physical quantities are
denoted in capital letters, whereas quantities in relative units are denoted by small

letters. The p.u. system for an induction motor is referred to the following base

quantities:
Vb = \/EVs(rmx)N
I =21, (2.71)
Q, =21,
From the above base quantities, the following derivative quantities are obtained:
V, V, Q
szl_b Lb:QbI mb:_z
N am)
Y,=— S,=-VJ, T,=—"

The set of motor equations (2.63) is transformed into the per unit system by using the
base quantities from equations (2.72).

It foliows that

<i

. d .
rk = rrlrk + TN d + J(wk - wm )er
Vy = xsz;k + Xyl (2.73)

l/,‘rk = xrlrk + le.\'k

d -
2; (S(Wsk isk ) - TL)

SIE

2-19



Q .. o
with T, = 1 and T, = J —}’—”—"- . The prime index for the rotor quantities referred to the
b b

stator has been dropped as the rotor quantities are referred to the same base units. The

inductances in the flux-current equations have been replaced by the corresponding

reactances. This does not have any effect, as the identity [ = L = 2XLb = x holds for the
T

p.u. system. The developed torque T}, expressed in p.u., attains the value of unity only
when there is no reactive power input to the machine, due to the base torque definition
Sy

mb

];:

. If, however, the power factor is less than unity, rated operation results in a

torque p.u. value less than unity.
A further advantage of the p.u. system is that the stability of the numerical solution of

equations (2.73) is improved, as all state variables are scaled to unity.

2.9 Induction Motor in Stator-Fixed Co-ordinates
When the angular speed of the reference frame is set to @, =0, the set of induction

motor vector equations (2.73) can be written as

— 3 dl/’s

v, =ri, +T, "

- dy, -

vr = rrlr + TN dt - Ja)mWr

v, =x1 +x,1 (2.74)
Wr = xrir +les

dw,
dt M

The complex space vectors may then be resolved into the real and imaginary

components o and P as follows:

- —

Vi +jvsﬂ V, =V +jvrﬁ

r

r

‘l_}:zll/:a-l’-jw_fﬂ l_l}r=Wra+erﬁ

With equations (2.75), the set of motor equations (2.74) in stator fixed co-ordinates can

then be resolved into the following components:
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sa stsa dt
. T dWSB
vsﬁ - rslsﬁ + N dt

dy,,

Via =il + TN dt + merﬁ
dy

, B

vrﬁ = rrlrﬂ + TN dt - wml//ra
do, 1

d T,

(%Jm—mwm—ﬂ)

w:a = xsi:a + XM ira
Wsﬁ = xsisﬁ + xMI'rﬁ
l’/ra = xrira + xMisa (276)

V= x,i,ﬂ + )cMisl3

Fig. 2.7 shows the block diagram corresponding to equations (2.76).

Position

Fig. 2.7: Induction Motor Model in Stator-fixed Co-ordinates

The rotor voltage components are v, =v,; =0, which is an additional condition for

squirrel cage induction motors.

2.10 Induction Motor in Rotor-Fixed Co-ordinates

When the rotor state variables are subject to investigation, it is advantageous to use a co-

ordinate system which is fixed to the rotor. The speed of the rotating co-ordinate system

is therefore set equal to the angular speed of the rotor

w,=0,=T,
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For the set of motor equations (2.73) therefore follows:

—

-

5

v: :rsi5+TN df +jmes
. dy
- g r
v, =ri, +T, o
lll7s = xs;; + xMir (278)
l/7r = xr;.r +xMZ;

dw, 1 orazy
a =7, Awi)-1)

The complex space vector equations can then be resolved in the components ‘d’ and ‘g’

—_ -

s = Vi +jvsq v, = vrd +jvrq
i, =i+ i, fo=ig i, (2.79)
lf’s:Wm"'jW:q l,l_},:l//,d"f'jqu

For the complex space vector equations (2.78) then follows

d‘l’m
v.\'d = rslsd + TN dt - wml//:q . ,
d[/] W:d = xsl.\'d + lerd
. Sq = 1 1
vsq = rslxq + TN dt + me:d wﬂ] x'leq + lerq
dy WV, =X 1, +Xxyl, (2.80)
— rd . . .
Vg = Tl + TN di qu = xrqu + lesq
dy,, dw,

= ?l;(wsdisq Wl ~ TL)

rg rirq N dt dt

3k

prq
.. 1N --.
n irq ’

Fig. 2.8: Induction Motor Model in Rotor-fixed Co-ordinates
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It is also shown in the diagram how the input voltages v, and vy, can be obtained from

the stator fixed voltages v, and v,g and the rotor position ¥,

2.11 Induction Motor in Synchronously Rotating Co-ordinates
Vector control is based on the transformation to a co-ordinate system rotating with

synchronous frequency (@, = @, ). The space vector equations (2.73) take the form
y k s q

1
2
Vo=ri +T, —dy;’—+ i, -0, ),
W, =x,i, +x,i (2.81)
ll—ir :'xr-.‘r +xMi;
Q. 1)
dt - TM (S(wsts) TL)

These equations may be split into their real and imaginary components. However, in the

—

transient state, the synchronous speed for the space vectors v,, i, ¥,, V,, I, and ¥, is
different. It is, therefore, necessary to align the co-ordinate system with one of these
vectors. If the air gap flux is also taken into consideration and the rotor voltage vector is
set to zero, as is the case for squirrel cage rotors, the co-ordinate system can be aligned
to six different vectors. For convenience the co-ordinate system is aligned with either
the stator current vector or one of the flux linkage vectors, as the torque expression
(2.73) can then be simplified and the stator current can be controlled easily. In the
following, the co-ordinate system is aligned with the stator flux linkage vector. For the

real and imaginary components it follows

-

v.=v, + Ve v, =v, +jv,
i, =i, + ji, i, =i, +ji, (2.82)
v, =V, V, =¥, +Jjv,
Vector equations (2.81) can then be resolved into their components:
. dlI/SZ
vu - rslu + TN dt w.\'x = x:iu + xMirx
Vv, =ri, t OV, O0=x,,, +x,i,
dy WV, =X, X0, (2.83)
v, =ri, +T,—=—(0, -, )y . :
o dt v W, = X0, Xl
o rg dw 1 .
v')‘ - r’lr)' + TN dt + (a)s wm )Wrx dlm = };(w:xl.ry - TI)

2-23



As can be seen from torque expression (2.83), the developed torque depends only on
two components. The stator flux linkage component can be kept constant, while the ‘y’-
component of the stator current can be used to control the torque. The torque expression
is thereby transformed from a form in which four oscillating quantities appear
(equations 2.76 and 2.80) to a form where one component controls the torque in a linear

manner. The corresponding block diagram is shown in Fig. 2.9.

Fig. 2.9: Induction Motor Model in Stator-flux oriented Co-orcﬁnates

The block diagram also shows that the synchronous frequency of the stator flux linkage
can be obtained from equation (2.83) and is used as a feedback signal to obtain the
stator voltage components in a co-ordinate system rotating with the stator flux linkage

vector,

2.12 Motor Model Numerical Values used throughout Investigation

For the simulations in the following sections, a particular set of motor model parameters
has been used. The induction motor under investigation has the following rated values:

Virusyy = 230V I pusyv = S.2A f, =50Hz (2.84)

s

Corresponding to equation (2.71) the per unit base quantities are:

d
V,=3253V  I,=735A4  o,=31427% (2.85)
S

In accordance with Equ. 2.72, the derivative per unit quantities can be calculated as
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S, = 3588VA

Z, =44.23Q

¥, = 1.035Wh o, =157172 (2.86)
R

L, =0.1408H T, = 22.84Nm

The motor parameter have been obtained from the manufacturer and are as follows:

R =3.76Q L, =0268H
R =2571Q L,=0278H (2.87)
p,=2 L, =0296H

The p.u. motor parameter can be calculated by dividing the absolute parameters by their

corresponding base quantities. This results into the following settings:

r. =0.085 oo
r. = 0.0581 m = Coge .
T, = 0.0032 = (2.88)
x, =2102
T, = 01375

The load model consists of only two parameters. The moment of inertia has been chosen
to give a transient response that leads to rated operation within one second for a direct
on line start of the motor. The load torque has been assumed to be proportional to speed.
The load torque in the p.u. system therefore gives

T, = Dw, (2.89)
where the parameter D has been chosen to give rated operation at rated speed. The load
parameters are then given by

J =0.05kgm’
D=0.678

(2.90)
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Chapter 3: Steady State Analysis

3.0 Introduction
This chapter deals with the conditions under which induction motors operate in the
steady state, i.e. without change of rotor speed or load torque. The corresponding
voltage, frequency, current and flux required for which a motor operates with a certain
speed at a certain load torque are shown. The motor power conditions are examined as
well as the motor efficiency and the motor power factor. The analysis is subdivided into
four different categories depending on the motor supply capabilities as follows:

1. Constant voltage, constant frequency (CVCF) mode corresponds to mains supply
operation. Rotor speed control cannot be carried out, as the rotor speed varies with
load torque only.

2. Variable voltage, constant frequency (VVCEF) operation allows the control of motor
speed independently of the load torque. However, the torque-speed control area is
limited by the CVCF torque speed characteristic. The poor low speed efficiency of
the CVCF mode also applies for VVCEF operation.

3. With constant voltage, variable frequency (CVVF) operation, much higher rotor
speeds than those available with CVCF or VVCF operation can be obtained.

4. The variable voltage, variable frequency (VVVF) mode allows a much higher load
torque and better efficiency at low speed operation than the above mentioned
methods. A VVVF power supply is of course also capable of CVVF operation, so
that the high speed mode characteristics of CVVF also apply.

When an induction motor operates in the steady state and is supplied by symmetrical

and sinusoidal waveforms, the space vectors ¥, i, i,, i, ¥,, ¥, and ¥ become

formally identical to phasors. Therefore, no notational difference is made between the
two concepts and the space vector diagrams become identical to phasor diagrams. As
has been shown in section 2.11, the vector quantities in the steady state remain constant
when a synchronously rotating co-ordinate system is employed. Therefore, the time

related derivatives from equations 2.73 are all set to zero, as shown below.
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j
v, =Xxj +x, (3.1)
+

After substituting the flux equations (3.1c and 3.1d) into the voltage equations (3.1a and
3.1Db), it follows that

‘-;s = (’:\' +jws‘xls)is +jw:xm(is + ir)

r - . 3.2)
A >, > -
0= (—+]cosx,,)lr +stxm(ls + lr)
)
where
'xls - xs - xm
‘xlr = xr - xm (33)
_0-0, 0,
(0] w

From equations 3.2 the well known equivalent circuit for an induction motor can be

drawn, as shown in Fig. 3.1:

=] |1‘

Fig. 3.1: Steady State Equivalent Circuit of Induction Motor

The impedance of the induction motor model may be calculated by substituting

equations (3.3) into equations (3.2):

-
- .

V. =ri +ja)s(xsis +xmi,)

s

i T (3.4)
0=ri +j(o, -~ @,)x i +x.)

Equation (3.4) can then be solved for i, to give:

32



- —jx.(0,-0,) -
’ rr+jxr(ws_mm) ’

(3.5)

This equation can be substituted into equation (3.2) and rearranged to give the following

expression for the induction motor impedance:

2
==z, =r+jox +rM’" (3.6)

The following set of expressions allows calculation of current and flux for the stator and

rotor of the steady state induction motor model for a known input voltage v, .

