Simulation—Based Optimal Design of

Induction Machine Drives

By

Maryam Salimi

A thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba

in partial fulfillment of the requirements for the degree of

Master of Science

Department of Electrical and Computer Engineering
University of Manitoba

Winnipeg, Manitoba

Copyright ©2011 by Maryam Salimi



Abstract

An electric motor drive is a power-electronic based system that is used to precisely
control the position, speed or torque developed by motor. With the growing complexity
of drive systems and the expansion of the use of fast acting power-electronic controllers,
computer simulation models are used instead of an explicit mathematical description of a
complex system.

The aim of this research is to study the use of the simulation based design method for
advanced motor drives. The major problem for simulation of a drive system performance
is the presence of both fast and slow dynamics in its response that result in relatively long
time simulations with a small time step. Moreover, the simulation-based optimal design
has a repetitive nature. Therefore, the simulation-based optimal design of a drive system
is massively time consuming and require extensive computing resources. In this research

reduced intensity computer models are used to overcome this problem.
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Chapter 1

Introduction

Electric motors are workhorses of the modern society. They are used in a wide spectrum
of power levels ranging from fraction of a watt to several mega-watts. Electric motors are
found in a wide variety of forms, e.g. ac or dc, single-phase or three-phase, etc.
Conventional dc motors are highly efficient and their characteristics make them suitable
for use over a wide range of operating conditions. They dominated motion control
applications for a long time due to their appealing controllability features. However, dc
motors use commutator and brushes, which are exposed to wear and tear and require
maintenance [1]. Thanks to modern power electronics and control technology, ac motor
drives have improved significantly. Use of power electronic devices along with
sophisticated control circuitry has led to the development of advanced methods for high-
precision torque and speed control of ac machines in high-power applications. The
induction motors are the most commonly used ac motor in industrial applications because
of their simplicity, rugged construction, high efficiency and high overload capacity.

Furthermore operating without commutator and brushes results in relatively low
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maintenance costs; they can also work in explosive environments since no spark is
produced during their operation [2],[3].

At sufficiently high power levels, electric motor drives will become major loads for a
utility grid and their operation will have significant impacts on the network. Moreover,
use of power electronic converters for their operation often causes harmonic and power
quality issues that need to be taken into consideration both during their design and
operation [4]. Therefore study of the control design methodologies and improvement of
the adverse impacts of electric motors on the network is inevitable.

The scope of this thesis is first to study power electronic based induction motor drives
that are based on the dynamic model of the machine. This research aims to develop
computer simulation platforms and methods for optimal design of advanced electric
motor drive systems. Optimal design will be done with a view to enhance the dynamic
performance of the drive system during load changes and also to minimize the adverse
impacts of the steady state operation of drive on its feeding power system to lower power
quality consequences. To lessen the computational intensity of drive simulation, low-
intensity average-value and mathematical models will be explored and their use in the

simulation-based optimal design of motor drive systems will be demonstrated.
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1.1  Motivation and Background

1.1.1 Power electronics based induction machine drives

The utility power supply has constant frequency quantities. Since the speed of ac
machines is proportional to the frequency of input quantities, they operate with a fixed
speed when supplied directly from the mains. Therefore, introduction of variable speed
drives increases the automation and productivity and efficiency of ac machines. A
modern electric motor drive is a complex power-electronic system that is used to
interface an electric motor with the utility grid to adjust the input parameters of the
motor, e.g. terminal voltage, frequency or current. By properly adjusting the terminal
parameters of the motor, a drive system enables the motor to match the requirements of
the load precisely. Motor drives come in a variety of forms and have varying levels of
complexity depending on their applications. There are numerous control strategies that
have been formulated for various motor drives. They are developed depending on the
motor’s performance and the viability and cost of its real implementation [5].

In general, the control methodologies applied for induction machine drives can be
categorized into steady state and dynamics-based on the underlying model of the
machine. In the former, the control methodology for the drive system is drawn from the
steady state operation of the machine. Voltage-frequency (V/f) is the simplest control
methodology that acts by imposing a constant relation between the voltage and
frequency. Although this drive performs satisfactorily in steady state, the transient

performance cannot be predicted or controlled precisely. In practice, for low performance



1. Introduction 4

applications, open loop voltage/frequency control strategies are employed. In the latter
category of motor drives, a mathematical model of the machine that is valid in both
transient and steady state is used to develop control strategies for the drive. Even though
these control strategies require massive computations due to the complexity of the
algorithm, the resulting drives offer superior performance and are suited for high-
precision applications [6], [7].

Considering dynamics-based induction machine drives, the field oriented control
(FOC) (also known as the vector control) and the direct torque control (DTC) are used as
high-performance motion control drives. The concepts of both FOC and DTC have
introduced a new possibility to have ac drives of similar flexibility to dc drives because
of the independent control of the flux and torque and consequently in their dynamic
performance. In other words, these control strategies allow the torque and flux to be
decoupled and controlled independently. In dc machines this decoupling is obtained in an
electromagnetic way by orienting the current with respect to the stator flux using a
commutator. However, in ac machines under FOC or DTC regimes, such decoupling is

obtained by implementing mathematical transformations, without using a commutator

[51-[9].

1.1.2 Simulation-Based Optimal Design

When designing a control system to drive an induction machine, a major issue is the
selection the values of the system parameters (control system parameters, size of the
system elements, etc) in order to optimize the system performance according to the

machine application. Moreover, due to the nonlinear switching structure of the power
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electronic devices in drive system and complicated nature of the control scheme,
selection of the optimal parameter for the drive system is a time consuming and difficult
process. Although by trial and error methods through several simulations and using
engineering judgement, one can acquire the system parameters that result in stable and
satisfactory performance of the system, obtaining the optimal results that fulfil the
desired objectives by this method requires extra design cost and length [10], [11].

One of the methods that can reduce the number of required simulation runs with
minimum human interaction is to employ the technique of optimization enabled
electromagnetic transient simulation. In this method, a nonlinear optimization algorithm
is used to carry out a sequence of runs on an electromagnetic transient simulator. During
every simulation run, the performance of the system is evaluated by scrutinizing the
simulation results; to measure how closely the design objectives are satisfied an objective
function is evaluated. Objective functions are typically designed so that a smaller value of
the objective functions indicates that the simulation results are closer to the desired
values [10]- [15].

However, for such nonlinear and complex systems as ac motor drives, developing an
explicit objective function in terms of the system parameters is complicated and nearly
impossible. Therefore in simulation based optimization methods, instead of expressing an
analytical form for objective function, the objective function is evaluated based on the
simulation results achieved for each set of parameter values. The simulation based

optimal design method is schematically shown in Figure 1-1 [10]- [12].
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P
l Circuit simulator \
/ Nonlinear \
optimization algorithm Computer model of the
PE circuit
Select new parameter ¢
values (p) Assessment of the results
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K / the objective function f{P)
fp) N j

Figure 1-1 Simulation-based optimal design

The benefits of the simulation-based design procedure include design automation,
shorter design cycles, uncompromised design, and optimal performance [13]-[15]. This
procedure has already been successfully applied to the design of highly complex power

systems [16].

1.2  Problem Definition and Research Objectives

Modeling and simulation of power and power electronic-based systems are essential
steps in design and validation of such systems and applications. Although an acceptable
level of experience exists in the use of the simulation-based design method for power
systems, such experience has not been developed in the design of advanced motor drive
systems [16]. Nowadays there are several simulation tools that can be used for simulation
of electric drive systems. The PSCAD/EMTDC is a powerful transient simulator that
enables the user to model power electronic components and modules in detail. This

simulator is capable of simulating system performance during the steady state and fast
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transients by choosing a suitable time step. However using the detailed models usually
requires an excessive amount of CPU time.

The major challenge for simulation of the transient performance of a modern drive
system compared to a typical power system is that a drive system consists of both
mechanical subsystems and power electronic converters. Mechanical subsystems always
have large time constants due to their slow nature that leads to longer transients. On the
other hand, switching devices are operating with a high switching frequency that requires
a small simulation time step to achieve reasonable results. This means that the simulation
must run for a relatively long time with a small time step. Moreover, the simulation-based
optimal design procedure is a repetitive process involving a large number of time-
consuming simulations. Therefore, it is expected that the simulation-based design of a
drive system be massively time consuming and require extensive computations.

This research aims to study the use of the simulation based optimal methods for the
optimal design of high performance induction motor drives. In particular, the following

objectives will be pursued.

1.2.1 Adoption of the design procedure for the drive systems

As the first stage of this research, the dynamic model of induction machine along with the
control methodologies for two high performance drive systems will be studied. Then the
design specifications for these drive systems and methods for their translation into
objective function will be considered. An integral and creative part of the design
procedure using simulation experiments is to develop a suitable objective function.

Development of suitable objective functions that encapsulate the design specifications is
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not a trivial task and requires experience and close observation of the simulations.
Preliminary designs will be done to ensure that specifications for drive systems can be

adequately and accurately represented in terms of measurable objective functions.

1.2.2 Development of reduced-intensity computer models

As stated earlier, using detailed switching models in simulation of power electronic-based
motor drives leads to significant increase in simulation time and intensity. The next stage
of the research presented in this thesis is to develop computationally simplified models of
the high frequency power electronic converters used in a drive system. To remove the
fast switching events in simulation of the drive system, equivalent circuits are developed
to be used instead of the power electronic switch models. Dynamic average modeling and
mathematical modeling of power electronic systems, which are based on the controlled
voltage and current sources, are considered as potential solutions to reduce the simulation

intensity.

1.3  Thesis Organization

This thesis continues in Chapter 2 with developing a mathematical model for a three-
phase induction machine that is valid in both transient and steady state operation of the
motor. Chapter 3 introduces a widely used power electronic drive circuit that connects the
utility power supply to the ac motor via an intermediate dc link. It follows with explana-
tion of each power conversion stage of this drive in detail mostly regarding to inversion

and its functional operation. Then in the next two following chapters (Chapter 4 and
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Chapter 5) two different high performance control methodologies for driving the induc-

tion machine will be presented.

In Chapter 4, vector controlled induction motor drives are presented. In this chapter
the mathematical principle of vector control methodology is first explained. Then the
modeling of two prevalent types of vector control schemes, which are direct vector con-
trol and indirect vector control, is introduced. In this thesis the indirect vector control will
be employed to implement the simulation based optimal design of induction motor drive

using the PSCAD/EMTDC simulator.

Chapter 5 is devoted to direct torque control induction machine drives. In this chapter
the principle of direct torque control along with different categories of this control
scheme is studied. In this research it is intended to implement the simulation based opti-

mal design of DTC scheme operating at constant switching frequency.

Chapter 6 provides dynamic average value modeling and mathematical modeling of
the power electronic inverter as solutions to reduce computational intensity of the net-

work and therefore the simulation time.

Chapter 7 presents the concluding remarks and contributions made in this research.

Moreover, the related subjects that can extend this research are proposed in this chapter.
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Chapter 2

Induction Machine Modeling

In order to develop high-performance drive systems for an induction machine, its
dynamic model must be known. The dynamic model of the machine is an accurate
representation of its dynamic behavior and can be used to predict it during transient and
steady state operation. Such a model can be obtained by means of the two-axis theory of
electrical machines [17], [18].

In this chapter the model of a three-phase induction machine is developed starting
with an explanation of the principles of its operation. The voltage and torque equations in
terms of machine variables will be derived. Then Park’s transformation will be applied in
order to eliminate the time dependency and therefore to simplify the induction machine
torque and voltage expressions. Next the steady state model is obtained from the voltage
equations in an arbitrary reference frame [18].

The following assumptions are made to simplify the modeling procedure:
e Iron losses are neglected: a portion of the losses in electrical machines is the

losses in the iron core including hysteresis loss and eddy current loss. For
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simplicity the iron used in the machine assumed to have zero hysteresis and
infinite resistance; therefore the iron losses are neglected. In practice, use of high-
quality magnetic materials reduces the hysteresis losses and by constructing the
machine using insulated laminates, the eddy current loss is minimized.

e The permeability of the iron parts is infinite: reluctance of the iron parts in the
machine is negligible compared with the reluctance of the air gap. This is due to
the high permeability of the iron.

e The machine has symmetrical P-pole, three phase sinusoidally distributed
windings.

e Slotting effects are neglected: the rotor is assumed to have a cylindrical shape
although slots make it slightly different.

e The stator and the rotor windings are simplified as a single multi-turn full pitch
coil situated on the two sides of the air gap.

e Flux density is radial in the air gap

2.1  Basic principles of three phase induction

machine

In an induction machine a rotating magnetic field is produced when balanced three phase
voltages are applied to three phase windings of the stator displaced in space by 120°
electrical. This rotating magnetic field has a sinusoidally distributed intensity with a

constant peak and rotates at the supply frequency. Unless the rotor rotates at the exact
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angular speed as the stator’s rotating field, the rotor windings will experience a varying
flux linkage and thereby induced voltage. As the rotor windings are short circuited,
currents will start circulating in them, producing a reaction. As known from Lenz’s law,
the reaction is to counter the source of the flux change. These currents will disappear if
the rotor rotates in the same direction as rotating magnetic field, and with the same speed.
Thus the rotor starts to rotate, in an attempt to catch up with the rotating magnetic field. If
the relative speed between these two become zero then there will be no emf, and the rotor

currents will be zero resulting in zero torque production. Depending on the shaft load the

rotor will always settle at a speed ,, which is less than the supply frequency w,. This

differential speed is called the slip speed @, , the relationship between @, and o, is given
as follows.

=0~ (2.1)
If the machine has P poles, the mechanical speed of the shaft is @, and is given as

follows [1].

0 =—Q (2.2)

2.2  Voltage equations

Consider a three-phase two-pole induction machine as shown in Figure 2-1.
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bs axis as

as axis

cs axis
cr axis

Figure 2-1 Two-pole three-phase symmetrical induction machine

The stator and rotor windings are represented using equivalent sinusoidally distributed
windings, with N and N, equivalent turns and resistances R and R. respectively. The

stator voltage equations in the stationary reference fixed to the stator frame can be

expressed as follows.

v,®)=Ri_(t)+ M
dt
Ve (2) =Rsisb(t)+M o
d//isc (t)

=R (f)+—2
VSL’() SZSL’() dt

Similarly the rotor voltage equations in the reference frame fixed to the rotor are as

follows.
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Vi (t) erm (t) 4y e/ d/l (t)
dt
= A (8)
=R+ 2.4)
v (6)=Ri (t)+ PO
dt

where:
Vias Vsbs Vser Vras Vip» Vye are the stator and rotor three phase voltages,

A

sa’

Aps Ases Arg> Avps Ay are the stator and rotor three phase linkage fluxes, and

Lggslgh>lserlrgslnpoiye are the stator and rotor three phase currents.

The instantaneous flux linkage per phase of the stator and the rotor can be expressed as

shown below.

//i'abcs _ LS Lsr iabcs 2 5
ﬂ’abcr - (Lsr)T Lr | iabcr ( . )

where the winding inductances L , L. and L, are as follows.

Lls + Lms - l Lms - l ms
2 2
Ls = = l Lms Lls + Lms - % Lms (26)
- l Lms - l Lms Lls + Lms
L 2 2 i
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Llr + Lmr - l Lmr - l Lmr
2 2
Lr = l Lms Llr + Lmr - % Lmr (27)
- l Lmr - l Lmr Llr + Lmr
L 2 2 i

cos), cos(6. +2?7T) cos(d. _2?71)

L, =L,|cos@. —277[) cosd, cos(d, +2?ﬂ) (2.8)

cos(é. +2?7Z) cos(d. —2?7[) cosé.

In the above equations, L, and L, are the stator and rotor leakage inductances

respectively, and L, and L, are the stator and rotor magnetizing inductances
respectively.

To express the voltage equations, it is more convenient to transfer all rotor quantities
to the stator winding side by a suitable turn ratio similar to what is commonly done for

transformers; therefore the rotor current, voltage, and flux reflected to the stator side can

be defined as follows.

SN, 2o
aber = ———° .
NY abcer ( . )
Vaser =205y 2.10
aber = . .
Nr abcr ( )
: N
Z«abcr = - 'ﬂ‘a or 2.11
N @.11)

Consequently the transferred magnetizing and mutual inductances of the rotor are

obtained as follows.
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Ly = N L, (2.12)
L, = N, JZ-L (2.13)
N ,
R, = NSJZ ‘R, (2.14)
N,

Substituting the reflected quantities in (2.5) the flux linkages are stated as given below.

ﬁ’abcs _ Ls zsr iabcs 2 15
/Tabcr (Lsr )T Lr i'abcr ( ' )

A matrix notation can be used to express the voltage equations in terms of currents

and machine variables referred to the stator side in a compact format as given below.

Ve | | R, + pL, L L apes
abes | _ | 1% 'pTA 'p a "h 2.16)
V aber p(L _yr) R r + er l aber

where p is the derivative operator, i.e. p = d/dt.

2.3  Torque equations

Generally the energy stored in the coupling field of a linear electromagnetic system with

K electrical inputs can be expressed as

N E ot S
Wf(ll’ZZ"“’lK):EZZLUZI'ZJ (2.17)
i=1 j=1

where Lj; is the self inductance of winding i and L is the mutual inductance of winding

i and j. Note that the energy stored in the leakage inductances is not a part of the
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energy stored in the coupling field; therefore, the energy stored in the coupling field of an

induction machine can be obtained by subtracting the leakage terms as follows.

Wf = %(iabcs )T (Ls _Llsl)iabcs + (iabcs )T L'srl"abcr +%(i'abcr)r(l"r _L'lrl)ic'zbcr (2 1 8)

With the assumption of linearity for the magnetic circuit, the field energy is equal to its
co-energy W, . Further for a P-pole machine, the electrical angular displacement 6, is

related to the actual mechanical displacement of the rotor as follows.
P
0 = (—j -0, (2.19)

where 6, is the actual displacement of the rotor in mechanical radians. The

electromagnetic torque can therefore be evaluated from the following expression.

71(5@){?)%;’9’) (220)

Substituting W, from (2.18) into (2.20) the torque equation in terms of electrical

quantities will be derived as follows.

P\, volL,).
T =|— — abcer .
e ( B )(labcs) 6(9 I ab (2 21)

.
On the other hand the torque and rotor speed are the mechanical outputs of the motor

and they are related by the following equation.
2\d
1,=J|— |—o.+Bo. +T, 2.22
2)4 ) (2.22)

where J is the inertia of the rotor,7, is the active load torque, and B is the damping

ratio.
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The above torque equations along with the terminal voltage equations describe the

dynamic behavior of the induction machine.

2.4  Park’s transformation

Since the flux equation (2.5) and accordingly the voltage and torque equations of the
machine (2.16) and (2.21) contain inductance terms that are functions of time, it is
desired to remove such time-dependence to make simulation and analysis easier. This is
done using what is commonly referred to as reference frame transformation or Park’s
transformation [18], [19].

The physical implication of Park’s transform is transferring three windings of an
induction machine to only two fictitious windings (known as the direct (d) and quadrature
(q) axes) as illustrated in Figure 2-2 (Note that since the induction machine windings are
symmetrical the zero component is zero). Therefore, by applying this transformation to

the induction machine voltage equations, an equivalent dq set of equations is obtained.

Figure 2-2 Scheme of the equivalence physic transformation
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It is assumed that the position of the reference frame (relative to the axis of the quantities

do

that are transformed) is denoted by € as shown in Fig. 2-2 where o= o

The transformation matrix K for the stator quantities is presented in (2.23) and

(2.24)
quOs = KsFabcs (223)
cos(€) cos(6— 2?”) cos(6+ 2%[)
K, = % sin(d) sin(d - 2?7[) sin(d + 277[) (2.24)
1 1 1
2 2 2 )

The Park’s transformation of the three phase variables of the rotor circuits to the same

reference frame is

Fyqur = K’,F'abcr (225)
cos(f) cos(@—z—ﬂ) cos(,[i’-i—z—ﬂ)
3 3
2| . . 2 . 2
K, = 3 sin(f) sin(f —?ﬂ) sin(f +Tﬂ) (2.26)
1 1 1
2 2 2 )
where

p=0-9 (2.27)

is the angle between the rotor a-axis and the reference frame g-axis, and 6, is defined by

do,
o =—".
dt
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In general, the angle ¢ and its time derivative are unspecified and the corresponding
reference frame is called an arbitrary reference frame. Using the transformation to the

arbitrary reference frame, the flux linkage equations can be expressed as follows.

ﬁ’qus KsLs (I<s)71 K.S-L'S’ ([(-;/)7l iqus
, = , Va a , 1 * K (2.28)
Ao | | K (L) (KD KLLKD" | i

Simplifying this equation the linkage flux expression will be as follows.

‘zqs 1 [L,+L, 0 0 L, 0 0 | ‘iqﬂ
Ay 0 L. +L, 0 0 L, 0 ||,
Ao, 0 0 L, 0 0 0 ||i,
= , |1 (2.29)
ﬂqu LM O 0 Llr + LM O 0 1 qr
Aar 0 L, 0 0 Ly+L, 0 ||ia
Ao |0 0 0 0 0 Li||io]

3
where L,, = > L, .

The dq0 components of the stator and rotor voltages in arbitrary reference frame are

listed below.
Vys = Rilyg + @Ay + p A (2.30)
Vi = Rylgg — @Ay + DAy (2.31)
Vo, =R iy, + pAy, (2.32)
Vg =Ry +(0—0,) o+ ply (2.33)
Vi =Roia —(@0—@,)Ag + pAa (2.34)

Vo, = Ry, + D2, (2.35)
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Substituting the (2.29) to (2.30)-(2.35) yields the expression for the voltages in terms of

the currents, which is shown in matrix form below.

v | [ R+pL, oL, 0 pL,, wl,, 0 i,
vds - a)LSS Rs + p LSS O - a)LM p LM O ids
Vos | 0 0 R + pL 0 0 0 Iy
ve | | pLy, (0-o,)L,, 0 R.+pL, (0-0,)L. 0 i,
V'dr - ((() - 0), )LM pLM 0 - (a) - a)r )er R'r + pEr'r O idr
_v'Or_ L 0 0 0 0 O R'r + pErr_ _iOV_
(2.36)
where
Ly,=L,+Ly, (2.37)
L =L, +L, (2.38)

To state the electromagnetic torque in terms of the arbitrary reference-frame
variables, the equations of the Park’s transformation must be substituted in (2.21) as

follows.
P\, . o , 1,
T, =(5j(Ks lldqm)rgLsr(Kr W agor) (2.39)

Therefore the expression of the torque equation in terms of dg-axis components currents

1s as follows.

3P ' \
T = EELM(qul dr _idsi qr) (240)

e
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2.5  Steady state analysis

In this section, the steady state operation of the induction machine is considered and the
related equations will be derived using the transient model. Since the steady state model
is often expressed in terms of reactances, the machine equations should be modified and
expressed in terms of reactances at frequency of @, , which generally corresponds to the
rated or base frequency of the machine. Therefore the flux equations will be modified as

follows.

l//qs = (Xls +XM).iqs +XMZ‘C‘IV

lr//ds = (Xls +XM)ldv +XMl;r
(2.41)
v, = (x; +XM)-i;1r +X,,i

‘qs
Vi = (Xlr +XM)'i;1r + Xyl

Where X, =w,L, and v =w,A,.
When an induction machine is supplied by symmetrical and sinusoidal waveforms

and is operating under steady state condition, the zero quantities of the rotor and stator

equations are zero and the dg-axis components are constant in a synchronously rotating
. . .. do i
reference frame; i.e. a reference frame in whlchz =w, and ,is the stator voltage

frequency. Therefore, the phase voltages and currents become phasors at the frequency

o, . For example for three phase balanced stator voltages

v, =V, cos(w,t+8) (2.42)
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v,, =V cos(w,t+ 60— 2?7[)

v, =V cos(wt+0+ 277[)

The dg-axis components of the stator voltage in synchronously rotating reference frame
are as follows.