- v
y S
Es -

s
V7: — vs —f; s

JO; (3.7)

R Fink
! x

Fig. 3.2: Phasor Diagram for Rated Operation

The diagram is shown for rated operation of the motor.



3.1 Constant Voltage, Constant Frequency Operation

This section deals with the induction motor operation in the steady state when being
supplied with sinusoidal voltage waveforms of constant amplitude and frequency. The
motor current and flux may be calculated using equation 3.7. The developed torque may
then be calculated using the torque expression from the motor model (equation 3.1). A

typical torque speed characteristic is given in Fig. 3.3.

1.4 ! ; T ! ! ! - ' '

0 T - A — PP TN

i
[+
T

Torque p.u.

e
[
T
1

Y] B S b S S N U e .

02k o ......... ......... _ ......... .......... .......... .......... ........

0 1 | | L 1 \ ] . !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Rotor Speed p.u.

Fig. 3.3: Torque-Speed Characteristic in CVCF Operation

Only motoring action is considered in the figure. Braking action occurs for negative
values of speed, whereas generator action occurs for speed values beyond unity. Fig. 3.3
shows that in the range of motor action between standstill and the speed at which the
maximum torque is developed, the torque increases more than proportionally with
speed. This means that within this range there is a condition of instability, in the sense
that if the torque developed is greater than the resisting torque, the speed will continue
to rise until the point of maximum torque has been passed. Beyond the point of
maximum torque, and up to synchronism, the conditions are stable, as any increase of
load torque causes the motor to slow down and, therefore, automatically to develop
greater torque to meet the load requirement. Conversely, if the load torque becomes
greater than the breakdown torque of the motor, a decrease in speed is accompanied by a
decreased motor torque and the speed falls off to zero. It can, therefore, be said that the

speed range of the motor is small in CVCF operation (®,, = 0.8—10p.u. in Fig. 3.3) and
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that the torque directly depends on the rotor speed. Because of the increased slip
frequency in high torque operation, the power conditions of the motor are acceptable in
a small part of the stable operation region only. The input power P;,, output power Py,
apparent power S, reactive power Q and the power losses Pj,; may be calculated as

follows:

0=3{5i’} (3.8)

The power conditions for CVCF operation are shown in Fig. 3.4.

35 ! ! ! ; ; ! ! ! '
. _Apparent Power ' :

= e N L -
ReéctWe Pofwer ‘ : : : ' : :

Y| SR SR S SR ........ .......... LN ........ 1
3: 2._ ...................... B B R, N R VLR _l
; Inp:«utPowefr
z : :

81.5 e =D ................................................... 4

PowerLoisses
Ll R R PEPRS PR R e ................... -
05k ......... ......... ......... ........ .......... ......

Outpuf Poweré : : : : :
0 : i i i i P . :

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Rotor Speed p.u.

Fig. 3.4: Power Conditions in CVCF Operation
Fig. 3.4 shows how electrical and mechanical power varies with varying rotor speed. For
zero speed, the apparent and reactive power are more than three times the rated apparent
power. This condition may occur for a locked rotor or for a load with high inertia. The
power losses are at a maximum, as the output power is zero at zero speed. For higher
rotor speed, apparent power, reactive power and the power losses decrease, while the
input power and the output power increase. The input power is maximised at a speed of
0.7p.u., while the output power is maximised at a rotor speed of 0.84p.u. At rated

operation (@, =0.95p.u.), the power losses are low and the apparent power is near

unity. At synchronous operation (®,, =1p.u.), the input power, the output power and
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the power losses become zero, while the apparent power becomes equal to the reactive

power.

3.5

Current p.u.

T T I Ll ! T T T T
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0 0.1 0.2 0.3 04 0.5 0.6 07 0.8 0.9 1
Rotor Speed p.u.

Fig. 3.5: Motor Currents in CVCF Operation

Fig. 3.5 shows the variation of the motor currents with load. It can be seen that the stator

current characteristic is identical to the apparent power characteristic. This may also be

seen from Equ 3

.8. As the magnetising current remains low throughout the speed range,

the rotor and stator current characteristics are similar. For synchronous operation

however, the rotor current becomes zero and the stator current amplitude becomes equal

to the magnetising current amplitude.

1

T ! J ! T T ! J T
0.9k SttorFlux . i S
0.8F - et
0-7_........ ..................... AR .........................................................
Magnetising Flux
0.6“‘ ..........................................................
3
2-0.5_ ....................................................................................................
=2
w
0'4... .......................................................
0.3F e T R AL LR L S RRREERERE TRREERRRRE SRR ~
-Rotor Flux
0.2F s e YO SO I .
O A et .................. _1
0 ; ; i ; i i : : i
0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.9 1
Rotor Speed p.u.

Fig. 3.6: Motor Flux in CVCF Operation
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Fig. 3.6 shows the characteristics for the stator, rotor and magnetising flux. It may be
seen that even at locked rotor conditions with very high currents, the rated flux levels
are not exceeded. In fact, the rotor and magnetising flux are lowest for the locked rotor
condition. The stator, magnetising and the rotor flux are maximised for synchronous
operation (@,, = @, ).

The efficiency 1, power factor cos¢ and the product of efficiency and power factor

ncos@ may be calculated as follows:

o (3.9)

! ' ' ' ! ' ' ! ! !
7 S S S O

P ......... .......... .......... _________ ......... S ......... S/ A
Y RSO S R S (1 AR A ¥

; . Power:Factor : g _
0.4 P " ‘ B : : o §

“Efficiency _ : :
0.2 - ......... .......... ......... IO ...... .......

('R | A ......... \ ....... ........ ......... P RREEEEREEE R .

o} 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Rotor Speed p.u.

Fig. 3.7: Efficiency and Power Factor of Induction Motor (CVCF)
It can be seen from Fig. 3.7 that the power factor is maximised for a speed of

w, =0.92p.u., the efficiency-power factor product at @, =0.94p.u. and the efficiency
at @, =0.98p.u. Generally, the three criteria are low for low speed operation. The
efficiency, for example, is below 27% for rotor speeds below half the synchronous
speed (w,, =0.5p.u.).

The poor efficiency and power factor values can be attributed to the high slip operation

at low rotor speeds. This is depicted in Fig. 3.8. It may be seen that for operation at zero
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speed, the slip becomes unity. As the synchronous speed remains constant, the slip is

also equal to the slip speed, which can also be seen from equation (3.9).

! ! ! ! T ! ; ' !
] Synchronous:Speed :
osl- - ......... ......... ......... P b ......... ......... I i
06f SR (RN - e U e L ......... o
g : : : Slip Speed :
: : Slip : . : :
028 L T
0 AL l 1 1 1 L | 1 L
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Rotor Speed p.u.

Fig. 3.8: Synchronous Speed, Slip Speed and Slip of Induction Motor (CVCF)
The CVCEF operation occurs for induction motors when supplied from the mains supply.
As both voltage and frequency remain constant, no control of the motor speed is
possible. The speed varies with the applied load torque, which is undesirable in many
applications. Since very high motor currents flow both during start-up and during fault
conditions, for example a locked rotor condition, a compromise for the motor protection
circuitry is required. An overcurrent relay is mostly used which provides the necessary
integral action over time. However, instantaneous high current protection may not be
carried out. Speed control of the driven machine may be carried out by using an
electromagnetic clutch or a by-pass in pump applications. Although these methods have
been used in the past, they present a most undesirable form of speed control as much of
the input power to the motor is wasted. Motor speed control may be carried out by
supplying the motor with either variable voltage, variable frequency or preferably with.

variable voltage and variable frequency, as shown below.

3.2 Variable Voltage, Constant Frequency Operation

By means of varying the voltage amplitude supplied to the motor, stable motoring
operation may be obtained for all points below the torque curve for CVCF operation
(Fig. 3.3). This is illustrated in Fig. 3.9, where a constant load torque between 0.1 p.u.
and 1.2 p.u. has been applied.
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Fig. 3.9: Motor Torque in VVCF Operation
Fig. 3.10 shows the required variation of voltage amplitude with speed for constant load
torque. It can be seen that between standstill and the speed at the breakdown point in

CVCF operation (@, =08p.u.), the voltage decreases with increasing speed. For

higher speeds, the voltage increases with increasing speed. Therefore, for constant load
torque, as is the case for cranes and lifts, the implementation of a closed loop system can
be difficult as the voltage amplitude controller has to reverse its polarity at the
breakdown point. However, for speed proportional loads, the voltage amplitude rises
with rotor speed for the full speed range, and the implementation of a closed loop

system is practical.
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Fig. 3.10: Stator Voltage in VVCF operation
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All the curves for power, current and flux (shown in Fig. 3.4 to Fig.-3.6) for CVCF
operation, are the envelopes of the curves in VVCEF operation (as seen for the torque and
voltage curves in Fig. 3.9 and 3.10).

Because the synchronous speed is constant, the slip and slip speéd characteristics for
CVCEF operation (Fig. 3.8) are also valid for VVCF operation. The efficiency and power
factor curves (Fig. 3.7) are also the same for CVCF and VVCF operation, as the
efficiency depends on speed, synchronous speed and motor parameters only.

The advantage of this type of operation when compared to CVCF operation is that speed
control can be carried out independently of motor torque. Although the efficiency is as
poor as in CVCF operation, the total input power can be reduced for lower torque

requirements and thereby conserving energy.

3.3 Constant Voltage, Variable Frequency Operation

The CVVF operation occurs in almost all VVVF inverters in the high speed region.
CVVF operation corresponds to the six-step mode when the controller ‘has run out of
voltage’. The CVVF mode extends the speed range of the motor drastically. While
motoring operation in CVCF and VVCF mode is only possible up to synchronous speed,
CVVF operation may achieve 3-4 times the rated speed of the motor. Usually the motor
bearings and the motor load are the limiting factors, and not the CVVF supply. The

motor torque is shown in Fig. 3.11.
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Fig. 3.11: Motor Torque in CVVF Operation
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Since the stator voltage remains constant at unity, saturation may be obtained for small
rotor speeds. Therefore, the curves shown in Fig. 3.11 correspond only to operating

conditions where the stator flux level is at or below unity, as shown in Fig. 3.12.
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Fig. 3.12: Stator Flux in CVVF Operation

Fig. 3.12 shows the ‘flux weakening range’ of the rotor speed. It can be seen that for

higher load torque, the flux weakening occurs for lower rotor speeds. The lower the load

torque, the higher the maximum speed available. Fig. 3.13 shows that in the flux

weakening range, the slip frequency increases drastically. The slip frequency increases

with both, the rotor speed and the load torque.
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Fig. 3.13: Slip frequencies in CVVF Operation
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Fig. 3.14 shows the efficiency in CVVF operation. It may be seen that the higher the
load, the lower the efficiency. This, however, is true for load torques ranging from 0.4 to
1.4 p.u. only, as for lighter loads the maximum efficiency is at a higher rotor speed. The

maximum efficiency for a load torque of 0.1p.u. is 95% at 225% of rated speed.
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Fig. 3.14: Efficiency in CVVF Operation

The power factor has its optimum at higher speeds than the efficiency. This may be seen

from Fig. 3.15. It can be seen that for light load at rated speed the power factor is very

poor (cos@ =0.23). The maximum power factor for each load is around cos¢p =08,

however, at very different rotor speed.
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Fig. 3.15: Power Factor in CVVF Operation
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The product of power factor and efficiency is shown in Fig. 3.16. It can be seen that
with small load torque the efficiency-power factor product may be maximised, but only
for a certain speed. For operation near rated speed, the product is at only 0.2 p.u. which
means that only 20% of the apparent power is available at the motor shaft. For operation
with higher torque, however, the efficiency-power factor product lies within 0.55 and
0.65 p.u. The maximum power factor-efficiency product is obtained for light loads at

very high speeds.
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Fig. 3.16: Efficiency-Power Factor Product in CVVF Operation
The CVVF mode is used when the voltage at the inverter is at its maximum, due to
mains supply limitations or maximum motor ratings, and speed control is required. The
range of available speeds depends very much on the load torque and can reach 3-4 times
the rated speed for light loads. For such high speeds however, the torque to overcome
frictional losses can be considerable, so that the available load torque is reduced. Higher
than rated load torque may be obtained for rotor speed below rated speed (Fig. 3.11).
However, this is possible for limited periods only, as both the input and the output

power are above their rated values and overheating of the motor can occur.