Ve =V, cos(8)

(2.43)
v, ==V, sin(0)
which implies that
Ve =V, L0 =V = jV, (2.44)
Similarly the rotor voltage phasor is
Var =Var =7V (2.45)

Considering the stated points, the voltage equations can be expressed in
synchronously rotating reference frame to neglect the time rate of change of all currents.
Therefore, the equations for the dg-axis components of the voltages are modified as

shown below [18].

Vqs :Rslqs +2Xls]ds +£XMIds +£XMIdr

2 Wy 2
(2.46)
Vds :Rslds _ﬁXlslqs _EXM]qs _EXMIqr
Wy Wy 2
w-o, o—0o, 0-,
V‘]r = Rr]qr +QXlrldr +QXMldr +QXM[¢? (247)

@y @y, @y,
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Vdr = erdr - (a);)ba)r ) Xlrlqr - (a) a_)ba)r ) XMIqV - (a);)ba)r ) XMIQS

Substituting (2.46) into (2.44) and (2.47) into (2.45), the phase quantity phasors can be

developed as follows.

(4 a
Vas:(Rs+j_eXlsj]as+j eXM(Ias+Iar) (248)
W, W,
R .o, . @,
Va":[ +]_Xlr]1a,+] XM(Iar+]as):0 (249)
N , w,

In (2.49), s is known as the slip and is calculated as in (2.50).

5= _(wea—) @) (2.50)

e
The equivalent circuit that represents the steady state operation of the machine is
shown in Figure 2-3. Since @, and @, are both given explicitly and @), corresponds to

rated frequency, which is usually used to calculate per unitized reactances, this equivalent

circuit is valid for steady state operation in any frequency.

IS RS J ((Dc/(’)b)xls j((De/(Db)Xlr Rl-/S Ir
° AN fW\__rYY\_W—‘
+
Vs .
.]((De/ (Db)XM
@

Figure 2-3 Equivalent circuit of the machine in sinusoidal steady state
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Chapter 3

Circuitry for AC Machine Control

A modern electric motor drive is a complex power-electronic system that is used to
interface an electric motor with the utility grid (or other source of power) to adjust the
input parameters of the motor, e.g. terminal voltage, frequency or current. The aim of a
drive system is to control one or more of the outputs of the machine, e.g. position, speed
or torque by strategically adjusting some of its inputs. Motor drives come in a variety of
forms and have varying levels of complexity depending on their intended use. In this
chapter, a widely-used drive circuit, which connects an ac source with fixed parameters
(frequency and voltage) to an ac motor via an intermediate dc link is presented and
discussed. This circuit allows creation of an ac voltage with controllable quantities at the
terminals of an ac machine. The same circuit can be used in a variety of motor drive
applications depending on the adopted control algorithm and how its individual modules
are operated. In the sections that follow each power conversion stage of this circuit is

explained in detail, with focus on inversion and its functional operation [2], [4], [18].
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3.1  System topology

As previously stated, the objective of an ac drive system is to enable the motor to match
the requirement of the load precisely by adjusting the electrical inputs to the motor. The
electrical voltage of the utility grid has fixed frequency and magnitude; therefore a drive
circuit is used to convert them into controlled variable waveforms. In order to accomplish
this conversion process, the electrical power must pass through three stages: rectification
(conversion from ac to dc), storage (to absorb energy flow fluctuations), and inversion

(conversion from dc to ac). Figure 3-1 shows this process.

Rectification Storage Inversion
I I
I I
I I
I I
Utility — gy I —— Storage Element | o—| L Motor
I I
I I
I I
I I
AC —» DC I I DC —» AC

Figure 3-1 Power processing stages

In the rectifier stage, power semiconductor devices are used to convert the ac
quantities of the utility grid to a nearly constant dc waveform. Then in the next stage the
converted energy should be stored in an intermediate storage element, which is usually a
capacitor, an inductor or a combination of both. In the final stage of inversion, power
semiconductor devices are utilized to convert the stored energy into a suitable form to

match the desired operating conditions of the electric motor.
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3.2  Rectifiers

The rectifier is a power electronic device that consists of semiconductor switches to
convert ac waveforms to dc. Therefore, in the first stage of power processing of an ac
drive, a rectifier is utilized. Several topologies for rectifiers exist, which have their own
merits and disadvantages. Depending on the type of semiconductor switches used
rectifiers can be classified as controllable or uncontrollable. In this thesis, the purpose is
to control the voltage and frequency of the motor by controlling the inverter output;
hence a simple three phase diode bridge rectifier (also referred to as an uncontrolled six-
pulse rectifier) is considered as the ac/dc converter of the drive.

The use of uncontrollable diodes eliminates the control over the dc bus voltage. Diode
front-end drives need provisions to reduce their impact on the harmonic content of their
ac-side current. Despite this disadvantage, they are still widely used in many applications
because of their simple structure, absence of control, and low cost. This is particularly
true in medium power drive applications [20], [21].

Figure 3.2 shows the schematic diagram of a three-phase diode bridge. The figure

also shows a model of the input ac system consisting of an RL series impedance.
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Diode Bridge Rectifier

AC Power Supply -+
A yi N A

—@—’M/\r——‘ Yy DC Voltage

Figure 3-2 Three phase diode bridge rectifier

3.3  Storage

For the intermediate stage of the considered drive system, an inductive-capacitive (LC )
combination is employed. The capacitor is to store the energy passed from the utility grid.
The LC also operates as a low pass filter to further suppress the dc ripple and provide
nearly constant dc voltage for the following stage of inversion. Larger values of the L and
C 1improve the steady state performance; however, it has undesirable effects on the
transient response.

In the case of regenerative braking, the energy has to go back from inverter. However
the diode bridge that is used as the first stage of the drive system is unidirectional, and
cannot transfer the energy to the utility grid. Consequently, the energy will be absorbed
by the capacitor and it causes the voltage of the capacitor to increase significantly. This

event can have destructive effects on the capacitor. Therefore a bypass circuit should be
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employed to avoid dc link over-voltage by dissipating the energy from the regenerative
braking action.

This bypass circuit consists of a controlled switch and a resistor in parallel with the
capacitor. Figure 3-3 shows the switching strategy used for this part of circuit. When the
voltage across the capacitor increases, the variable duty cycle of the series switch will
increase accordingly to provide the current path through the resistor to dissipate the
excessive energy, and hence prevent over-voltage [22].

Idc

LYY

-

%

09 — — — —

2

/L.
7”7 1

> Vdc(PU)

— | ————

DC Link

Figure 3-3 dc link circuit

3.4 Inverters

The inverter is built using switching devices that convert the rectified dc voltage into
variable frequency, variable amplitude ac waveforms that are suited for adjusting the
input parameters of the ac electric machines. Depending on the type of the supply source
and the adopted topology of the power circuit, inverters are classified as voltage source

inverters (VSI) and current source inverters (CSI).
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The main issue associated with inverters is that the output voltage is never purely
sinusoidal, and by controlling the fundamental component of the output voltage, one can
obtain a controlled input voltage for the machine. The quality of the waveforms,
however, depends on different method of the switching. Here, first the inverter of the ac
drive, which is a three phase two level VSI and its functional operation is discussed. Then
the concept of switching function and the sinusoidal PWM in three phase VSIs are

explained [20], [21].

3.4.1 Two-level three-phase VSI and switching function

Figure 3-4 shows one leg of a two level VSI. Upper and lower switches cannot have the
same state simultaneously, because turning on both switches at the same time causes a
short circuit of the dc voltage and turning both off leads to an open circuit that may
interrupt the load current. Depending on the states of the switches, two voltage levels at
the output are obtained. In order to allow bi-directional current flow, the anti parallel

diodes are used.

Vo
+ A
Vo2
VJZ:L Sl°—|K3 de
¢ . ] —
| > | |
Vi . 12 s >
Vo | |
Vie/2 j: Sz°—|K - I—IV >
= Vdc
- S, S,

Figure 3-4 One leg of a two level VSI and the output voltage



3. Circuitry for AC Machine Control 31

For three phase operation, three identical legs are used. The main purpose is to
generate a set of voltages that are displaced by 120° and have equal magnitude and
frequency. Therefore each leg receives a gate pulse displaced by 120° from the previous

leg.

Va2 J: 510—”: Sso—": 550_”:
Ve l | i’

Vo2 7= s4o—|5} SGO_'S} Szo—l

Figure 3-5 Two-level three-phase voltage source inverter

A
e —
| i >
Vi A 2n
i i —»
Ve A2n/3
| i —»

41/3

Figure 3-6 Output voltages of a three-phase VSI
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This mode of operation of the switching cell is known as square wave operation.
Although this operation is not complicated and has low switching losses, its major
disadvantage is that under this regime the only parameter that can be changed to control
the fundamental component magnitude is the dc link voltage, which is not a suitable
solution. Also the generated waveform has significant low frequency harmonics, so the
quality of the output voltage is not desirable in this technique.

Pulse width modulation (PWM) is a waveform generation scheme that overcomes the
problem of the square wave operation. This technique is based on fast switching of
controlled switches with variable durations in such a way that the fundamental
component of the generated output has the desired magnitude and phase. There are
several modulation methods including sinusoidal PWM (SPWM), selective harmonic
elimination (SHE) and space vector modulation (SVM), to name a few [23]-[25].

SPWM is one of the most popular switching schemes that is used to control the
output voltage of the inverter in ac drives. In this method the waveform generation is
based on comparison of a fundamental frequency sinusoidal reference with a high-
frequency triangular carrier waveform, as depicted in Figure 3-7 for one leg of a VSI.
SPWM controls each leg of the VSI independently of other length. A three phase SPWM
generator has three separate comparators with equal carrier but reference waveforms with
120° phase shift to generate symmetrical three phase output.

The modulation index is defined as the ratio of the amplitude of the reference signal

over the carrier signal. It can be proven that the modulation index can directly controls
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the amplitude of the fundamental component and their relationship is linear as long as it

varies over the interval[0,1] as shown in [26].

——CCarrier Waveform
—~Reference Waveform

I
AT TR

Output Waveform
I

+Va2[ [ ] —1 1 T[] 1 I I i M [

Vief(Max)

VA, S R A | A | 1 B A O I I

Time(sec)

Figure 3-7 Sinusoidal pulse width modulation

The number of switching actions in one cycle is defined by the frequency ratio

n=f,/f, - Incase of three phase operation, this number should be selected to be odd

and a multiple of three, since odd number results in waveform generation that has
quarter-cycle symmetry, and a multiple of three eliminates triple-n harmonics in a
balanced three-phase system. Figure 3-8 illustrates the harmonic spectrum of the voltage
waveform shown in Figure 3-7 with a frequency ratio of n = 15 . It can be observed that
the harmonic contents are mostly aroundn ,2n , etc, and also even harmonics are

eliminated due to the odd ratio of the frequencies.
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Figure 3-8 The harmonic spectrum of the voltage waveform (Figure 3-7) with a frequency ratio of n=15

Considering the drive system described in this chapter, the voltage at the terminals of
the motor can be controlled by appropriate selection of firing pulses of VSI switches. In
the following chapters control methodologies that determine the reference voltage for
desirable operation of the induction machine will be presented. Once the reference

voltage is obtained the SPWM technique is applied to properly find the firing pulse.
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Chapter 4

Vector Controlled Induction Motor

Drives

Induction machine drives can be broadly categorized into steady state-based and
dynamics-based drives. In the former, observations drawn from steady state operation of
the machine are used to form a strategy for its drive. Not surprisingly these drives
perform satisfactorily in steady state, but their transient performance cannot be predicted
or controlled precisely. In the latter category, i.e. dynamics-based drives, a mathematical
model of the machine that is valid in both transient and steady state is used to develop
strategies for drive. As such these drives provide superior performance, albeit at the cost
of more complexity of the algorithm. In this chapter, attention will be paid to the
dynamics-based drive strategies for induction machines.

Considering the dynamic response of a steady state-based drive, the reason for the
poor (or unpredictable) dynamic response is the deviation of the air gap flux linkages

from their set values. This deviation is not only in magnitude but also in phase.
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Oscillations in the air gap flux linkages result in oscillations in the electromagnetic
torque, and left unattended, result in speed oscillations. This is undesirable in many high-
performance applications where high precision, fast positioning, or tight speed control are
required [5].

A large class of dynamics-based induction machine drives are called the field-
oriented control or vector control methodologies. The main purpose of them is to
implement a control scheme in which the electromagnetic torque can follow the reference
torque command nearly instantaneously to produce high quality dynamic performance in
terms of response times [5],[27]-[31].

They use the transient model of the machine and aim to replicate the desirable
features of control of a separately-excited dc machine, in which the armature and field
currents can independently control the torque and field flux of the machine, while
maintaining the ideal perpendicularity of the two fluxes. This is far more difficult to
achieve in an ac machine, and requires a coordinated control of the stator current
magnitudes, frequencies, and their phases. If the stator current phasor is resolved onto the
rotor flux linkages, its component along the rotor flux linkages is the field producing
current; this however requires the position of the rotor flux linkages at every instant, and
unlike dc machines it is a dynamically varying quantity. If this is available then the
control of the ac machine becomes similar to that of a separately excited dc machine. The
requirement of the phase, frequency and magnitude control of the currents and hence of
the flux phasor is made possible by inverter control.

Vector control has made the ac drives equivalent to dc drives because of the

independent control of the flux and torque and consequently in their dynamic
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performance. These developments positioned the ac drives for high performance
applications.

In this chapter, first the basic principles and modeling of the most prevalent type of
vector control schemes, i.e. direct vector control and indirect vector control, will be
described. Then the implementation and optimization of indirect vector control of an
induction machine will be discussed. At the end of the chapter the simulation results will

be presented.

4.1  Principles of vector control

In an induction motor, the stator current i, produces both the rotor flux A and the
electromagnetic torque 7, . In other words, the stator current has two components 7, and
i, that
A, i, (4.1)
T, o iy 42)
The principle of the vector control is explained by assuming that the position of the

rotor flux linkages space vector A4 is known. In the following presentation, the field angle

6, is the angular position of the rotor field in a stationary reference frame attached to the

stator. The dq-axis components of the stator current in reference frame attached to @, are

i, and iy [5]. Using Park’s transformation
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(FSH N )

e cost, cos[é’f —2—ﬂ] cos(ﬁf +2—ﬂ) Lo
lys | _ ' ' 3 ' 3 .
Iy

R
0 ol o 27 ol o 27 » (4.3)
sind, sinl @, —— | sin| 6, —— i,
3 3
The component of the stator current that produces the rotor flux has to be in phase
with A, . Using Park’s transformation in the synchronous reference frame, the stator

current component i that is along the 4, should be the field producing component (i),

and the perpendicular component i, is hence the torque producing component (i;). The

phasor diagram of the vector control is as shown in Figure 4-1 [5].

Stationary Reference
Frame

Figure 4-1 Phasor diagram of the vector control

In this reference frame the dg-axis components of the rotor flux linkages are:
A, =0 (4.4)
)l';r = L'Vri;r + LMZ.SS (45)

Now consider the d-axis rotor voltage equation
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Rig —(@,—@, ), + ply, =0 (4.6)

Substituting (4.4) and (4.5) into (4.6) yields

() d ' U
Ric +E(erij, +Lyyiy)=0 @.7)
Or
] ) ' d ' d
Rl +L —il=—-L,1i 4.8
dr rr df dr df ‘M ds ( )

Considering (4.8), if the d-axis stator current is kept constant in order to adjust the field at

a given value then d-axis rotor flux tends to zero.
i =0 (4.9)
Therefore substituting (4.4) and (4.9) in the rotor flux equation in synchronous reference

. Je .e
frame gives i, and i,

‘e Ly, .

i, = —L#lqs (4.10)
|

i =—2A

ds LM dr (411)

Now by using the rotor and stator current equations, the torque equation can be expressed
in terms of the rotor flux linkages and torque producing component of the stator current
as follow.

3 P LM 'e .e

Te _EEL_/Idrlqs (4.12)

rr
In vector control by controlling the direct-axis component of the stator current in

synchronous reference frame (which is the flux producing component), the rotor flux
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linkages are controlled. In essence it is similar to separately excited dc machines. Then

from the A and the required torque7. , the torque producing component of the stator

current can be calculated. Controlling the torque producing component of the stator
current when the rotor flux linkages phasor is constant gives an independent control of
the electromagnetic torque. Note that the only matter here is how to achieve the position
of the synchronous reference frame, which is attached to the rotor flux.

Vector control schemes are classified according to how the rotor field position is
acquired. If the flux angle is calculated by using terminal voltages and currents or Hall
sensors or flux sensing windings, then it is known as the direct vector control. If the field
angle is obtained by using rotor position measurement and partial estimation with only
machine parameters, it leads to a class of control schemes known as the indirect vector
control [5].

The direct and indirect vector control principles are explained in the following
sections. However, in this thesis the indirect vector control for the induction motor is
employed, so further discussions on the vector control scheme will emphasize the indirect

vector control and the implementation results will be presented.

4.1.1 Direct vector control

The underlying idea of the direct vector control is to use flux measurements to estimate
the rotor flux linkages in the stationary reference frame and then determine the position

of the synchronous reference frame wherein the d-axis of the reference frame is aligned

with the A, [18].
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In this method, Hall effect sensors are located in a stationary reference frame in the

air gap and are used to measure the air gap flux in the d and g-axis, £, and 4, , of the

2 qm

stationary reference frame. Using 4, and A, and the machine parameters,ﬂ,:,. and Zf,r

can be estimated by the following equations.

Note that
2 =L, +i%) (4.13)
Therefore,
.'s /Ism .5
i=—""—i (4.14)

Also the g-axis rotor flux linkages may be expressed as
j’:r = (Ll;' + LM )l;; + LM lcjs (4 15)
Substituting (4.14) into (4.15) yields

er
LM

A =l L (4.16)

Irqs

Performing an identical derivation for the d-axis yields

e .
ﬁ’;r = L_W j’M:lm - Llrlds (4 1 7)
'M

In this stage, the values of dq-axis components of the rotor flux linkages in the
stationary reference frame are used to calculate the position of the synchronous reference
frame. The rotor flux components in synchronous reference frame are obtained by

equation (4.18) assuming the position of the stationary reference frame is zero.
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26| [cos@, —sin@,||A%
=1 | (4.18)
A5 sin@, cos@, || A
Now to align the rotor flux linkage with the d-axis of the synchronous reference

frame, the position of the synchronous reference frame should be defined as
0, = angld 4, - j/”t';r)+§ (4.19)
Also note that the magnitude of the flux in any reference frame is the same
A = F+ (s f (4.20)
Once the angle 6, is determined the remainder of the drive strategy is as outlined in

section 4.1.

4.1.2 Indirect vector control

Using Hall-effect sensors to sense the air gap flux in direct field control is expensive in
practice since positioning the flux sensors requires special modifications of the motor.
Moreover, using the sensed signal to calculate the rotor flux may lead to inaccuracies due
to variations in the flux level and temperature. Therefore indirect vector control has
captured more interests in field oriented control methods. Indirect vector control requires
an estimation of machine parameters to obtain the field angle. Although it alleviates the
problems associated with the direct vector method, it is known to be sensitive to the
variations in the machine parameters, in particular the rotor resistance [32], [33].

The indirect vector control is derived from the dynamic equations of the induction

machine in the synchronously rotating reference frame and sensing of the rotor flux
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linkages is not required in this method. In order to create the algorithm it is useful to first
establish the electrical frequency that is utilized in direct field oriented control [5], [18].

The rotor equations of the induction machine containing flux linkages as variables are

given by
Ri‘ +(w, — @), + pAs, =0 (4.21)
Riy —(w,—@,)A, + pAs =0 (4.22)
Ao =L in +Lyir (4.23)
A =L i +L,i (4.24)

The resultant rotor flux linkage is assumed to be on direct axis, to reduce the number
of variables in the equations. Hence, aligning the d-axis with rotor flux phasor yields

Ay =2,

7

(4.25)
Ao =0

Substituting the rotor flux linkage dg-axis components from equation (4.25) in (4.21):

e

v 1
0 =0~ % (4.26)

The quadrature component of the rotor currents in terms of the stator currents are derived

from (4.23) and (4.25) as

D
== (4.27)

Lor Lrl gs
Note that the torque is proportional to the product of the rotor flux linkages and the

stator g-axis current. If the rotor flux is maintained constant, then the torque is simply

proportional to the torque producing component of the stator current, as in the case of the
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separately excited dc machine with armature current control, where the torque is
proportional to the armature current when the field current is constant. Moreover, it was
proven that if the d-axis stator current is kept constant in order to adjust the field at a
given value then d-axis rotor current tends to zero. Therefore the equation (4.24) will

become:
A8 =L,i% (4.28)
Substituting the rotor flux linkage from (4.28) and the l;r from (4.27) in equation (4.28),

the synchronous speed is derived in terms of the dg-axis components of the stator current

as follows.

R
0, =, + (4.29)
Llr + LM lds

The w, derived above can be integrated over time to obtain the position of the

synchronous reference frame. It can be shown that the initial angle will have decaying

effect on the performance of the system and therefore can be set to zero.

0, =t (4.30)

4.2 Implementation of an indirect vector control

The indirect vector controller only measures the speed from the machine while all other

parameters are estimated. The torque command (7 *) is generated as a function of speed

error signal, generally processed through a proportional-integral (PI) controller.
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Tmax

o* RV PI T

Tmin
Figure 4-2 Speed controller

The flux command for a simple drive strategy is made to be a function of speed, defined

by (4.31).

X =2 0£|a)r|£a)b

. 4.31)
— 1, o, <l|o,|<o,

r

*
/1 r (max)

where A, and ®, are the rated or the base rotor flux linkages and rotor speed

respectively. @, is the speed at which the motor runs with full-line voltage applied to the

armature and the field. The flux is kept at rated value up to the rated speed. Above that
the flux is weakened to maintain the power output at a constant value.

Therefore the desired component of the stator current in terms of the desired torque and

flux are
. A
ds —
LM
(4.32)
o aL, T
® 3pPL L, A
Furthermore, the slip speed should be
R, iy
o, ==L (4.33)

.o*
er lds
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Figure 4-3 summarizes the process of generating three phase stator current commands

DC Source Inverter @()

Firing
X
. pulses
r—, o, r|le i
' 3PL, 1. -
A, v Inverse Park Current |, iy
. Transform Controller [* ;-
l: L g ‘
L.\I

ol=

Figure 4-3 Indirect vector control scheme

In the above discussion the dc/ac converter is assumed to be a current source inverter
and through hysteresis controllers the phase currents are regulated, but in this thesis a
voltage source inverter is used as the last stage of the ac drive therefore the generated
currents should be converted into voltages to be given to the voltage source converter as

the reference voltages.