3.4 Variable Voltage, Variable Frequency Operation

It has been shown in the previous two sections that speed control of the motor is
possible using VVCF or CVVF operation. However, speed control between standstill
and rated speed with VVCF operation results in poor efficiency whereas speed control

between standstill and rated speed with CVVF operation leads to very high currents and
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saturation of the iron in the motor. In the following, the simultaneous variation of

frequency and voltage is investigated.

3.4.1 Optimum Induction Motor Operation

Since both voltage and frequency are varied at the same time, a variety of voltage and
frequency combinations can produce the same load torque and rotor speed conditions.
Clearly, many of these combinations are not desirable as excessive stator flux or stator
voltage may be required. It is shown in the following, how the governing equations for
the desirable modes can be derived and how different ‘optima’ can be identified.

The condition for maximum efficiency requires that the input power is minimised for

any given output power. The efficiency is given by

Tw
== 3.10
=% R{vi | G-10)
On substitution of equation (3.1a) and (3.1e) the expression shown below follows.
S, o,
n= { } 3.11)

R{(L + (@, +0,)0 )i |

The stator current may be expressed by substitution of equation (3.1d) into equation
3.1b, and solving equation 3.l1c for the rotor current. Rearranging results in the
following expression:

r+Jx,0,
o, +x (r + jx @ )
m r 5 r r r

=y, (3.12)

Substitution of equation 3.12 into equation 3.11 and further simplification results in the

expression for the induction motor efficiency as shown below:

2
rrwmwr‘xm
2 2
@} (ras +rxl) 4 ro, oo, + 1,

n= (3.13)

By setting the differentiation with respect to @, to zero, the slip frequency for which the

efficiency is maximised can be found as follows:
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(3.14)

Thus, it can be seen that the maximum efficiency occurs at a constant slip frequency.
Similar to the procedure shown above, slip frequencies for other ‘optima’ may also be

found. The results are shown in Table 3.1.

Table 3.1: Solutions for optimum slip frequencies

Optimisation | Equation to be optimised Solution
Criteria
2
Pout — rrwmwrxm o =r rs
- 2 2 2 2 2 r(maxn) ~ °r 2 2
Efficiency n E, wr(rrxm trx, ) Tr,X,0, + 1T i rx, +rx,
2
])out = rrwmwr'xm
Pow  O(rxn 1)) 40
2 2 2.2
Power Factor P, AR +r, (gr(a)m + wr)xm +r,m’x;] 4th order polynom for
2 2 2 .
cos P, (0,+ a),)(r, X, +x,07(x,x, - x,,,)) O, maxcosgy» SCE Appendix
Al
Product of T o, 7th order polynom for
V/S 5 _ n COS (p
Efficiency and S V;ls O, (maxncosg) * SEE
Power Factor Appendix A.2
ncosQ

The slip frequencies which optimise the output power also optimise the developed

torque, because P

out

=@, 7. Furthermore, maximum efficiency operation implies
minimum loss operation. The input power to reactive power function has been chosen in
favour to the input power to apparent power (cos¢) due to mathematical convenience.
However, the solution for @,,, ..., Maximises both functions (for proof see Appendix
A-1).

From the solutions given in Table 3.1, only the slip frequency maximising the efficiency
is independent of the rotor speed. It is important to note that the optimum slip
frequencies for all optimisation criteria are independent of the load torque. However, as

will be shown in the following sections, the ‘optimum’ slip frequency may lead to
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undesirable operating conditions for higher load torque. The following figure shows the

variation of slip frequency for varying rotor speed for the different optimisation criteria.

Optimum Slip Frequencies
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Fig. 3.17: Optimum Slip Frequencies in VVVF Operation
It can be seen from Fig. 3.17 that the optimisation for maximum efficiency results in the
lowest slip frequency, whereas the optimisation for maximum power factor (input power

per apparent power) yields the highest slip frequency.
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Fig. 3.18: Efficiency for different Optimisation Criteria
With each of the three different optimisation criteria, different efficiencies, power

factors and efficiency-power factor products are obtained. Fig. 3.18 depicts the
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efficiency for the three slip frequencies from Fig. 3.17 where it may be seen that
operation with maximum power factor results in a lower efficiency operation. At half
the rated speed for example, maximum power factor operation wastes 15% more power
than maximum efficiency operation. Conversely, as can be seen from Fig. 3.19,

maximum efficiency operation results into a power factor of cos¢ =0.61, whereas
maximum power factor operation results in a power factor of cos¢g =0.85 for half the

rated speed.

Power Factor
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o

Input Power to Apparent Power
(=]
3
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1 1. i 1 1 1 I 1 1 1

5 1
0O 01 02 03 04 05 06 07 08 08 1 11 12 13 14 15
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Fig. 3.19: Power Factor for different Optimisation Criteria

It may also be seen from Fig. 3.19 that for both maximum power factor operation (max

cos@) and maximum efficiency-power factor product (max 7ncos¢) operation the
power factor is bigger than 0.707 (cos¢ > 0.707 ) for the full speed range. However, for

speeds over 16% of rated speed, maximum efficiency operation cycles more power
between supply and motor than is consumed by the motor. In Fig. 3.20 the efficiency-
power factor product is shown for the three optimisation criterias. It can be seen that

maximum efficiency operation is superior for rotor speeds below @, =0.3p.u., whereas

maximum cos¢ operation is superior for rotor speeds above @, =0.3p.u.
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Fig. 3.20: Efficiency-Power Factor Product for different Optimisation Criteria

The power factor and efficiency graphs for VVVF operation (Fig. 3.18 and Fig. 3.19)
are clearly superior to the results obtained for CVCF and VVCF (Fig. 3.7) operation.
However, at higher load torque, the optimum motor operation has to be sacrificed for
limited flux or limited voltage operation.

In the following, the analysis of the maximum efficiency, constant stator flux and
constant voltage modes of operation are integrated. Fig. 3.21 shows the first quadrant of

the torque-speed plane.

3-18



CVCEF Operation , :
l— (unstable part) — . V)/VF Operation
. : - v I<1p.u.
1.6 - — - -|CVCF Operation | - -| e
= ~ |(stable part) ly |=1p.u.
- |ly I<1p.u ' ‘
120 R T CEEEEr EERL R DR,
’ Rated Operation ; ‘
= 1 imBsann : ‘ VVVF Operation | - 4
. : ‘ -
9 : v I<1p.u.
Z 0.8 e o <lpan |
a ‘ I I a)r = a)r(maxn)
064 - - - TR - /- T —— e
CVVF Operation
(Six-Step)
OA4p oo G IV 1=1p.u. }
02k . ...... ia . |ly l<1p.u. ]

0 0.5 1 1.5 2 2.5 3 35 -
Rotor Speed p.u.

Fig. 3.21: Modes of Induction Motor Operation
The three sections in Fig. 3.21 show the possible motor torque - rotor speed
combinations which allow steady state operation with variable voltage and variable

frequency.

The light grey area shown in Fig. 3.21 corresponds to VVVF operation where both the
stator flux level and the stator voltage level are below unity. The slip frequency is
constant according to equation 3.19. This area shown marks the torque speed
combinations where the efficiency has been optimised according to equations 3.13 and
3.14. It may be seen that maximum efficiency operation can only be obtained in a small
portion of the full operating range. Below rated speed, maximum efficiency operation
may be obtained for a load torque below 50% of rated torque. For speeds up to 1.5 times
rated speed, the load torque has to decrease to only 20% of the rated torque, to still
obtain maximum efficiency operation.

The medium grey area in Fig. 3.21 represents VVVF operation with constant stator flux
level. The slip frequency is increased above the value from Equation 3.19 in order to

limit the stator flux to unity. It may be seen that this mode of operation allows 250% of
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rated torque operation from standstill to about 65% of rated speed, which is well above
the breakdown torque for CVCF operation. Constant flux operation is applied for all
speeds below rated speed and torque above half the rated torque. However, for higher
load torque the speed below which the stator flux can be kept at 1 p.u., without
increasing the supply voltage above 1 p.u., decreases.

The distinction between the light and medium grey area is made because the saturation
effects are not modelled. The effect of saturation is mainly that the magnetic flux and
the magnetic flux density do not increase proportionally with increase in current.
However, with modelled saturation effects, the only difference would be a smoother
transition from constant slip to constant stator flux level operation which has not been
considered here.

The dark grey area in Fig. 3.21 corresponds to CVVF operation, where the controller has
run out of voltage and only frequency variation can be carried out. Constant voltage
operation has to be used when more voltage is required than is available from the mains
power supply. This allows the extension of the speed range above rated speed even for
higher load torque. However, due to the higher slip frequencies, this mode of operation
is associated with high power losses.

Also shown is the torque speed characteristic for CVCF operation. As can clearly be
seen, the operating range with VVVF and CVVF is drastically expanded when
compared to CVCF or VVCEF (below CVCEF curve) operation.

In the following, some important quantities of the induction motor model are examined
for different points of operation in the torque-speed plane. Fig. 3.22 shows the variation
of the stator flux level with torque and speed. It can be seen from the figure that there
are two areas where the flux is below unity and one section where the flux is unity. The
three sections correspond to the three sections of Fig. 3.21. Ideally, it is this
characteristic with is required for the flux reference inputs of both flux vector control

and direct torque control.
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Fig. 3.23: Torque in VVVF Operation
In Fig. 3.24, the voltage variation with motor torque and rotor speed is shown. It can be
seen that below maximum voltage, the voltage rises linearly with speed. However at
motor speeds near zero, the voltage level is increased to compensate for the stator
resistance voltage drop. It can also be seen from Fig. 3.24 that for constant stator flux
operation (T)=0.4..1.6), the gradients for different motor load are equal, whereas for

light load at constant slip and reduced stator flux levels, less voltage is required.
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Fig. 3.24 Voltage in VVVF Operation
It may be seen from Fig. 3.25 that, essentially, the synchronous frequency rises linearly
with rotor speed. As high load torque operation is associated with high slip operation,

there is also an increased synchronous frequency required at larger torques. For scalar
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motor control with standard P.W.M. inverter control, the characteristics shown in Fig.
3.24 and Fig. 3.25 have to be reproduced in order to take advantage of the full operating

range of the motor.
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Fig. 3.25 Synchronous Frequency in VVVF Operation
The stator flux, shown in Fig. 3.26, is at unity for low speed operation and the load
torque is above 0.3 p.u. However, for small values of load torque or higher rotor speeds
the flux is decreased. For higher values of load torque, the flux weakening method is not

applicable as only lower speed operation may be achieved.
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Fig. 3.26 Stator Flux in VVVF Operation
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It may be seen from Fig. 3.27 that the slip frequency stays constant for low speed
operation. For light load operation (T;=0.1..0.3p.u.), the slip frequency is equal to 0.023
p.u. which corresponds to the value given by equation 3.14. For higher speed, the slip
frequency rises quickly. For a scalar controller using slip frequency control, the

characteristics shown are required for the steady state operation of the controller.
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Fig. 3.27 Slip Frequency in VVVF Operation

In Fig. 3.28, the motor slip values for varying rotor speed and motor torque are shown.
The slip values are unity at rotor standstill which can also be seen from equation 3.2

for®, =0. With increasing rotor speed, the slip values decrease. However, for CVVF

operation at high speeds, the slip values rise again because of the reduced flux in the
motor. The higher the load torque values, the higher the slip values. For example, for a

torque value of Tj=1.6, the minimum slip value is 19% a 65% of rated speed.
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Fig. 3.28: Slip in VVVF Operation
Fig. 3.29 shows the steady state stator current values for varying rotor speed and motor
torque. It can be seen by the comparison of Fig. 3.27 and Fig. 3.29 that the stator current
does not depend on the rotor speed when the slip frequency is held constant, However,
the stator current depends on the load torque and increases above the rated value for a
load torque of T;=0.7p.u. At a load torque of Ti=1.6p.u., for example, the stator current
is at 235% of its rated value and therefore the motor can only operate at short intervals
at this load to prevent overheating. For high speed operation, the motor current increases

with rotor speed.

2.5

Stator Current p.u.

Rotor Speed p.u.

Fig. 3.29: Stator Current in VVVF Operation
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The comparison of Fig. 3.30 and Fig. 3.7 shows that the induction motor efficiency in
VVVF mode is much higher at low speed than in CVCF or VVCF operation. The
highest efficiencies are obtained for light loads, where the stator flux is below unity. For
example at half the rated speed, the efficiency in VVVF operation is at 80% for small
values of load torque, whereas with CVCF or VVCF operation the efficiency is only
26%. For higher loads, the efficiency drops to about 52% for half the rated speed at
maximum load. For high speed, the efficiency is identical to the CVVF operation (Fig.
3.14).
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Fig. 3.30: Efficiency in VVVF Operation

It may be seen from Fig. 3.31 that the power factor in VVVF operation decreases for

high operating speed of the motor. The maximum power factor of cos@=0.96 is

obtained at standstill. The minimum power factor of 0.56 is obtained for light load at

180% of rated speed.
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Fig. 3.31: Power Factor in VVVF Operation

It can be seen from Fig. 3.32 that the efficiency-power factor product is zero at
standstill, because no output power is delivered. At low speed operation, the efficiency-
power factor product is bigger for small values of load torque. However, for operation
near rated speed, ncos¢ is maximised for a load torque near the rated load torque. The
maximum efficiency-power factor product is obtained for light load a 300% of

synchronous speed, as can also be seen from Fig. 3.16.
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Fig. 3.32: Efficiency-Power Factor Product for VVVF Operation
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3.5 Interim Conclusion

The analysis shown above has illustrated the steady state conditions required for VVVF
operation of an induction motor. The CVVF operation has been included here, as this
mode can automatically be provided by an VVVF inverter in the six step mode. The
analysis has been carried out with respect to fundamental voltages and currents only.
The additional losses due to harmonics inherent in the P.W.M. mode for VVVF
operation or the six step mode in CVVF operation have not been considered. The speed
torque conditions for which either P.W.M. or six step have to be applied, depend of
course on the maximum voltage which can be provided by the power supply used. In
fact, all curves depend on the particular set of motor parameters and on the motor model
which has a varying degree of accuracy for the torque speed range. Saturation and iron
losses have also not been included. Nonetheless, the procedure shown above is also
valid for more accurate motor models and should not affect the general conclusions
outlined below:
1. Constant slip frequency operation at reduced stator flux levels is applicable for low
torque operation only.
2. Significant increase of the maximum load torque well above the breakdown torque
in CVCF operation may be obtained with VVVF operation at constant stator flux.
This torque is also available at standstill of the motor.
The highest value of efficiency are obtained at high speed, light load operation.
The highest power factor is obtained at standstill.

Maximum efficiency operation applies to light load operation only.

A U

Both the VVVF and the CVVF mode of operation increase the control area in the
torque speed plane (Fig. 3.21) when compared to CVCF operation and thereby allow
optimum speed selection for an induction motor drive with maximum energy

conservation.
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Chapter 4: Six Step Operation

4.0 Review of Six Step Operation

Six step (square wave) operation is the simplest form of inverter operation. However, it
allows frequency adjustment only and no voltage adjustment. The general principle of
operation may be explained as follows:

Each phase of the induction motor is connected to the positive side of the d.c. link for
half a cycle and to the negative side for the other half of a cycle. The three phases are
shifted by 120 degrees and switching occurs every 60 degrees of a cycle. By varying the
time corresponding to 360 degrees, the frequency of the fundamental can be changed.
The inherent advantage of this type of operation is that it requires only two
commutations (switching actions) per phase and cycle and thereby, minimum switching
losses of the inverter can be achieved. However, as will be shown, undesirable low
frequency components in the spectrum of the resulting voltage and current waveforms
are present. A further disadvantage is that the d.c. link voltage has to be reduced by
means of a separate converter for low speed operation. If this is carried out by a
controlled rectifier, a low power factor of the induction motor drive presents an
additional problem. Nevertheless, six step operation is inevitable in VVVF inverter

operating at maximum output voltage.

4.1 Six Step Voltage Analysis
Three different voltages of an inverter system are of special interest. These are phase to
neutral of d.c. supply voltages v,,, vy and v, phase to phase voltages vap, Vi and v,

and phase to neutral of load voltages vgn, Vb, and v, as shown in Fig. 4.1.

— Y 0 a b C
Vil T L —
Vao Vab

T44!

Fig. 4.1: Inverter with Star connected Motor Windings
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The phase to neutral of the d.c. supply voltages are generated directly by the inverter

control system. The resulting square wave for the motor phase ‘a’ is shown in Fig. 4.2.
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Fig. 4.2: Phase to Neutral of Supply Voltage in Six Step Mode (v4,)

It may be seen from Fig. 4.2 that the voltage waveform has two levels which are +V4/2

and -V,/2. The d.c. link voltage has been set to V,, =x/2 to give unity amplitude of

the fundamental voltage. As the voltage level between commutations is constant, the

harmonic content of the waveforms can easily be obtained by Fourier analysis. Any

periodic waveform may be described in the following form:

f(x)= “—2" + i(ak cos(kx) + b, sin(kx))

k=1

where the Fourier coefficients a; and b; may be calculated as follows:
1 n
a,=— [ f(x)coshx)  k=012...
n -n

b, = 1 [ fosinfer) k=123
n -

The resulting coefficients for the harmonics 1 to 13 are summarised in Table 4.1.
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Table 4.1: Fourier Coefficients for Phase to Neutral of d.c. Supply Voltage

Vao Vao Vbo Vbo Veo VYeo
k ay by ax bk ax by |amp| RMS | Seq.
13 [ L] B L]0 -1 1 1 +
2 2 2 2 V2
2 0 0 0 0 0 0 0 0 0
3 0 1 0 1o ]| 111 1 0
3 3 3 1 3 | 32
4 0 0 0 0 0 0 0 0 0
5 B3 rpop 11 ! -
"0 | 10 | 0 | 10 5151 542
6 0 0 0 0 0 0 0 0
71 43 | L Vi Lo 11 1 +
T4 | 14| T | 4 717 | W2
8 0 0 0 0 0 0 0 0
9 0 1 0 1T lo] 111 1 0
9 9 9 | 9 | 92
0] o 0 0 0 0 0 0 0 0
11 N L VAT S B U N N e ! -
T | 2| | 22 1| 1| 12
12| o0 0 0 0 0 0 0 0
B3 ¥3 | L S Lrjpo |ty 1+
5% | 26 | 26 | 26 13 | 13 | 1342

The following conclusions can be drawn from Table 4.1:

e Since the RMS value of the fundamental is V] g5, =1/ J2 and the d.c. link voltage
is V, =m/2, it follows that V gys /V, = J2 / w=0.45. This means that only 45%

of the d.c. link voltage is converted to a three phase supply with arbitrary frequency.
This value could be increased for one phase only, whereby the voltage of the other
two phases would be decreased making the three phase voltage system unbalanced
and causing undesirable effects. Therefore, 45% of the d.c. link voltage is the
maximum voltage which can be achieved with six step operation and in fact is also
the maximum voltage of any modulation scheme with d.c. link. This value is,

therefore, used as a reference for comparison of different modulation schemes.
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e Due to the symmetry of the waveform, the spectrum contains only odd integer
harmonics.

¢ The harmonics k = 3, 9, 15, ... have the same Fourier coefficients for the phases ‘a’,
‘b’ and ‘c’. The harmonics in the three phases are therefore of zero sequence.

e The harmonics k =1, 7, 13, ... have a positive phase sequence.

e The harmonics k =5, 11, 17, ... have a negative phase sequence.

e The amplitudes and RMS values of the harmonics decrease with 1/k. This is an
additional advantage as the impedance of the induction motor increases with k
anyway (when the real part of the impedance is neglected). Therefore, the current
amplitudes decrease with 1/K%, making the current waveforms more sinusoidal.

o The amplitudes of the harmonics are equal for the three phases. This shows that the

set of voltages is balanced.

The phase to phase voltages may be calculated from the phase to neutral of load

voltages as follows.

vab = vao - vbo

vbc = vbo -V (43)

co

vCﬂ = vCO - vao

The voltage waveform for the voltage v, is shown in Fig. 4.3.

T T T T I T il
1_ ............................................................................................... —
[}
©
£
-_a oF -
E
< : : : : : :
-tk e LR T L IRISERY TIPITOPNY TIPS s SETINEEE _
L i ; i i .
0 45 20 135 180 225 270 315 360
Angle in Degrees
X T ! ! L T DC Component = 0.000
: : : : : Fundamental RMS = 1.224
1.5r_ R R R EREERIRR REEEREEE Hamonic RMS = 0'381
: : : : : Total RMS = 1.282
[} : : THD X = 4.648%
2 4 : : THD (ex triple) = 4.648%
g : : : ‘ :
< : :
0'5,_ ....... ;....‘..‘.: ................................................................................. -
xV%Txwa¢T“¥

oX

0o 5 10 15 20 25 30 35 40 45 5
Harmonic Order

Fig. 4.3: Phase to Phase Voltage in Six Step Mode (va)
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It may be seen from Fig. 4.3, that the phase to phase voltage has three levels and that the
maximum voltage values are doubled compared to the phase to neutral of supply
voltages. The Fourier coefficients for the phase to phase voltages are summarised in

Table 4.2.