4.2.1 Voltage Decoupler
In this approach the challenge is that current commands cannot be used directly for
controlling the VSI. Therefore, the proper stator voltages V;and Vq*s that will result in

the desired stator currents should be generated by means of a feedback loop. The

following equations shows the relationship between the stator currents and voltages
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o : L, \d .
Vq.v - Rslqs + a)eLsslds + Lss - L”, Elqs (434)
Vo=Ri -l Bl v 9, (4.35)
ds sds e 'ss er qs 'ss dt ds .

It can be seen that the i,and i are inter-related due to the terms @,Li, and

e ss

rr

2
— a)e(Lss —]L—M}’ .« 1n the equations (4.34) and (4.35) respectively. A decoupled controller

can be used to solve the problem, so that 7, and i, can be controlled independently.

The implementation of the voltage decoupler is illustrated in Figure 4-4 . Then
through inverse Park transformation and then with the proper normalization, the

generated voltages can be fed into a sinusoidal PWM unit as reference voltage to control

the three phase VSI.
* + *
i qsﬁ% PI >m > v q‘\‘
- +
i,
idS L.S'S a)e
i f PI SO— v,
i ds
, L; |
l qs (Lss - L_M a)e

Figure 4-4 Voltage decoupler
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4.3 Design goals and simulation based optimal

design

When a control system is designed to drive an induction machine, several objectives must
be fulfilled according to the machine application. For example, this requires proper
selection of the control system parameters as well as values of the inductor and capacitor
in the low pass filter portion of the drive circuitry. This thesis proposes the use of
simulation-based nonlinear optimization as a means to determine the parameters of the
system.

In a drive system, filter elements have a significant impact on final results. Larger
elements provide dc voltage and current with better quality in steady state, but they
degrade the transient performance. Smaller filter elements improve the transient
performance but degrade the steady state response. Therefore, finding the acceptable
values for the filter elements needs trade off between two competing objectives, fast
transient response and low steady state ripple.

Two other important outputs of the drive system are the torque and the speed. As the
output torque and speed of the induction machine are regulated by the controller, the gain
and time constant of the PI controllers in the controller should be carefully selected to
accomplish the objectives. The indirect vector control for this drive system is chosen to
control the speed of the motor. Consequently, it is expected that the control system

follows the changes in the reference speed rapidly and with minimum deviation.
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Furthermore, in order to have a smooth rotation of the motor’s shaft for reducing
mechanical stresses, the electrical torque ripple should be minimized.

As mentioned earlier, because of the nonlinear switching structure of the power
electronic devices in drive system and complicated nature of the control scheme, an
explicit mathematical description of the system is not possible and conventional design
methods are not practical; therefore, using a computer simulation model for designing
such complex power electronic systems is inevitable. Although by trial and error through
several simulations and using engineering judgement, one can acquire the filter elements
and the controller parameters that result in stable performance of the system, obtaining
optimal results that accomplish the desired objectives is still not feasible by this method.
Alternatively a computer simulation model along with nonlinear optimization algorithm
can solve the problem of optimal design of such systems [10]-[12].

In this thesis the drive system is implemented in the PSCAD/EMTDC transient
simulator. Then the nonlinear simplex optimization method is wrapped around the
simulator to intelligently select the parameters. An appropriate objective function, which
represents the design expectations, should be developed. In this objective function the
following factors are considered:

e Deviation of the actual speed form the set value

e Torque ripple

e dc voltage ripple

e Sizesof Land C
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To quantify these aspects of the system performance, the following sub-objective
functions are defined to consider the behaviour of the system under transient and steady

state conditions.

OF, =100 L :
1= S[(w011t - a)rcff') + 100 [m’;[igncz)out - a)ref) (43 6)
2

OF; = J‘T;lec—Ripple (437)
OF=|V_,, (4.38)

Coel HF]

OF, =—%= 1 500L, [mH 4.39

4 5000 dc[ ] ( )

The first sub-objective function expressed in (4.36) calculates the deviation of the
reference speed from the actual speed during the transient and steady state periods. The
torque ripple of the machine is evaluated by the second sub-objective function (4.37).
The third one, expressed in (4.38), calculates the dc link voltage ripple. The sizes of the
low pass filter elements are considered by the last sub-objective function stated in (4.39).
Since all of the sub-objective function should be satisfied simultaneously, they are

combined into one objective function using a linear weighted combination.

OF(G,T;4,Gy T3 G Ty Lyos i )= K OF, + kOB, + k,OF, +kOF,  (4.40)

@’
Selecting a suitable set of weighting factors for sub-objective function is an important
step that can be done by performing several experiments to observe the range of variation
of each sub-objective function, since the value of the sub-objective functions are not in

the same range. Moreover, it requires the prior knowledge about the impact of each sub-
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objective function on the other ones. As mentioned earlier, smaller filter elements
degrade dc voltage and current in steady state. The weighting factors that are obtained for
this sub-objective functions are as follows.

K, =250 K,=2000 K,=1500 K,=1 (4.41)

These values were obtained through an initial round of experiments with the
simulation model. Formal methods such as Pareto optimality to decide the relative weight
of the competing sub-objectives exist, where trade-offs can be accurately assessed and
weights can be assigned accordingly. These methods are discussed in detail in [10] and
may be adopted. Since the objective of this thesis is development of reduced-intensity
simulation models for machine drives, an exhaustive process for selecting the weights has
been avoided to maintain focus on the optimization process and methods to reduce its

computational intensity.

4.4  Simulation case and optimization results

In this project, the PSCAD/EMTDC is used to model the entire system, which consists of
the power electronics drive system (as a means of interfacing the induction machine with
the utility grid) and the controller system. Figure 4-5 illustrates the detailed model of the
drive system with the power electronic switches in the PSCAD/EMTDC along with the

decoupled vector control system. Table 4-1 shows the parameters of the drive system.
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Figure 4-5 Detailed model of the drive system along with the indirect vector controller
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Table 4-1 Drive system parameters

Rated values
Voltage 2300 [V]
Power 500 [hp]
Frequency 60 [Hz]
J 11.06 [Kg.m”’]
Induction motor Ry 0.262
Xis 1.206
Xy 54.02
X 1.206
R, 0.187
Pole 4
Input ac system Voltage 3900 [V]
Frequency 60 [Hz]

In this drive system, the unknown values are six parameters of the control system

Gy, Ty, Gy, Ty,, G,, T,and two parameters of the power circuit L, andC, . The

PSCAD/EMTDC has an optimization tool that uses simplex method with the multi-run
feature to find the optimum set of parameters that result in the smallest value of the
objective function with minimum human interaction.

In order to evaluate the performance of the drive system precisely, the system
operation should be observed during steady state and transient conditions with various
motor loads and a wide range of reference speed in one period of simulation. Therefore,

the motor is operated under the sequence of conditions depicted in Figure 4-6.
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Figure 4-6 Reference speed and load torque variations

After 643 simulations (on a 2.67 GHz, dual core machine) taking 49200.90 seconds
(equivalent to 13 hours and 40 minutes), the optimization algorithm finds the optimum
point with the minimum (local) value for the objective function. To evaluate the system
performance the value of the objective functions after first and the last experiment should
be observed to compare the optimal results with the initial results. Table 4-2 present the

objective function values along with the corresponding sub-objective functions.

Table 4-2 Objective function values before and after optimization

OF,; OF, OF; OF,4 OF;

Initial 0.00043441 | 0.0090903 0.0415532 0.6 189.717

optimum 0.00003808 | 0.0059501 0.0004833 1.105 23.252
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Considering the sub-objective functions in Table 4-2, it can be observed that after
optimization the machine transient and steady state performance is improved
significantly. The speed error is reduced by nearly one-eleventh and the torque ripple is
reduced to approximately half. Initially the size of the filter elements was chosen to be
small, but the optimization showed that by increasing the filter size within a reasonable
range, considerable improvement in the dc voltage quality is achieved leading to
minimization of the torque ripple.

Figure 4-7and Figure 4-8 depict the speed and torque dynamic behaviour of the
induction machine under different conditions of the reference speed and variation of the

load torque after and before the optimization respectively.
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Figure 4-8 Dynamic response of the induction machine before optimization
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Figure 4-9 illustrates the impact of the optimization on the improvement of the dc link

voltage quality.
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Figure 4-9 dc link Voltage

The simulation results show the great performance of this control methodology
during both transients and steady state. Moreover, it was observed that simulation-based
optimal design is a useful method to optimize the cost of power elements while
improving the performance of the system. Although this control methodology meets the
criteria, its sensitivity to machine parameter variations is not desirable. In the next
chapter another class of dynamics-based control techniques that overcome this problem is

introduced.
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Chapter 5

Direct Torque Control Induction Motor Drives

The underlying idea of direct torque control (DTC) of an induction motor is to control
both the stator flux and the electromagnetic torque of the machine directly and
simultaneously. In this method the stator currents and voltages are controlled indirectly.
Both torque and flux of a DTC-based drive are controlled by means of a closed-loop
system without using current loops. Moreover, in direct torque control based drives, the
concept of the coordinate transformation between stationary reference frame and
synchronous reference frame is eliminated in comparison with the vector-controlled
drives [34]-[41].

To implement DTC based drives, the stator flux vector and electric torque of the
machine need to be estimated precisely. The only machine parameter that is required for
stator flux estimation is stator resistance; torque equation does not involve machine
parameters for its calculation. Consequently, the sensitivity to parameter variation is
significantly reduced in this method [32], [42].

Three methodologies have been employed for implementing DTC drives: (1) the

switching table (ST), which is also known as the conventional DTC, (2) the direct self
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control (DSC), and (3) the constant switching frequency schemes. ST and DSC regulators
are of the hysteresis type [34]-[36], whereas in constant switching schemes digitally
implemented analog controllers such as PI controllers are used [42].

In conventional DTC drives the inverter switching states are chosen through a
switching table. Since neither current controller nor pulse-width modulation (PWM)
modulator is required in this method fast torque response can be achieved. Despite the
excellent torque dynamics, this approach is accompanied by some disadvantages [34]-
[37].

The main issue is that the inverter switching frequency is not constant for this
hysteresis-based DTC scheme. In digital implementation of hysteresis controllers, high
sampling frequency for the calculation of torque and flux is required in order to provide
good tracking performance and limit the errors of torque and flux within the specified
bands, respectively. The inverter switching frequency, which varies with speed of drives
and the related error bands, is low in comparison with the system sampling frequency.
Furthermore, during starting and low-speed operation the conventional DTC scheme
repeatedly selects the zero voltage vectors resulting in flux level reduction owing to the
stator resistance drop that results in an undesirable performance.

All the above difficulties can be eliminated when, instead of switching table, a
voltage pulse-width modulator is used. Mainly, the constant switching frequencies DTC
schemes can be implemented by means of closed loop systems with PI, predictive/dead-
beat or neuro-fuzzy controllers [42]. The controllers calculate the required stator voltage
vector, averaged over a sampling period. The voltage is finally synthesized by a PWM

technique.
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In this chapter, it is intended to present the implementation of the DTC scheme operating

at the constant switching frequency for an induction motor.

5.1  Principles of DTC

As it was discussed in field oriented control schemes, the electromagnetic torque in a
three phase induction machine is controlled by the g-axis stator current, in the
synchronous reference frame, as expressed in (1.5):

LL
“T22L v 22

_Mﬂl . . 5
L i, sin (5.1

where P is the number of the poles and & is the torque angle shown in Figure 5-1, where

A. and l_s are the rotor flux and stator current respectively, fixed to the stationary

s

reference frame [39] [42].

-

e~

7

»

Figure 5-1 Rotor flux and stator current vectors

In the case of voltage source PWM inverter fed induction machine drives, however,
not only the stator current but also the stator flux may be used as torque control quantity.