Table 4.2: Fourier Coefficients for Phase to Phase Voltages

Vab Vab Vbe Vbe Vea Vea
k ay b ay by a by | amp | RMS | Seq.
1 V3 0| B3| B 3| V3 +
2 2 2 2 J2
2 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0
S B0 B | 2| 6| 2| 5] B8]
5 10 10 10 10 5 52
6 0 0 0 0 0 0 0 0
N IR I I W Y T Y Y B
7 14 | 14 14 14 7 72
8 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0
TN ERN A I N IR R IV R
11 22 22 22 22 | 11 1172
12 0 0 0 0 0 0 0 0 0
ER I I O R R i R
13 26 | 26 26 26 | 13 | 1342

The comparison of Table 4.1 and Table 4.2 shows that the amplitudes in Table 4.2 have
increased by a factor of /3. The phase sequence of the harmonics 1, 5, 7, 11, 13,... is
identical to the phases sequences for the phase to neutral of supply voltages.

The harmonics for k = 3,9, 15, 21, ... have disappeared as a direct result of equation 3.3.
The phase to neutral of load voltages v,,, vy, and v,, may be calculated with respect to

Vao, Vbo and v, as follows:
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The line to neutral of the d.c. supply voltages may be expressed as
vao = van + vno
Voo = Von T Vi, 4.4)
vco = vcn + vna
Adding these equations together results in
Vao T Voo T Veo = Voy ¥V +V,,, +3v,, (4.5)
As the star point of the motor is not connected to the power supply, the voltage at point
‘n’ is not equal to the voltage at point ‘0’. It follows that the sum of the three phase
currents is zero.
i,ti, +i . =0 4.6
As the equivalent circuits for each phase are identical, the phase currents may be

expressed by the voltage across each motor winding and its impedance Z.

v vV, A%
~an g on g — ) .
Z Z Z .7)

Cancelling the motor impedances from equation (4.7) proves that the sum of the three

voltages across the motor windings is zero.

van + vbn + vcn =0 (48)

The following relationship can be drawn for the star point to the neutral of the d.c.

supply voltage from equations 4.5 and 4.8.

Vet Vit Ve,

4.9
no 3 ( )

vV

This result can be substituted into equation 4.4, which gives the following expressions

for the line to neutral voltages of the motor.

2v, =V, —V

—_— Qo 0 cQ
v‘m = 3
-V, -V
v, = 2V = Vay Vo (4.10)
3
vcn - 3

The voltage waveform for the voltage across the motor winding ‘a’ is given in Fig. 4.4.
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Fig. 4.4: Phase to Neutral of Load Voltage in Six Step Mode (V)

It may be seen from Fig. 4.4 that this voltage has four levels (zero vectors are not
selected) which are +2/3 V., +1/3 Vg, -1/3 Vg, and -2/3 V4. Comparison to Fig. 4.2
shows that the voltages are in phase with the phase to neutral of the d.c. supply voltages.
The Fourier coefficients of the voltage waveforms, calculated according to equation 4.2,

are tabulated in Table 4.3.

Table 4.3: Fourier Coefficients for Phase to Neutral of Load Voltage

Vao Vao Vbo Vbo Veo Veo
k ay bk ay b ay by amp | RMS Seq.
T B [ 1] B L]0 1|1 ] L [+
B3 2 | "5 | 2 V2
2 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0
GO Y U O I U O I I I
"0 | 10| 70 | 10 5 | 51 542
6 0 0 0 0 0 0 0 0
N I N Y N R O N R
Ta | 14| 17 | 14 717 | W2
8 0 0 0 0 0 0 0 0 0
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9 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0

n| B 1| B | Lo T 1 |-
T | 22 22 22 11| 11 | 12

12 0 0 0 0 0 0 0 0 0

131 J3 1 B rpo | _1 411 1 +
26 26 26 26 13 | 13 | 1342

The only difference to Table 4.1 is that the harmonics for k = 3, 9, 15, 21, ... have

cancelled. This can be seen directly from equation 4.10.

4.2 Six Step Current Analysis

The analysis of the motor currents in six step mode may be carried out conveniently by

using the dynamic induction motor model. Although the steady state model may also be

used, the use of the dynamic model has the following advantages:

« Due to torque variations in six step mode, there are also small speed variations

which can be analysed with the dynamic model.

e Positive and negative sequences for the higher order slip frequencies k=5, 7, 11,

13,...) have to be taken into account with the steady state model.

Fig. 4.5 shows the model employed for the simulations of the motor variables in six step

mode.

VSAY

vSB*

vsC*

pi/4

| . vsA

Six Step Operation

pva

Induction
Motor
Model

__1221..hnux

_’___

Fig. 4.5: Model for Six Step Waveform Analysis
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The resulting stator current waveform is shown in Fig. 4.6. It may be seen from the
figure that the dominant harmonics in the spectrum are the Sth, 7th, 11th and 13th
harmonic. This is in accordance with Table 4.3, which shows the harmonic components
for the voltages across the motor windings. Comparison with the voltage spectrum of
Fig. 4.4 shows that the harmonic amplitudes decrease more rapidly with increasing
harmonic order for the current than for the voltage. The current waveform is divided
into six sections which corresponds to the six sections seen in Fig. 4.4, There is a phase
lag between the current waveform and the voltage waveform from Fig. 4.4 of
approximately 52 degrees, which corresponds to the phasor diagram for steady state

operation (Fig. 3.2).
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Fig. 4.6: Stator Current in Six Step Mode (is2)

The magnetising current waveform is depicted in Fig. 4.7. The waveform is smoother
than the stator current waveform, because of the main inductance through which this

current flows. The dominant harmonic is the 5th harmonic.
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Fig. 4.7: Magnetising Current in Six Step Mode (ima)

Fig. 4.8 shows the rotor current waveform in six step mode. It shows a higher harmonic

distortion than the stator current waveform because of the low slip operation at rated

speed which results in a more resistive rotor current path. The dominant harmonics are

the same as for the stator and magnetising currents.
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Fig. 4.8: Rotor Current in Six Step Mode (ira)
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4.3 Six Step Flux Analysis
It may be seen from Fig. 4.9, that the stator flux waveform lags the voltage waveform

(Fig. 4.4) by 90 degrees.
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Fig. 4.9: Stator Flux in Six Step Mode (v, )

Fig. 4.10 shows the magnetising flux waveform in six step mode, which is smoother
than the stator flux waveform, and therefore has a slightly reduced harmonic content

which mainly consists of the 5th harmonic.
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Fig. 4.10: Magnetising Flux in Six Step Mode (¥,,.)
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The rotor flux waveform, shown in Fig. 4.11, is an almost perfect sine wave, with very

low total harmonic distortion. It also has the biggest phase lag to the voltage waveform.
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Fig. 4.11: Rotor Flux in Six Step Mode (v, )

4.4 Six Step Power, Torque and Speed Analysis

Whereas the six step voltage, current and flux waveforms have a fundamental
component and dominant harmonics of order 5, 7, 11, 13, ..., the waveforms of input
power, output power, the motor torque and the rotor speed all have a d.c. component

and harmonics of order 6, 12, 18, 24, ... in their harmonic spectra.
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Fig. 4.12: Input Power in Six Step Mode (P;,)
It may be seen from the input power waveform in Fig. 4.12 that the power has a
sawtooth waveform. The instantaneous input power is lowest just after a commutation

and is highest just before a commutation of the inverter.
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Fig. 4.13: Output Power in Six Step Mode (Pou:)

On the other hand, the output power waveform in six step mode (Fig. 4.13) is smooth

and oscillates around an average value (Po, = 0.614).

Fig. 4.14 shows the waveform and spectrum of the developed motor torque. The

waveform of the motor torque is almost identical to the waveform of the output power
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(Fig. 4.13), as the motor speed is constant. As can be seen from the spectrum in Fig.

4.14, the torque variations are mainly due to the 6th harmonic.

The motor speed waveform is shown in Fig. 4.15. It can be seen that the speed
variations are minute and therefore harmonic components are not shown in the spectrum
of Fig. 4.15. However, the speed variations depend on the inertia present in the drive

system and can be larger for drives with a low inertia.
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Fig. 4.14: Developed Torque in Six Step Mode (T)
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4.15: Rotor Speed in Six Step Mode (@,,)
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4.5 Interim Conclusion

The waveforms and the harmonic content for six step mode have been investi gated and
the rated operating condition has been examined. It has been found that the harmonics of
concern for the voltage, current and flux are the 5th, 7th, 11th, 13th,... harmonics, which
are odd non triple harmonics. The harmonics concerning the input power, output power,
torque and speed are the 6th, 12th, 18th, 24th,... harmonics, which are the even triple

harmonics.

The six step mode is not an inverter operation mode which looses relevance in modern
inverters, but is used in VVVF converters for high speed operation where maximum
voltage is required. It may be seen from Fig. 3.21, that a large area in the torque-speed

plane exists where the six step mode (CVVF) applies.

Torque pulsations may be reduced by the use of filters connected in line with the motor
phases. This on the other hand, introduces extra cost for components and space and also

extra losses.

Depending on the motor operating condition, there is a certain amount of power at
harmonic frequencies supplied to the motor. This power can be regarded as a waste of
energy as it does not contribute to the production of extra average torque. One way of
minimising this power is to use a higher d.c. link voltage, so that the p.w.m. mode is
used for a larger operating area in the torque speed plane (Fig. 3.21). This, of course,
depends on the availability of suitable mains supply voltage. The six step mode can then
be used for higher speeds, corresponding to higher supply frequencies. This also reduces

the harmonic content of the current, flux, power, torque and speed waveforms.
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Chapter 5: Pulse Width Modulation

5.0 Pulse Width Modulation Strategies

An inverter operating in six-step (square wave) operation allows frequency control only.
The control of the voltage magnitude usually has to be carried out in a separate
converter supplying the d.c. link which feeds the inverter. However, it is desirable to
integrate the voltage and frequency control into the inverter in order to save components
and costs. The simultaneous but independent control of frequency and voltage may be
achieved with an inverter operating in the p.w.m. mode. The frequency adjustment is
carried out in a similar manner to the six step operation, whereas the voltage adjustment
is realised by introducing small notches within the six step waveform during which the
output phase is connected to the negative polarity of the constant voltage d.c. link. This
then decreases the amplitude of the fundamental component of the resulting waveform.
An increase in the amplitude of the fundamental component amplitude above that for six
step operation cannot be obtained.

There are only two switching actions per phase and cycle in six step operation. The
introduction of further pulses per cycle inevitably increases the switching losses.
However, a higher number of switching actions can decrease the total harmonic
distortion (THD) and, therefore, decrease the motor copper and iron power losses due to
harmonics. With the advent of resonant switching techniques in the d.c. link in small to
medium power drives, the problem of high switching losses may be overcome and
harmonic motor losses (iron and copper) and even audible noise may be reduced to a
minimum by means of high frequency switching. For large power drives, however, the
switching frequency is restricted to a few hundred Hertz and hence low pulse numbers
need to be considered. In the following, a number of different p.w.m. strategies,
including triangular carrier based modulation, space vector modulation and the
harmonic elimination technique are considered. Firstly, however, the minimum

requirements for voltage regulation are established.