In other words (5.1) can be modified to
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3P L .
I=—+-—™MM_221 o
e 2 2 L L _Lz s Sln( /1) (52)

rress M

0, is the torque angle shown in Figure 5-3. Form the point of view of torque production
it is the relative motion of the two vectors that is important, for they form the torque
angle O,that determines the instantaneous motor torque. Suppose that the rotor flux
moves slowly in counter clockwise direction. Provided that the stator flux magnitude is
kept constant, then the electromagnetic torque control can adjusted by changing the angle
0,. The way to impose and maintain the required stator flux is via choosing the most
suitable voltage source inverter state. For a two-level VSI, the inverter output voltage
constitutes six active voltage vectors and two different kinds of zero voltage vectors as
shown in Figure 5-2 .

a) b)
V3(010) Vg(]l())

RO
1 1 1
Ve v,(011) - v2(1D - v, (100)

vy (000)

0 [ 0( 0 I \
Val Vs| Ve v5(001) vs(101)

Figure 5-2 a) Simplified diagram of two-level VSI, b) representation of output voltage vectors.

As shown in Figure 5-3, assume that the rotor flux A moves slowly in the counter-

clockwise direction. In this case, forward switching of the active voltage vector causes a
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rapid movement of A, away from 4, and, therefore the motor torque increases because of

the increased torque angle &, [38], [42].

. . Stop with Zero Vector
Moment with Active

Switching
forward vector .
9 A Switching
\ Moment with Active
2 Backward vector
s Switching

Figure 5-3 Stator flux vector movement relative to rotor flux vector under the influence of active and zero

voltage vectors

A significant step to implement high performance DTC-based drives for ac machines
is to estimate the stator flux and electric torque properly. To do this the motor model

described in the stationary reference frame fixed to the stator can be used.

5.2 Stator Flux Estimation

In the stationary reference frame fixed to the stator, the stator flux is given by

A =J (vsq —Rsisq)dt

(5.3)
ﬂ'sd = .[ (vsd B Rsisd )dt
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To estimate the motor flux, using an integrator is not suitable due to the following
reasons. A pure integrator has drift and saturation problems by initial conditions and the
dc offset. The initial value problem related to the pure integrator can change the result
significantly. For instance, when the input signal of the integrator is a sine waveform, a
cosine wave is expected as its output. But this is true only when the input sine wave is
applied at its positive or negative peak. Otherwise, a constant dc offset will appear at the
output. This offset, representing a constant dc flux in a motor, does not exist during motor
normal operation. The measured motor back emf practically has a dc component that
regardless of its value results in the saturation of the pure integrator. Moreover, during
the transient operation of the motor when there is rapid change in the integrator input, a
dc offset can be generated [43].

To eliminate this problem, a general solution is to employ a first order low pass (LP)
filter instead of a pure integrator. Although the filter overcomes the drift and offset
problems of the integrator, it produces magnitude and phase angle errors during the motor
operation at a frequency lower than the filter cut-off frequency. Therefore, motor drives
using LP filters as a flux estimator usually have a limited speed range.

There are several proposed modified integrators to solve the problem of LP filter

[43]-[45]. Generally, the transfer function of these integrators can be stated as

1 @,
s+, s+,

where X is the input signal and Z is a compensation signal. The performance of these
modified integrators is tightly dependent on the compensation signal. Equation (5.4)

implies that if no compensation is assumed for this system, the modified integrator



5. Direct Torgque Control Induction Motor Drives

65

performs as a first order low-pass filter, which is usually adopted to replace the pure
integrator in practice. On the other hand, if the output signal is considered to be the

compensation signal (y =z) the modified integrator performs the same function as a

pure integrator.

Consequently by designing the compensator properly, the modified integrator can be
practical for implementation of ac drives operating over a wide range of speed
eliminating the problems associated with pure integrator or LP filters. In this research a
modified integrator with an adaptive compensation is employed to estimate the flux
precisely over a wide range of speed [43]. The performance of this modified integrator
along with the adaptive controller is explained in detail as follows. Figure 5-4 illustrates

the block diagram of the algorithm.

Quadrature detector

A, -emf + A, -emf,

A A
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Figure 5-4 Modified integrator with adaptive compensation for flux estimation

In this method the underlying idea is that the motor flux is orthogonal to its back emf.

Therefore by means of a quadrature detector the orthogonality between estimated flux
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and back emf is detected as explained next. Then by means of a PI controller the
appropriate compensation level is generated for the modified integrator to essentially

eliminate the initial value and dc drift problems.

The estimated flux A consists of the feed-forward vector A, (the output of the low-
pass filters A,andZ, ) and the feedback vector 4,(4,,and4,,). During normal
operation, the flux vector A should be orthogonal to the back emf vector, thus the output
of the quadrature detector is zero. However when an initial value or dc drift is fed into the

integrator, the stator flux A is not orthogonal to the back emf anymore, then an error

signal is generated. Figure 5-5 demonstrates this condition.

Ae = Aemf /|| = (A, .emf, + A,.emf,)/|A| = |emf|cos y (5.5)

emf

Figure 5-5 Vector diagram showing relationship between flux and emf
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In this estimation method, if due to a dc offset or initial condition problem the value
of the 4, increases to A, , the angle between the estimated flux A and back emf is greater
than 90°. Accordingly the quadrature detector will generate a negative error signal,

Ae = |emf| cosy which results in reduction of the PI controller output and so the feedback

vector. Consequently the estimated flux A moves to the position of the 90° from back

emf. Moreover, if the angle yreduces to less than 90° the opposite procedure leads to »
brought back to 90°.

Now by estimating 4, and 4, the magnitude and the position of the stator flux can

be obtained by (5.6).

(5.6)

5.3  Electrical Torque Estimation

Once the stator flux is estimated properly, the torque can be obtained simply by the
machine dynamic equations using stator flux and measured stator current in stationary
reference frame fixed to the stator [5]. The electric torque expression that has been
obtained in section 2.4 can be used here to calculate the actual torque of the induction

machine

T =%—(/1 i =2 (5.7)

ds”qs q.
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where 4, ,4, , i;and i, are the dq-axis component of the stator flux and current in

stationary reference frame fixed to the stator respectively. Figure 5-6 shows the block

diagram for torque estimation

Figure 5-6 Block diagram of torque estimation

5.4  Conventional Direct torque control

The block diagram of the conventional switching table DTC scheme is depicted in Figure
5-7.

NN
DC Source

Inverter { \ { \ @zo
WAW,
A\
Flux Controller

Vector
Selection
Torque Controller

Table
(N jJI d;

D,

Flux and
A Torque
estimator

Figure 5-7 Block diagram of the conventional switching table DTC scheme
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In this scheme the inverter switching states are determined by torque and flux errors

and the position of the stator flux, which is denoted by ¢, . The torque and flux references

are compared with the actual values in hysteresis flux and torque controllers respectively.
The flux controller is a two level comparator whereas the torque controller is a three level
comparator as will be explained later [38], [42].

As mentioned earlier, there are six active voltage vectors and two different kinds of
zero voltage vectors available through a two-level voltage source inverter. Figure 5-8
depicts the possible dynamic zones of the stator flux along with the different possible
switching vectors. The possible global zone 1s divided into six different sectors showed

by discontinuous line.

! ~
Sector 3 | Sector 2
!

Sector 1

Sector 4 -

Sector 5 Sector 6

Figure 5-8 Stator flux vector zoness and possible switching voltage vectors

To explain the switching strategy of the conventional DTC, for simplicity the ohmic
drops are neglected, then the stator voltage impacts directly the stator flux in accordance

with the following equation, driven from (5.3):

= =ys or AL =v, - At (5.8)
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Decoupled control of the stator flux modulus and torque is achieved by acting on the
radial and tangential components respectively of the stator flux linkage space vector in its
zone. These two components are directly proportional to the component of the same
voltage space vector in the same directions. Figure 5-9 depicts different torque and flux
variations depending on the VSI states. In this example the flux vector is assumed to be
between — 7 /6 and x /6. States 2 and 3 cause current in quadrature with the stator flux
and therefore increase the torque. Similarly, states 5 and 6 cause the torque to decrease.
In addition states 2 and 6 cause the flux magnitude to increase and states 3 and 5 decrease

the flux magnitude.
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Figure 5-9 Stator flux vector zones, FD: flux decrease, FI: flux increase,

TD: torque decrease, TI: torque increace

In accordance with Figure 5-9 the general Table 5-1 can be written. It can be seen

from Table 5-1 that the states ¥, and V,; are not considered in the torque because they

can both increase (first 30 degree) or decrease (second 30 degree) the torque at the same

sector depending on the stator flux position [46].
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Table 5-1 General selection table for DTC, &: sector number

Increase Decrease
Stator Flux
Vi s Vit » Via Vir2 > Vie2> Vias
Torque
q Vis> Vir2 Vi Vi

Now the digitalized variables and the stator flux sector obtained from the angular
position, create a digital word that determines the switching commands. The switching

commands are listed in Table 5-2 [42], [46], [47].

Table 5-2 Switching table for the conventional DTC of induction motor drives

#Sector

d.d Sector 1 Sector 2 | Sector 3 | Sector4 | Sector 5 | Sector 6
187

d, =1 Vv, A A Vs Ve v,
d, =1

d, =0 Vo v, Vo v, Vo v,

d, =-1 Vg v, Vv, Vv, v, Vs

d, =1 Vv, v, Vs Vg 12 v,
d,=-1 =0

T = V; Vo V; Vo V; Vo
d, =-1 Vs Ve 12 v, Vv, Vv,

5.5 Constant Switching Frequency DTC-Based

Drives

This control scheme relies on a simplified transformation of the stator voltage
components in the stator flux oriented coordinates. In this reference frame the g-axis

stator flux will be zero then the electric torque is expressed as
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3P
Te =55ﬂ’sisq (59)

Therefore, the dg-axis components of the voltage equation can be modified as (5.10)
[48]-[50].
Vsd :Rsisd +Sﬂ’s zSﬂ’s

(5.10)
V. = Rsis,, +o,A =KT +w,,

sq

where K| is
K =—— (5.11)

As previously stated, the main concept of the direct torque control is to regulate the

torque and the magnitude of the flux directly by selecting the proper switching states. The

above equations show that the component ¥, has influence only on the change of stator

flux magnitude; the component ¥ can be used for torque adjustment, if the term @, 4 is

decoupled. In this scheme, two PI controllers are applied to control both the torque and
the magnitude of the flux, by generating the voltage command for inverter control.
Therefore the dg-axis components of the reference voltage vector in the mentioned

reference frame are

Vi =(Kpy + Ky 15W2 - 4,)
(5.12)
V:, = (KPT + K /S)(]j _T)"' A,

where K,,and K, are the proportional gain and integration time constant of stator flux

and K, and K, are the proportional gain and integration time constant of torque
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controller. Figure 5-10 shows the block diagram of this control scheme. As it can be seen

form (5.12) a decoupling mechanism is required for the g-axis component of the stator

DC Source { } { } >>: :
Inverter

ff <[ ]

voltage [42], [48]-[50].

Flux Controller

* *
A—%Qﬁ PI Ve ,
- Inverse

* Park by SPWM
gs_| Transform v,

T:_ PI I
- + 2

Flux and
A Torque
estimator

Torque Controller v

Figure 5-10 Direct Torque Control scheme

5.6 Design Goals and Simulation Based Optimal

Result

As mentioned in Chapter 4, the torque and speed of an electric motor are two quantities
that should be tightly controlled. On the other hand, designing the LC low pass filter for
the dc link that provides fast transient response as well as low steady state ripple is
another significant step. Therefore to achieve the optimal performance of the DTC-based
drive systems, the controller parameters along with the low pass filter elements should be
designed properly to fulfill the design objectives. Due to the nonlinear nature of the

power electronic devices and complexity of the DTC-based drive systems a computer
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simulation model along with an optimization algorithm can be employed to design such
systems.

To optimize the performance of the system under transient and steady state
conditions, an objective function that is consist of sub-objective functions should be
developed to describe the design objectives. Similar to indirect vector control drive case
described in section 4.3, the design objectives are

¢ Minimizing deviation of the actual speed form the set value

e Minimizing the torque ripples

e Minimizing dc voltage ripple

e Cost factor for the size of L and C for the dc link
Therefore (5.13) expresses the objective function designed for this DTC-base drive
system.