5.1 P.w.m. Waveforms with Minimum Number of Switching Actions

A minimum of six switching actions per phase and cycle are required for simultaneous
frequency and voltage adjustment of inverter output waveforms having half- and quarter

wave symmetry. Lower numbers of switching actions are not considered here as they
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generally include even harmonics. Six switching actions per phase and cycle allow a
single pulse to be placed centrally at 90 and 270 degrees within the six step waveform as
shown in Fig. 5.1. It may be seen that a single pulse of approximately 28 degrees has
been introduced to achieve a fundamental output voltage magnitude of 50% of the six
step output. The same may be achieved by shortening the main pulse from 180 degrees

to approximately 97 degrees, as shown in Fig. 5.2.
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Fig. 5.1: Voltage adjustment with minimum amount of switching actions (Method 1)

Comparison of the two frequency spectra in Fig. 5.1 and Fig. 5.2 shows that the
.harmonic content of the waveforms are quite different. For example, the fifth harmonic
is smaller with method 1 but the seventh harmonics is smaller with method 2. The
relationship between pulse width and amplitude of fundamental and the dominant

harmonics is shown in Fig. 5.3 for method 1 and Fig. 5.4 for method 2.
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Fig. 5.2: Voltage adjustment with minimum amount of switching actions (Method 2)
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Fig. 5.3: Amplitudes of the Fundamental and Harmonics (Method 1)

It may be seen from Fig. 5.3 that the relation between the pulse width and the amplitude
of the fundamental is almost linear. For zero pulse width, the results correspond to six
step operation with the dominant harmonics 5, 7, 11, 13, 17, and 19 in sequence. A
slight increase in pulse width reduces the harmonics 5, 13, and 17 but increases the

harmonics 7, 11 and 19. Further increase of the pulse width varies the harmonic content
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considerably. For a pulse width of 25 degrees, the 7th harmonic has a maximum higher
than any other harmonic for any pulse width. At a pulse width of 60 degrees, all non-
triple harmonics and the fundamental become zero. The resulting square wave
waveform consists then of triple harmonics only, which all cancel for a three phase
system.

Fig. 5.4 shows the amplitudes of the fundamental and the harmonics against the pulse
width for method 2. A pulse width of 60 degrees corresponds to triple frequency square
wave operation with zero fundamental and triple harmonics only. Operation at 180
degrees corresponds to six step operation. Slight decrease of the puise width in six step
operation decreases all harmonics. The maximum harmonic is the 5th harmonic, with a

maximum at a pulse width of 107 degrees.

Method 2

Amplitude

Pulse Width in Degrees

Fig. 5.4: Amplitudes of the Fundamental and Harmonics (Method 2)

The assessment of the methods is simplified when the total harmonic distortion (THD)
is used as a figure of merit. The triple harmonics are thereby excluded as they cancel for
three phase operation. A comparison of the two methods is shown in Fig. 5.5.

Method 1 gives less total harmonic distortion for most of the output voltage range,
whereas method 2 is superior for fundamental amplitudes between 93.85% and 100% of
the amplitude for six step operation. The THD shown may be viewed as a benchmark
for p.w.m. schemes with additional switching actions. However, for voltages near

100%, the THD for p.w.m. schemes converge to the THD for six step operation which is
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equal to 4.64%. Many p.w.m. schemes thereby use over-modulation whereby pulses are
dropped to increase the fundamental output voltage to six step level.

The resulting waveforms for p.w.m. with only six switching actions per phase and cycle
have a large total harmonic distortion but also have the minimum number of switching
actions per cycle. Two different solutions can be found with which it is possible to
adjust the fundamental voltage amplitude from 0% to 100%. With the first method, a
notch is placed centrally at 90 and 270 degrees of the six step waveform, whereas with
the second method the main pulse of the six step operation is shortened symmetrically.
The first method gives less THD for most of the output voltage range, whereas the
second method is superior for fundamental amplitudes just below the maximum

amplitude in six step mode.
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Fig. 5.5 Comparison of Method 1 and Method 2

5.2 Natural Sampling

In natural sampling a sinusoidal reference waveform is compared with a triangular
carrier signal. The point of intersection of the two signals determines the switching
instants of the inverter. A block diagram of the system configuration is shown in Fig.
5.6. The modulation strategy may be implemented by means of analogue electronics
using comparators and integrators for the triangular reference signal, or by digital
electronics and micro-processors. When the ratio R between the carrier frequency f. and
the frequency of the modulated sine wave f,, becomes an integer number, frequency

components are obtained at multiples of the fundamental only. This not only reduces the
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content of undesirable frequency components in the signal but also simplifies the
analysis of the p.w.m. waveforms. Fig. 5.7 shows the sampling process for natural
sampling in detail.

The switching points for the p.w.m. waveform are given by the intersection of the rising
and falling edges of the triangular carrier signal and the reference sine wave. The
following result for the switching angles can be obtained.

Q, =%(2i—1+(—1)iMsinai) (5.1)

As the equation is non-linear with respect to the switching angles «; , a Newton-
Raphson algorithm may be employed to find the solutions for a; within a few iterations

as follows:

PWM Operation
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Fig. 5.6: Model for p.w.m. Waveform Analysis
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Fig. 5.7: Sampling Process of Natural Sampling
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Fig. 5.9 : Sampling Process of Regular Asymmetric Sampling

T (2i-1+(-1) Msinat,) -0,
ai improved = ai - 2R T . (52)
—(=1)'Mcosc; —1
2R

The starting value for ¢ is set to the centre of each edge which is given by

(. 1
«; stan:E(l_a\) (5.3)

When the ratio between carrier frequency and modulated frequency assumes triple

integer values, the dominant harmonics also occur at triple integer values which cancel

for a three phase system.

5.3 Regular Symmetric Sampling

In this type of sinusoidal sampling a reference sine wave is sampled once in a triangular

carrier signal cycle and this sampled signal is then compared with the triangular carrier



signal. Fig. 5.8 shows the triangular carrier wave, the sinusoidal reference signal, the
sampled reference signal and the resulting p.w.m. pulses.

The switching points for the p.w.m. waveform are given by the intersection of the rising
or falling edge of the triangular carrier signal and the sampled reference sine wave.

The switching angles may be calculated as follows:

v 2r . i-1
o, = 2| 2i—1+(~1) Msin[ ZE et =2
; ZR( i (-1) sm( 2 Int > n (5.4)

5.4 Regular Asymmetric Sampling

In this type of sinusoidal sampling a reference sine wave is sampled twice in a triangular
carrier signal cycle and this sampled signal is compared with the triangular carrier
signal. Fig. 5.9 shows the triangular carrier wave, the sinusoidal reference signal, the
sampled reference signal and the resulting p.w.m. pulses.

The switching angles for the p.w.m. waveform are given by the intersection of the rising
or falling edge of the triangular carrier signal and the sampled reference sine wave and

may be calculated as follows:
T : T
o, =— 2i—1+(—1)Msin| (i—-1)— 55
= (2= 1y i ) (53)

In Fig. 5.10 a typical waveform in asymmetric sampling for R=9 and M=0.5 may be
seen. The dominant harmonic is equal to the pulse number R. Furthermore, the 7th and

11th harmonic are also present in the frequency spectrum.

T T T T T

o5kttt i N ...... AR RO | IETUT B S FEN
o : . : . :
°
2
:E- 0 .......................................... =
£
< R N B
051 N T R ...... Ao PR DO N ‘ ,,,,,,,,,,,,,,, -
R I I U 0 | L]
1 | — 1 1 I 1
0 45 90 135 180 225 270 315 360
Angle in Degrees
0.8 ! X! T ! T DC Component = 0.000
: : Fundamental RMS = 0.353
. Harmonic RMS = 0.702
0.6F b Tot‘.al RMS = 0.785
') 'HD A = 18.166%
B THD (ex triple) = 6.168%
S0 [ e : I . ]
E , : : :
< : : : ; :
0.2, ........ . ......... _II e o 1
%Xn,‘;()\TX \MT v\,¥u 3¢ \pT ¥VTVT Tw* ¥ ye Koyg T T * * Xy
0 5 10 15 20 25 30 35 40 50

Harmonic Order

Fig. 5.10 Waveform and Spectrum of Regular Asymmetric Sampling
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Regular Asymmetric and Natural Sampling p.w.m.

Fig. 5.11 shows a comparison between regular symmetric, regular asymmetric and
natural sampling. The THD for natural and asymmetric sampling is equal for low
fundamentals, whereas for high fundamental voltages it may be seen that asymmetric
sampling is superior to natural sampling. Symmetric sampling gives higher THD for the
full modulation range when compared to asymmetric and natural sampling. For higher
pulse numbers, all strategies converge and there is virtually no difference with respect to

the THD at pulse numbers higher than R=18.

5.5 Synchronous Sigma Delta Modulation

Synchronous Sigma-Delta modulation may be used when the switching instants have to
be synchronised to an external clock signal. This is necessary, for example, in a resonant
DC link inverter where switching is possible at regular intervals only, i.e. when the
voltage across the switching devices is zero. The performance of this strategy is poor at
low pulse numbers, however, the aim of the resonant link inverter is to increase the
switching frequency. At high switching frequencies, the performance of different
modulation strategies is generally very good and hence sigma delta modulation may be
used with advantage. The block diagram shown in Fig. 5.12 shows that the difference
between the voltage command V., and the modulator output Vou is integrated and fed to

a comparator. The comparator is sampled at the clock frequency f =1/T. and the
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output is stored for the next clock period. The output signal is used as a switch
command to directly control the switching state of the respective inverter leg. Three

independent modulators can be used to control a three phase inverter (Mertens 1992).

| %

V " J. __J_ ¥ S&H > ‘/out

Fig. 5.12: Block Diagram of Sigma Delta Modulation

It has been found that synchronous sigma delta modulation can be superior to p.w.m.
only for high modulation indices and only if the sigma delta clock frequency f. can be

chosen at above eight times the switching frequency of p.w.m. (Mertens 1992).

5.6 Space Vector Modulation

The space vector modulation technique uses voltage space vectors to generate the
p.w.m. patterns for all three phases of the drive system simultaneously. The voltage-time
area of a reference voltage space vector and the sampling time is made equal to the
voltage time areas using the two adjacent switching state vectors, as shown in the

following expression.

—

v, =TV, +TY, (5.6)

The durations for the application of voltage vector ‘7a and V, are T, and Ty, respectively

which can be calculated by splitting equation (5.6) in real and imaginary parts. The
remainder of the sampling period is filled with one of the two zero vectors. The

relationship (5.6) may also be expressed in terms of switching angles as follows.

%Vj’ef = aa‘_/:: +ab‘7b (57)
%zaa +o, +a, (5.8)

The angles o, and a, correspond to the duration of the application of voltage vectors
V. and V,, respectively. The zero voltage vectors V, and V, are selected forox,. The
voltage vectors V, and Vb are the two adjacent switching state vectors which can be
realised with a three phase inverter to the reference voltage vector Q,f , as illustrated for

the first sextant of the complex voltage vector plane shown in Fig. 5.13.
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Fig. 5.13: Space Vector Modulation

For the case shown, ‘74 = ‘7, and \7,, = \72 The switching angles «,, a, and «, may be

calculated by splitting equation (5.7) into real and imaginary part as follows:

o, =%(3cosa—«f§sina)

a, :%2J§ siner (5.9)
T
o, =—§—aa—ab

where M is the modulation index and R is the number of «,, &, and o, triplets per

a?’

half cycle of the fundamental waveform. The angle o is the angle between Vref and V:, .
A typical sequence of the application of the voltage vectors is shown below:
first sextant second sextant third sextant

A A A A R R A A R A A A T A A e A R (R AN

The zero voltage vector V7 is thereby selected after voltage vectors with an even index
number ( ‘72,V4,‘76), whereas zero voltage vector V;) is selected after non zero voltage

vectors with an odd index number (V,,V;,V, ), which minimises the number of switching

actions. A space vector modulated waveform for a modulation index of M=0.5 and R=9

may be seen with its associated spectrum in Fig. 5.14.
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Fig. 5.14: Waveform and Spectrum of Space Vector Modulation (M=0.5, R=9)

The 20 degrees intervals shown in the waveform of Fig. 5.14, correspond to the
application of Va , \7,) and one of the zero voltage vectors. The resulting total harmonic

distortion of the spectrum shown in Fig. 5.14 is lower than for regular asymmetric

sampling. Fig. 5.15 shows the THD for triple pulse numbers R.
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Fig. 5.15: THD of Space Vector Modulation

It may be seen from Fig. 5.15 that the modulation range is extended to 91% of the six-

step voltage, whereas with natural sampling, regular symmetric and regular asymmetric
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sampling only 78% of the six step voltage (Fig. 5.11) can be achieved when sinusoidal

reference waves,

5.7 Hysteresis Current Control

This mode of p.w.m. waveform generation can work with closed loop control only.
Current reference signals are compared to measured motor phase currents and the error
controls the switching actions for the individual motor phases. When the measured
current is higher than the reference current, the phase is connected to the negative side
of the DC link in order to reduce the current in that particular motor phase, whereas
when the measured current is lower than the reference current, the phase is connected to
the positive side of the DC link to increase the current in that particular phase.

Fig. 5.16 shows a hysteresis current controller with an simplified steady state induction

motor model.

+
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Fig. 5.16: Hysteresis Current Controller
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<
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KA /

The resistance values ‘R‘ and inductance values ‘L’ in Fig. 5.16 are the lumped
equivalent circuit parameters for a particular motor slip calculated from the steady state
equivalent circuit (Fig. 3.1). The voltages ‘vao’, ‘vbo’ and ‘vco’ are phase to neutral of
the d.c. link voltages, whereas the voltages ‘van’, ‘vbn’ and ‘ven’ are the phase to
neutral of the load voltages, corresponding to an inverter with star connected motor

windings (Fig. 4.1). The three integrators in Fig. 5.16 are denoted ‘1/s’, where ‘s’
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corresponds to the complex Laplace operator. The currents signals ‘isa Ref’, ‘isb Ref’
and ‘isc Ref” form a balanced three phase system and are the reference currents for the
simulation model (Fig. 5.16).

The simulated current waveforms for rated slip (s=4.91%) and a hysteresis setting of
0.03 p.u. are shown in Fig. 5.17. It can be seen that the stator current waveforms (‘isa’,

isb’ and ‘is¢’ in Fig. 5.16) follow the reference current waveforms closely.

Hysteresis Current Controller
1 _5 T T T T T T T

5 ) . 1 ; 1 1 1
0O 0005 0.01 0015 0.02 0025 0.03 0035 0.04
Fig. 5.17: Current Waveforms of Hysteresis Current Control

The average switching frequency may be varied be varying the hysteresis setting of the
relay circuit in Fig. 5.16. The dynamic performance of this modulation scheme is
excellent, because there is no subcycle switching when there is a large difference of
reference current and actual current for a particular motor phase. Thus, no inverter
switching is carried out during such a period and the current in that phase can reach the
reference current with minimum delay. However there are a number of drawbacks
(Holtz, 1994):

1. There is no intercommunication between the individual hysteresis controllers of the

three phases and hence no strategy to generate zero voltage vectors.
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2. There is a tendency at lower speed to lock into limit cycles which comprise only
non-zero voltage vectors.

3. The current error is not strictly limited. The signal will leave the hysteresis band
whenever the zero vector is turned on while the back EMF vector has a component
that opposes the previous switching state vector. The maximum overshoot is twice
the hysteresis band width.

4. As the switching frequency is variable, undesirable sub-harmonics of the current
spectrum are introduced.

The drawbacks of this modulation scheme may be overcome by using a carrier based

modulation scheme as part of a current control loop (Holtz 1994),

5.8 Harmonic Elimination Technique

The harmonic elimination technique allows one to determine pulse width modulated
signals where certain harmonics are zero. Preferably, the low order harmonics near the
fundamental are cancelled. When the waveforms have half and quarter wave symmetry,
only odd harmonics are contained in the spectrum. Triple harmonics cancel for a three
phase system, because they are of zero sequence. Therefore, the harmonics of concern
for the harmonic elimination technique are the 5th, 7th, 11th, 13th, 17th, 19th, ..., which
are the odd non-triple integer harmonics. For N switching actions per quarter wave
(4N+2 for full wave), N-I harmonics may be eliminated from the voltage spectrum
using this technique (Bowes 1990). The technique involves the solution of a non-linear
set of N equations with N unknown switching angles. For the solution of such a set of
equations, appropriate numerical methods have to be employed. With the advent of
numerical software packages such as Matlab, these algorithms are readily available,
However, due to the numerical complexity, the online solution during the operation of
the motor is possible only for certain linearisations, which do not produce exact
cancellation of the harmonics of concern (Bowes 1990). Therefore, in most cases, the
switching angles are pre computed and stored in a table accessed by a micro controller.

One difficulty of this technique is that due to the periodicity of the trigonometric
functions involved, a large number of solutions to the non-linear set of equations exists.
This is particularly true for a large N. The individual solutions all cancel the harmonics
of concern, but have quite different properties with respect to the total harmonic
distortion because the remaining harmonics can have very different amplitudes.

Furthermore, the maximum modulation index may be different for the solutions.
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The N non-linear equations to be solved result directly from the Fourier analysis for the

amplitudes of the harmonics.

1
V==
kg

[Cedv- " et [ ety [ e (5.10)

o
o9 [+7} 2n-a,

The solution for the individual harmonics may be found as follows:

1+ Zi(—l)‘ cos(ko, )

Vi= (5.11)
for N=4, for example, the set of non-linear equations is given by
V, =[l-2cosa, +2cosa, —2cosa, +2cosa,|
0 =1-2cos(5a, )+2cos(5ex,) - 2 cos(5et; )+ 2 cos(5ex,, )
(5.12)

0=1-2cos(7e, )+2cos(7ax,)—2cos(7a; )+ 2 cos(7ax,)
0=1-2cos(11e,)+2cos(11er,)—2cos(11a;)+2cos(11ex,, )

Due to the periodicity of the cosine functions in equation 5.12 and because the
fundamental V; may be solved for positive and negative values, four different sets of
solutions for the switching angles «,...cr, may be found, which are shown in Fig. 5.18.
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Fig. 5.18: Switching angles for Harmonic Elimination N=4
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Fig. 5.18 shows the required variation of the switching angles «,...c, for fundamental

voltages ranging from O p.u. to 0.8 p.u. .for solutions 1 and 3 and from 0 p.u. to 0.92
p.u. for solutions 2 and 4.

With solution 4 the angles are within 0-60 degrees, whereas with solutions 1-3 the
angles cover 0-90 degrees. For a fundamental amplitude near zero, solutions 1 and 2
converge to square wave operation with triple frequencies because switching occurs
every 20 degrees of a cycle of the output waveform. Furthermore, it may be seen that
due to numerical problems with the non-linear equation solver, not all solutions could
be found up to the maximum modulation index as seen in solution 1 and solution 2
diagrams of Fig 5.18, because the equation solver returns the switching angles for
solutions 2 and 4 in these cases.

The waveforms and spectra for a fundamental amplitude of V; =0.5 p.u. for the solutions

1-4 are shown in Fig. 5.19.
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Fig. 5.19 Waveforms and Spectra for Harmonic Elimination p.w.m. (N=4)
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It may be seen that the harmonics 5, 7 and 11 have cancelled in all cases. However, the
THD is quite different for solutions 1-4. This is mainly due to the difference of the 13th
harmonic, which is largest for solution 4, which has also the maximum THD. Solution 1
has minimum THD and also the lowest 13th harmonic. A comparison of the THD for
the four solutions may be seen in Fig. 5.20. The figure shows that solutions 1 and 2
result in almost identical low THD’s for fundamental output voltages between 0 to 20%
of the six step voltage. Solutioins 3 and 4 however, have much larger harmonic
distortions, but are also improved for higher fundamental voltages. Solution 1 has the
minimum THD for its entire modulation range from 0% to 80% of the six step voltage.
For higher modulation indices, solution 4 has lowest THD up to 88% of the six step
voltage. For the range between 88% and 92% of the six step voltage, solution 2 results

in minimum THD operation.
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Fig. 5.20: THD of Harmonic elimination p.w.m. (N=4)

The harmonic elimination method can effectively cancel certain harmonics from the
spectrum of p.w.m. waveforms. The online computation is not practical, due to the
numerical complexity involved. Even the off-line computation can prove difficult if all

solutions of the set of non-linear equations are to be found, in order to optimise, for

example, the THD.
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5.9 Minimum Total Harmonic Distortion

p-w.m. waveforms may be optimised with respect to different optimisation criteria.
Nommally, these techniques require extensive off-line computations. For minimum
copper losses, the harmonics of the motor current may be minimised. The r.m.s value of

the harmonic current is given by:

Ly, =201 | (5.13)

Under the assumption that the harmonic current depends mainly on the magnetising
inductance ‘L’ of the motor, the harmonic current may be expressed in terms of the
applied voltage as follows:
- Y%
‘T oL

The THD can be expressed in terms of the voltage harmonics as shown below:

va ‘/k 2
THD = 2[7 (5.15)
k=2

The factor 27f,L of Equ. 5.15 does not need to be considered for the minimisation. For

(5.149)

N=4, simulations have been carried out and the resulting THD can be seen in Fig. 5.21.
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Fig. 5.21: Minimum THD Operation

The resulting THD is shown in comparison to the THD for harmonic elimination, which

has been carried out for the same number of switching actions. As can be seen, the THD
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is higher for the harmonic elimination technique. Optimum THD- operation also
provides a smooth transition to six step operation, whereas with the harmonic
elimination technique the maximum fundamental achievable is 92% of the six step
fundamental. In fact, it is the range between 92% and 100% where the optimum THD
technique achieves the overall minimum THD. For output fundamentals around 55% of
the six step voltage, the harmonic elimination technique achieves THD’s very close to
the optimum THD’s.

The required variation of the switching angles «;...a, for minimum THD operation

with fundamental output voltage may be seen in Fig. 5.22.
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Fig. 5.22: Variation of switching angles for minimum THD operation (N=4)

It can be seen from Fig. 5.22 that discontinuous variation of the switching angles
o,...c, is required in order to achieve minimum THD operation for the full range of
fundamental output voltage amplitudes. For example, for fundamental amplitudes up to
52% of the six step voltage all switching angles are between 60 and 90 degrees. Thus,
switching occurs towards the centre of each half wave cycle, as shown in Fig. 5.23.
However, for output voltages at 85% of the six step voltage, for example, two switching
actions occur near 10 degrees and two near 80 degrees (Fig. 5.22).