OF (Gyys T4+ Gyys Ty G Ty o Lo Cy )= K,OF, + k,OF, + k,OF, + k,OF, (5.13)

where the sub-objective functions are

2
OF IOOJ‘( a,,~ ref) +100tran‘[lgmom ref) (514)
OF J. elec—Ripple (515)
2

OF, = Vd e (5.16)

C.luF]
OF, = —4&—_2 1 500L , [mH 5.17
‘75000 aclmH] G0

(5.14) states that first objective function calculates the deviation of the reference speed

from the reference speed during the transient and steady state periods. The second sub-
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objective function in (5.15) represents the torque ripples of the machine. The third one,
expressed in (5.16), considers the quality of the dc link voltage, whereas the last one
(5.17) is to consider the size of the LC low pass filter for the dc link.

As mentioned in Chapter 4, through observing several experiments the weighting
factors are obtained based on the range of the variation of the corresponding sub-

objective function. These weighting factors are expressed below.

K, =200 K,=1500 K,=1500 K, =1 (5.18)

5.7 Simulation Case and Optimization Results

To model the constant switching frequency DTC-based drive system the PSCAD/
EMTDC is employed. The detailed model of the power electronic drive along with Direct
Torque Control system is illustrated in Figure 5-11. In this DTC-base drive simulation
case, the system parameters are selected the same as the vector control drive system listed
in Table 4-1.

As it can be seen in Figure 5-11, there are three PI controllers in this drive system to
regulate the speed, torque and stator flux linkages of the induction machine. The values
of the gain and time constant of these PI controllers are unknown. Moreover the low-pass
filter elements in the power circuit are not determined. As explained before,
PSCAD/EMTDC has an optimization tool that uses simplex method with the multi-run
feature to find the optimum set of parameters that result in the small value of the

objective function.
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Figure 5-11 Detailed model of the drive system along with the Direct Torque Control controller
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In this controller system, the flux should be estimated precisely in a wide range of
speed by using the modified integrator with an adaptive compensation. In order to verify
the performance of the controller system, the dynamic response of the induction machine
should be observed during steady state and transient conditions with various motor loads
in wide range of reference speed. Therefore, in this study the motor is operating under the

sequence of conditions depicted in Figure 5-12.
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Figure 5-12 Reference speed and load torque variations

To find the optimum point with the minimum value of the objective function, 533
simulations were run (on a 2.67 GHz, dual core machine) and took over 30648.00
seconds (8 hours and 30 minutes). In order to compare the system performance after and
before the optimization the objective function values along with the corresponding sub-

objective functions are listed in Table 5-3.
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Table 5-3 Objective function values before and after optimization

OF; OF, OF; OF4 OF;
Initial 0.0002547 0.012057 0.060976 0.6 148.84
Optimum 0.0000532 0.007573 0.000473 1.5 26.96

Considering sub-objective functions related to torque ripple and speed error before

after and before the optimization, it can be observed that the dynamic behaviour of the

induction machine is improved significantly. Figure 5-13 and Figure 5-14 show the speed

and torque response of the induction machine under different conditions of load torque in

a wide range of speed before and after the optimization respectively.

As an initial value for optimization algorithm, the size of the filter elements was

chosen to be small, but the optimization showed that by increasing the filter size within

an acceptable range, marked improvement in the dc voltage quality is achieved, which

leads to minimize the torque ripple. In Figure 5-15, the impact of optimization on

improvement of dc voltage can be observed
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Figure 5-13 Dynamic response of the induction machine before optimization

(a) Torque Variations (b) Rotor Speed
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Figure 5-14 Dynamic response of the induction machine after optimization

(a) Torque Variations (b) Rotor Speed
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In this chapter, similar to the indirect vector control drive, the simulation results show
the superior performance of the drive system during both transients and steady state.
Although the simulation based optimal design requires minimum human interaction to
improve the performance of the system, lengthy simulation runs with small time step
result in a prolonged design cycle to obtain the optimal set of parameters. Reduced
intensity computer models of the fast acting switches of the drive system are possible

solutions that will be presented in the next chapter.
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Chapter 6

Reduced Intensity Computer Modeling of

Power Electronic Inverters

With growing complexity of power electric drive systems and with the extension of using
fast acting power electronic controllers in power systems, employing a computer
simulation model to design and verify such systems is inevitable. PSCAD/EMTDC is a
powerful transient simulator that enables users to implement detailed models of power
electronic components and modules (where the switching of all power electronic switches
is taken into account).

However using the detailed switching models usually requires extensive computing
process, and subsequently an excessive amount of time is consumed. This is because the
simulation time step for power switching devices must be chosen to be small (typically in
microseconds, and the transient of the system often last for hundreds of milliseconds.

Furthermore, the switching action of power electronic devices causes the system to be
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discontinuous and nonlinear, which prohibits applying classical control methods for
system design and analysis.

A major difference between the simulation of the transient performance of a drive
system and that of a typical power system is that a drive system exhibits longer transients
due to its mechanical subsystems that have larger time constants. On the other hand, the
VSI is operating with a high switching frequency that requires a small simulation time
step to achieve reasonable results. Note that the simulation-based optimal design
procedure is a repetitive process involving a large number of time-consuming
simulations. With a more intensive and longer simulation, it is expected that the
simulation-based design of a drive system be massively time consuming and require
extensive computing resources. It is therefore imperative to develop methods to expedite
the design process.

Marked improvements in simulation intensity are obtained by developing
computationally simplified models of the high frequency power electronic converters
used in a drive system. In this chapter, equivalent circuits will be developed to remove
the time-consuming switching events in the converter simulation while retaining
simulation accuracy. Models based on controlled voltage and current sources are shown
to be suitable solutions. In this section two sets of models are presented. One is based on
the mathematical model of the power electronic system without using the switches, and

the other is a dynamic average model.
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6.1 Dynamic Average Model of a VSI

Dynamic average modeling of the high frequency power electronic converters is a
practical method for reducing their simulation intensity and leads to decreasing the
simulation time. In system-level studies, the exact behaviour of the power switching
devices is not always a concern, which allows the possibility of using the average model
for many simulation cases [51], [52].

Most power electronic converters are linear time-invariant (LTI) circuits for every
switching configuration. Averaging different circuit topologies within one switching
period T can be applied to remove the high frequency switching events of the circuit.
Therefore it can be considered as the first step to eliminate higher order harmonics in the
waveforms. The average model replaces the discontinuous switching cells with a
continuous system, which forms the basis for developing a small-signal model.
Furthermore, the time step used in simulation of average model is significantly less than
the appropriate time step for simulation of the switching model, because there is no
switching action any longer [51].

Detailed analysis of the switching cells and accurate averaging of the converter

waveforms are required to obtain the average value model of the system.

6.1.1 Average model of a two-level voltage source inverter

The detailed model of a two level three phase inverter with power electronic switches is

shown in Figure 6-1.
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The switching states of the VSI are generated by the SPWM technique. As explained
in Chapter 3, in this method the waveform generation is based on comparison of a
fundamental frequency sinusoidal reference with a high-frequency triangular carrier
waveform. Figure 6-2 represents the triangular wave, the phase-a reference waveform,
and the resulting line-to-ground voltage of phase-a. In this figure, the reference waveform
of phase-a is shown as a constant value, even if it is in fact sinusoidal. This is because the
triangle waveform is considered to be of a much higher switching frequency than the
reference waveform. As such the slowly-varying sine wave may be approximated with a

constant amplitude within the short period of the carrier waveform.

1-
m, /\\
_/_\\__T__/__i____7ﬁ\_t
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Figure 6-2 Operation of the SPWM Scheme
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For the purpose of system analysis, the dynamic average value over the switching
period can be used instead of the instantaneous value of the current and voltage. This
average function is sometimes referred to as the moving average or fast average.

Assuming that 7 is the switching period, this function can be written as [18]
t=1[ x0)-d 6.1
x—?J;_Tx(t)- t (6.1)

where x(f) is the state variable that can be voltage W(f)or current i(f). Form Figure 6-2

and (6.1) the dynamic average function of the phase-a output voltages (v, ) can be driven

as follows.
_ V.
v o =—%m 6.2
an 2 a ( )
Similarly it can be shown that,
_ V.
Vbn =& mb (63)
2
_ ",
V,=—m 6.4
=, (64

where v, and v, are the average value of the phase-b and phase-c voltages,
respectively. m,, m, and m,_are the sinusoidal reference waveforms that have the same
magnitude with 120° phase shift to generate symmetrical three phase output.
m, = mcos(@c)
m, =mcos(@, —27/3) (6.5)

m, =mcos(6, +27/3)
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In the above equations 6.is the converter voltage angle and m is the modulation

index. The output phase voltages can be obtained by substituting the reference waveform

equations into the voltage equations as follows [18].

_ V.m 2r
Vv, = "Tcos (6?6 ——j (6.6)

Due to high efficiency of the power electric converters in many applications, the
conduction losses can be neglected in analysis of the transient behavior of the power
electric converters. By applying the energy conversion principle to the converter cell
(assuming an ideal converter) the power on the dc link is equal to the ac side power [51].

B =P,
. (6.7)
Vie Lo = 0s(@)

In (6.7) ¢ is the power factor angle, and v, and i 4, are the dq-axis components of
the stator voltage and current in arbitrary reference frame, respectively. In this case the
reference frame in which the d-axis component of the voltage is equal to zero is chosen to
simplify the analysis. Therefore the dg-axis components of the phase voltages in this

reference frame are as follows.
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= dem
(6.8)
v,=0
Substituting (6.8) in (6.7), the dc link current can be expressed as follows.
3 0
I, = Zm”quucos(@ (6.9)

The resulting dynamic average model of the VSI is shown in Figure 6-3.

VSI Dynamic Average Model
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7 m cos( @) “he
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Figure 6-3 Average-value model for the voltage source inverter with SPWM

6.1.2 Average Model Examples

In Chapters 4 and 5 two drive cases were modeled in detail considering the switching of
all power electronic switches. To validate the accuracy and to demonstrate the benefits of
the VSI dynamic average model in power electronic drive applications, these examples
are considered to be examined with average model.

In these drive systems the voltage source inverter is a part of the power electronic
system that connects the dc link to the induction machine. The switching frequency of

this converter is 10 kHz and the circuit topology changes within every switching period.
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Therefore it requires that the simulation time step be chosen small (approximately 10 ps
for detail model of the example cases) to obtain accurate simulation results. Since there is
no longer any switching event in the average model, accurate result (from an average
standpoint) can be obtained even with much larger time steps. Tables and graphs in this
section demonstrate that the average model can save a significant amount of time for
simulation of such systems.

In vector control and DTC drive systems, the dg-axis component of the reference
voltage is generated by the associated controller system and it is transformed to phase
voltages through inverse park transformation. Then the generated voltages with the
proper normalization is fed into a sinusoidal PWM unit as reference voltage to control the
three phase VSI.

In average model, the ac side voltage is calculated by equation (6.6) and it is fed into
the stator winding by dependent voltage sources. Then the stator phase currents, which
are obtained by the machine model, are employed to calculate the dc link current (using
(6.9)) and then will be injected to the dc link by a dependent current source. The
simulation results for both drive cases are described below.

a) Example 1: Indirect vector control drive system
Figure 6-4 shows the simulation results of the detailed model along with the average
model for a simulation time step of 10 ps. To verify the accuracy of the results for larger
time steps in the average model, this model is simulated with the time step of 50 us as
well. The simulation results in this case are shown in Figure 6-5. Note that for the
average model the simulation time step has to be small enough to accurately model the

response of the controller system.
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Figure 6-4 Dynamic response of the vector control drive system for detailed and average model,

time step= 10 ps, (a) Torque variations, (b) Rotor speed.
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Figure 6-5 Dynamic response of the vector control drive system for detailed and average model,

time step= 50 ps, (a) Torque variations, (b) Rotor speed.
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Table 6-1 compares the simulation time of detailed model and average model with
different time steps. It can be observed that using the average value model reduces the
simulation time by approximately 70 percent when the simulation time step is the same as
detailed model. Furthermore, increasing the simulation time step while the accuracy of
the average waveforms are maintained results in a significant improvement in simulation

time (approximately one tenth).