An on-line implementation of the switching angle calculation does not seem practical.

Instead, the switching angles need to be calculated off-line and then stored in a table for
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access from a micro controller. The waveform and the harmonic spectrum for a

fundamental of 50% is shown in Fig. 5.23.
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Fig. 5.23: Minimum THD operation for N=4

It can be seen from the spectrum in Fig. 5.23, that the 5th, 7th and 11th harmonics are
present in the frequency spectrum. However, these harmonics and the 13th are relatively
small, so that the overall THD is lower than the THD for the harmonic elimination
technique where the 5th, 7th and 11th harmonics have cancelled but the 13th harmonic

is considerably bigger (Fig. 5.19).

5.10 Interim Conclusion

In the previous sections, different modulation schemes have been considered. Each of
these schemes has some merits and drawbacks, and the choice for a particular
modulation scheme depends on a number of factors. When a resonant DC link is used,
the sigma delta modulation technique can give good results at high enough switching
frequencies. As is shown in chapter 6, the closed loop current modulator is a good
choice for current controlled flux vector control. Closed loop current control may also
be carried out in field co-ordinates, whereby a rectangular current error boundary may
be used (Holtz 1994). A major portion of the unavoidable current harmonics is thereby
transferred to the rotor field axis where they have no direct influence on the motor

torque. Open loop voltage modulators may be used for low as well as high switching
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frequency operation. By synchronisation of switching frequency and output frequency,
sub-harmonics may be avoided. For the synchronised case, a comparison between six

different modulation schemes is made below.
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Fig. 5.24: Comparison of Synchronised p.w.m. Strategies
for 18 Switching Actions (R=9, N=4)

Again, the THD distortion is used as a figure of merit. The number of switching actions
per phase and cycle for all schemes is 18. Regular symmetric sampling gives the highest
THD of all modulators investigated. The natural sampling, regular asymmetric
sampling, space vector and the harmonic elimination technique result in the same THD
for low fundamental output voltages. For higher output voltage, symmetric, natural and

asymmetric sampling have a maximum modulation index of 7 /4 = 0.785, space vector
modulation of 7+/3/6=0.907 and the harmonic elimination technique of 0.93. For
higher output voltages, over-modulation has to be used, which is not shown in the
figure. Minimum THD operation can achieve operation up to the six step mode.
Similarly to the minimum THD technique, the angle variation for the harmonic

elimination technique is also discontinuous because three of the four solutions have
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been used for different parts of the output voltage range. For continuous variation,
solution 2 may be used which has a higher THD.

In summary, when neither pre-processing nor discontinuous switching angle variation is
desired, space vector modulation is the best choice of the considered modulation
schemes. Solution 2 of the harmonic elimination technique may be used when the
switching angles can be stored in memory for access by a micro-processor system, but
continuous angle variation is required. Harmonic elimination may also be used when
certain resonant frequencies of the drive are to be avoided. For a micro controller
implementation with emphasis on steady state performance, the minimum THD may be

used to minimise the harmonic r.m.s current of the motor.
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Chapter 6: Flux Vector Control

6.0 Review of Flux Vector Control Systems

Flux vector control of squirrel cage rotor induction motors enables the independent
control of motor torque and motor flux for both, steady states and transient states. Hence
it is possible to achieve precise speed, torque and position control with good dynamic
response.

The independent control of motor flux and torque is desirable for any type of electric
motor. For separately exited d.c. motors, for example, this type of control has been
carried out for a long time because of the ease of access to armature and field winding.
For the squirrel cage rotor induction motor, however, the separation of motor flux and
motor torque is more difficult because both are dependent on amplitude and frequency
of the three phase voltage system applied to the stator windings of the induction motor.
However, in 1969, a method proposed by Blaschke allowed the stator current space
vector to be expressed in terms of a flux producing component and a torque producing
component. This was achieved by using a co-ordinate system for the stator current
components which rotates with the applied frequency of the three phase system and is
aligned with the motor flux space vector. Much of the pioneering work into this new
method was also carried out by Leonhard.

With the advances made in micro electronics, digital implementations of flux vector
control have been available on the a.c. electric variable speed drives market for a
number of years. Flux vector control is normally classified into so-called ‘true flux
vector control’ and ‘sensor-less flux vector control’.

The ‘true flux vector control systems’ require a shaft encoder for feedback of the rotor
position. Shaft encoders are generally quite expensive and mounting them to the shaft of
an induction motor increases the maintenance requirements of the installation. However,
because of the very accurate motor position feedback, a high control accuracy and a fast
dynamic response to load variations and set point variations can be achieved. Flux
vector control with shaft encoder is normally used in applications such as paper
production where high accuracy speed control, torque control, synchronisation control
and position control may be required.

With sensor-less flux vector control systems, a dynamic response inferior to vector

control systems with sensor, but superior to V/f control systems can be achieved. These
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systems give the benefits of vector control without the inconvenience of fitting an
encoder to the motor shaft. Sensor-less flux vector control can also be used for simple
applications such as fan and pump control where good dynamic response is normally not
required. However, it is possible to automatically optimise the motor flux level so that
energy savings can be achieved. These savings are of course in addition to the savings of
having a variable speed drive fitted in the first place.

Flux vector control methods may also be divided into direct and indirect flux vector
control systems. In both cases, the stator current space vector is co-ordinate transformed
and fed to a modulator, which produces signals for the inverter bridge. For low inverter
switching frequencies, voltage modulators are more suited than current modulators. For
such systems, the current reference signal has to be converted to a voltage reference
signal by using the stator voltage equation from the motor model.

The motor flux control may be carried out with respect to stator flux, magnetising flux
or rotor flux, which combined with: direct vector control, indirect vector control,
voltage modulation and current modulation results in twelve basic vector control
configurations. Further variation is introduced by using sensor-less, measured speed or

measured position control configuration.

6.1 Indirect Flux Vector Control
The indirect flux vector control method uses motor flux and motor torque reference

signals which are converted directly into their respective stator current components.
There is no feedback of motor flux or motor torque. A co-ordinate transformation is
carried out using an angle of the motor flux space vector which depends on reference
quantities only. The system is open loop with respect to the motor flux and the motor
torque. As mentioned above, the stator current is resolved into a flux producing and into
a torque producing component. This is achieved by using a co-ordinate transform. The
motor model equations are shown in Equ. 6.1.

V=ri+T,sV, +j(o,, +, ),

0= rr{r +Tsy, +jo,V,
¥, = xi+x,l (6.1)

lpr =xrz‘r+xM;.;
s, = | § 27 |-
T, X,
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The model equations (Equ. 6.1) may be expressed in terms of co-ordinates rotating with
either the rotor flux vector, the magnetising flux vector or the stator flux vector as

shown in the following sections.

6.1.1 Rotor Flux Orientation

When the co-ordinate system is aligned with the x-component of the rotor flux vector,
the y-component of the rotor flux vector becomes zero. The real and imaginary
components for the other vector quantities may be substituted into the model equations
(6.1) using the expressions shown below.

V=V, v, _
D=0 +ji
Y (6.2)

s
i =i, +Ji,

SIS 1728

—

WT = Wrx

On substitution of equations 6.2 into 6.1, the motor model may be expressed in terms of

vector components in field co-ordinates as follows.

vSX = rYiSX + TNS‘/ISX lll.\'): = xsisx + xMirx
v:y = rsisy + (wm + wr)wsx ll/.s'y = xsisy + xMiry
O=ri, +T,sy,, Y, = X0, Xl 63)
O=ri, +toy, 0=x,i, +xpl,
1{x, .
SOy = |~ "V aly T
M xr
Hence, the stator current components may be expressed as follows:
. "4 T, x i Ix
i, =—\1+ s iy = ’ 6.4)
xM rr l//rxxM

It may be seen that the x-component of the stator current depends on rotor flux level and
motor parameters only. With constant rotor flux, the motor torque may be regulated with
the y-component of the stator current. However, for this to work, the stator current
components need to be transformed to a co-ordinate system which is fixed to the stator
axis. Thus, the angle between rotor flux vector and the fixed stator axis is required. This

angle can be calculated from rotor position and slip angle as follows:

Tr,
NT rx

It can be seen from Equ. 6.5 that the slip angle depends on torque, flux and the rotor

resistance. Hence, modelling errors of rotor resistance affect the accuracy of the
decoupling of flux and torque, especially because of the integration where errors are

accumulated.
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A simple configuration of an indirect flux vector control system is shown in Fig. 6.1.
The input signals of the simulation model in Fig. 6.1 are the reference rotor flux level
and the reference motor torque. Thus, the system represents torque control. A speed
control loop may be added to the system using speed feedback or a speed estimator. The
inputs of the current decoupling network are the sampled rotor flux level and motor
torque reference values and the measured rotor position (angle ‘gm’ = ¥, ). The current
decoupling network implements equations 6.4 and 6.5 and may be represented in

Simulink form as shown in Fig. 6.2.

(Dr—> TN*xx/(rr*xm) N

~ Ts.z+Ts
o] Differentiator
——Pp 1/xm
> M
@_> ux xr*u[2]/(xm*u[1]) @
= isy

Ts.z+Ts

2z-2
@ Integrator .

gm

m*ul2/(TN*u[1]*uf1]) >

Fig. 6.2: Current Decoupling Network for Rotor Flux Orientation

The outputs of the simulation model of Fig. 6.2 are the reference ‘x’-component of the
stator current the reference y-component of the stator current and the angle of the stator
current vector for transformation from field co-ordinates to stator oriented co-ordinates.

This transformation can be carried out using the sine and cosine signals of the stator

current angle as shown in Fig. 6.3.
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Fig. 6.3: Co-ordinate Transformation of the Reference Stator Current Vector

+ +
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The calculations correspond to Equ. 2.70 in chapter 2. The outputs of the simulation
model shown in Fig. 6.3 are the real and imaginary components of the reference stator
current space vector in stator oriented co-ordinates. As shown in Fig. 6.1, these
components are transformed to the three phase system using the simulation model

shown in Fig. 6.4.

(D—»0s il 5
a

@—> 0566 18- >0

Fig. 6.4: Two Axis to Three Axis Transformation

The calculations correspond to Equ. 2.50 in chapter 2. The outputs of the simulation
model shown in Fig. 6.4 are the three reference phase currents which are fed into the
current modulator as shown in Fig. 6.1. The reference currents are compared to the
measured motor currents and the error current signals are fed into a PI controller. The P1
controller prevents any long term drifts of the error current signal. The output of the PI
controller is fed to a relay simulation block, thereby introducing hysteresis to the
modulator. The ‘P’ and ‘I’ components have been optimised to give the least variation
of the error current signal and the least long term drift. The outputs of the current
modulator shown in Fig. 6.1 are the p.w.m. input voltage waveforms which are fed to
the induction motor model. A Simulink model of a three phase cage rotor induction

motor is shown in Fig. 6.5.
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The outputs of the induction motor simulation model are the three phase currents, the
rotor angle, the rotor speed,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>