Table 6-1 Average and detailed model simulation time for vector control drive system

Time Step Simulation Time
Detailed Model 10 us 83.9s
10 pus 23.6s
Average Model "
50 us 79s

b) Example 2: Direct torque control drive system
The second example case to verify the average model is the direct torque control drive
system for an induction machine. Similar to vector control drive case, in this example the
simulation results of the average model with different time steps are presented.
Figure 6-6 and Figure 6-7 show the torque and speed response of the machine with
simulation time step of 10 ps and 50 ps respectively. As shown in these figures, the

results of the average model for both simulations are essentially the same.
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Figure 6-6 Dynamic response of DTC drive system for detailed and average model,

time step= 10 ps, (a) Torque variations, (b) Rotor speed.
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Figure 6-7 Dynamic response of DTC drive system for detailed and average model,

time step= 50 ps, (a) Torque variations, (b) Rotor speed.
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The simulation time for average and detailed model are listed in Table 6-2. Similar to
example 1, it reveals that the average model offers significant saving in simulation time

without loss of accuracy.

Table 6-2 Average and detailed model simulation time for DTC drive system

Time Step Simulation Time
Detailed Model 10 ps 58.3s
10 18.9s
Average Model HS
50 us 6.1s

6.2 Mathematical Model of a VSI

PSCAD/EMTDC is a nodal analysis based software package [53], [54]. The underlying
solution approach is based on discretizing the differential equations for each circuit
component using an explicit trapezoidal rule for integration. The network nodal equation
has the following general form.

GV, =1, (6.10)
where, G is the network nodal construction matrix, and the vector /, includes the history

current sources and independent sources injected to the nodes. The unknown parameters

are nodal voltages V, that are calculated by solving (6.10) at every time step.

The time step in the EMTDC solution is fixed. Therefore for a specific simulation
case, the time step should be chosen small enough so that the network topological
changes do not happen inside a time step. At every time step, the network variables are

computed to perform the test for the changes in topology. If a change in topology at a
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given time step is detected (turning on or off of the power electronic switches) the system
is updated for the new topology and is solved again.

As stated earlier, the switching frequency of the VSIs considered in this thesis is 10
kHz and the circuit topology changes within every switching period. Therefore the
network nodal construction matrix should be recalculated and inversed at all the
switching events. Consequently the simulation of such system requires excessive
computations that results in a longer simulation time. Another efficient solution for this
problem is to replace the VSI switching circuit with its mathematical model. To develop
this model, the VSI is assumed as a block box, and for each operating point, the
relationship between the input and output should be calculated.

First the relationship between the output ac voltage and the switching function should
be obtained. In two-level voltage source inverters, each output phase voltage is either
0.5V, or —0.5V,. , depending on whether the upper or lower switches are conducting. As
mentioned in Chapter 3, since the upper and lower switches cannot turn on/off

simultaneously, the switching states of the upper and lower switches in each leg are

complementary. Therefore the phase voltages can be summarized as follows.

Vi oo =\ _V
y, =l (s 5 )=t (25 —1
an 2 (a a) 2 ( a )
v, .V,
Vi =5 (85, = 5,) =24 (25, = 1) (6.11)
2 2
Vi oo = _ Ve
v =t (g —5)=—2% (25 —1
cn 2 (( c) 2 ( c )
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where v, , v,, and v, are the terminal phase a, b and c voltages, and the s,, s, and s,

are the upper legs switching states of the related phase respectively. Due to high
efficiency of power electronic converters in many power applications, the dc line current
can be derived using the principle of conversion of the energy. Assuming an ideal

converter, the three phase power is equal to the dc side power.

E () =F, (1)
(6.12)
Ric (t) = Vdc 'Idc

Therefore the dc link current can be obtained by dividing the instantaneous ac power by

the dc voltage. The developed mathematical model is shown in Figure 6-8.

VSI Mathematical Model
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Figure 6-8 Mathematical model of two-level three-phase Voltage Source Inverter

6.2.1 Mathematical Model Examples

Using this VSI model instead of the detailed model in vector control and DTC drive
systems demonstrates the reduction in the simulation intensity and accordingly the

simulation time. Note that in this case the simulation time step should be the same as the
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detailed model, since the switching function with frequency of 10 kHz is used to
calculate the terminal voltages and the simulation results is desired to be the same as
detailed model. The simulation results for both drive cases are as follows. Since the
mathematical model is developed assuming the converter is lossless, the small difference
between the simulation results of detailed and mathematical model is expected to be
observed.
a) Example 1:Indirect vector control drive system

Figure 6-9 shows the speed and torque of the induction machine with detailed and
mathematical model of VSI. To compare the simulation time for detailed and
mathematical models Table 6-3 is presented. It can be observed that using the
mathematical model results in simulation time saving of approximately 70 percent while

the results are the same.

Table 6-3 Mathematical and detailed model simulation time for vector control drive system

Simulation Time

Detailed Model 839s

Mathematical Model 2749 s
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Figure 6-9 Dynamic response of vector control drive system for detailed and mathematical model,

To have a more precise observation the simulation results of the torque, ac current

(a) Torque variations, (b) Rotor speed.

and dc voltage in a small time interval are presented in Figure 6-10.
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Figure 6-10 Dynamic response of the vector control drive system for detailed and mathematical model,

(a) Torque variations, (b) ac current, (c) dc voltage.
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b) Example 2: Direct torque control drive system

The simulation results of torque and speed of the induction machine for detailed and

mathematical model of VSI is shown in Figure 6-11.
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Figure 6-11 Dynamic response of DTC drive system for detailed and mathematical model

(a)Torque variations (b) Rotor speed
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The torque, ac current and dc voltage in a small time interval are shown in Figure 6-12.
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Figure 6-12 Dynamic response of DTC drive system for detailed and mathematical model

(a) Torque variations, (b) ac current, (c) dc voltage.
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To compare the simulation time of the detailed and mathematical model Table 6-4 is

presented and similar to example 1 the simulation time is reduced by approximately 70

percent.

Table 6-4 Mathematical and detailed model simulation time for DTC drive system

Simulation Time

Detailed Model

583s

Mathematical Model

19.5s

In this chapter the procedure for developing reduced intensity computer models

including average value model and mathematical model were described. The simulation

time tables show that regardless of the control methodologies these models are capable of

reducing simulation intensity and time significantly.
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Chapter 7

Conclusions and Future Directions

At the first stage of this thesis simulation based optimal designs for two high performance
induction machine drive systems based on vector and direct torque control methodologies
were developed. Then the average value model and the proposed mathematical model of
the power electronic inverters were introduced to reduce the computational intensity of
the network in order to reduce the simulation time. The aim of this chapter is to highlight

the findings of the thesis and state directions along which this work can be extended.

7.1  Thesis Conclusions and Contributions

The main conclusions and contributions of this research are highlighted as follows:

1. This thesis has reviewed the dynamic and steady state model of induction
machine and expressed the time independent equations of the voltage,
current, and torque equations in the dq0 reference frame using Park’s
transformation. Then a highly used ac drive circuit is introduced and three

stages in conversion process are explained.
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2. The principles of high performance drive control methodologies, vector
control and direct torque control, which are based on the dynamic model of
machine, are studied thoroughly.

3. Considering the advantages and disadvantages of different categories of each
control strategies, simulation based design using PSCAD/EMTDC is done
for indirect vector control and constant switching direct torque control of an
induction machine. In order to perform the optimal design, the objective
function, which represents the design expectation, was developed. The
objectives that were supposed to be fulfilled in this research were stated as
sub objective functions including:

1. Minimizing the deviation of the motor speed from the set value
1.  Minimizing the torque ripple to have a smooth rotation of the shaft
and reduce the mechanical stresses
1.  Improve the quality of the dc link voltage while considering the
size of filter elements
PSCAD/EMTDC optimization tool (that uses simplex method) along with
the multi-run feature was employed to find the optimum set of system
parameters that result in the minimum value of objective function.

4. The value of the objective functions after and before the optimization in
Table 4-2 demonstrate the improvement of the indirect vector controlled
drive system performance during the transient and steady state operations.
The speed error is reduced by nearly one-eleventh and the torque ripple is

reduced approximately by half. At first the size of the filter elements was
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chosen to be small, but the optimization showed that by increasing the Filter
size within the acceptable range, the improvement in the dc voltage quality is
considerable and this leads to reduce the torque ripple significantly.

5. Likewise, the improvement in constant switching DTC drive system
performance can be observed by considering the value of objective functions
before and after the optimization presented in Table 5-3.

6. Although the simulation base optimal design is a design method with
minimum human interaction, it is a repetitive process of long time simulation
runs that should be carrying with a small simulation time step. Moreover, the
design expert should have several trial and error based simulation runs to
obtain the initial set of parameters as well as the weight for sub objective
functions which is also time consuming. In this research, it has been
observed that the optimum point of minimum value of objective function in
indirect vector control is found after 643 simulation runs taking 49200.90
seconds, and in case of direct torque control after 553 simulation run within
30648.00 seconds.

7. To overcome the challenge stated in part 6, reduced intensity computer
models, including average value and mathematical models of power
electronic inverters has been introduced as the solutions. The benefits of each
model are explained as follows.

1. In system-level study, the average value model can be used when
the exact behaviour of the power switching devices is not a concern.

Since the dynamic average value of the currents and voltages are



7. Conclusions and Future Directions 107

7.2

il.

used instead of their instantaneous values in this method, higher
order harmonics are eliminated and the time step can be chosen
significantly less than the detailed model simulation case. Table 6-1
and Table 6-2 compare the average and detailed model simulation
time for vector control and direct torque control respectively. It can
be observed that using average model can reduce the simulation
time by approximately one tenth.

The mathematical model is based on the relationship between the
input and output quantities of the power electronic inverter. In this
case, to have accurate results the simulation time step cannot be less
than the detailed model simulation case, since the output voltage is a
function of the switching actions. Therefore it is more time
consuming than the average model but provides the same results as
the detailed model. Table 6-3 and Table 6-4 shows that the
simulation time is reduced by approximately one third using
mathematical model for vector control and direct torque control

respectively.

Recommendations for Future work

Two related areas that can be considered as the possible expansion of this research is:

1.

In order to optimize the performance of these systems, simplex method has been

used in this research. This method and other conventional nonlinear optimization
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algorithms offered by EMTDC provide a locally minimum of the objective
function as the optimal solution. However it is preferable to detect and have
access to all local minimum values of the objective function and subsequently the
global minimum solution. The reason is that although the global optimum
provides a superior performance of the system, for practical implementation of
such systems, an optimal solution with less sensitivity to different operating
conditions is desirable whether it is a local or global minimum.

There has been proposed algorithm [22] that can be used for this purpose. The
problem is that in case of advanced drive systems that there are so many unknown
parameters, due to limitation of maximum simulation run using multiple-run
feature in PSCAD/EMTDC, it is not feasible to employing this algorithm for
obtaining all the local and global minimum solutions.

2. Another potential solution that can be considered to reduce the computational
intensity of simulation-based optimal design of drive systems is to develop
accelerated optimization techniques. A low-intensity optimization algorithm will
require a smaller number of computer simulations before it arrives at an optimal
solution. A number of alternatives exist to create low-intensity algorithms
including hybridization, where a low resolution algorithm is used to start the
search followed by a high resolution algorithm to steer the final stages of the

search.
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