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iabc
ias,ibs,ics
L

ids,iqs

Im

iqdo

Lrms

Tabe

Vabe

Vas, Vbs, Vs
Vs

Xeq

Xir

Utility supply frequency or stator supply frequency, Hz
abc phase current vector

Instantaneous a, b and c stator phase currents, A
Core-loss current per phase, A

q and d stator currents, A

Magnetising current per phase, A

qdo current vector

RMS rotor current referred to the stator, A

RMS stator- phase current, A

RMS stator- phase current when rotor is locked, A
Stator-referred rotor-leakage inductance per phase, H
Stator-leakage inductance per phase, H

Magnetising inductance per phase, H

Stator-referred rotor self-inductance per phase, H
Stator self-inductance per phase, H

Rotor speed, rpm

Synchronous speed, rpm

Differential operator

Number of poles

Core-loss, W

per-phase copper losses, W

core-lose resistance,

Stator-referred rotor-phase resistance, €2

Stator resistance per phase,

number of turns in phase

Transformation from abc to gdo axes

abc voltage vector

RMS stator phase a, b and ¢ voltages, V

RMS stator- phase voltage applied when rotor is locked, V
Total leakage reactance per phase, 2

Stator-referred rotor-leakage reactance per phase, Q2
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Stator-leakage reactance per phase, Q

Equivalent impedance, 2

Stator-phase short-circuit impedance, €2

Arbitrary lag angle between g axis and a phase windings, rad
Rotor position with respect to d axis, rads

stator —current phasor angle, rad

slip angle, rad

Electrical rotor speed, rad/sec

Supply angular velocity, rad/sec

Slip speed or slip angular frequency, rad/sec
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PROJECT SUMMARY

The objectives of this project were to study different induction machine models in classical
and modern control, and predicting performance with parameters of a representative

laboratory machine using Matlab® and Simulink™.

The dynamic model of the three-phase induction motor was derived by using a two-phase
motor in direct and quadrature axes. The equivalence between the three-phase and the two-
phase models was derived from simple observation. The equivalence is based on the equality
of the magnetomotive force (mmf) produced in the two-phase and there-phase windings and
equal current magnitude. The required transformation in voltages and currents was derived in
a generalized way. Reference frames were chosen to be arbitrary, and three particular cases of
the generalized model of the induction motor in arbitrary reference frames considered were:

stator, rotor and synchronously rotating reference frames models.

The induction motor simulation models were developed by using the differential equation
models (state-variable models). Simulation models of stator phase current, magnetising

current and q- and d-axis rotor current response in stator reference frames were considered.



CHAPTER ONE

1.0 INTRODUCTION

The induction motor, which is the most widely used motor type in the industry, is favored
because of its good self-starting capability, simple and rugged structure, low cost and high

reliability.

During the recent years, the significance of the squirrel-cage induction motors in speed and
position controlled drives has grown drastically. The reason is the large-scale exploitation of
the a.c induction motors in the technologies, which traditionally used d.c motors.
Furthermore, to achieve high efficiency of the technology, many non-controlled a.c drives are
reconstructed by adding frequency converters and they are used now as speed controlled
drives. To attach perfect static and dynamic qualities of these drives, control engineers need
more information about the control object. Therefore, the importance of the models,
characteristics and parameter determination of squirrel-cage induction motor Has markedly
grown. The most important means of the drive design and control is an advanced model of a
motor. Moreover, the model-based control methods of the induction motor drives are most

effective and usable.

In the present context, a model is a formulation of part or of the whole of the machine system
in terms of the appropriate parameters and on the basis of some acceptable theory of behavior.
The aim is to observe the response of the model to a given stimulus, so that its behavior can
then be translated into the comparable performance of the prototype.

The model must have the appropriate parameters, and enough of them to give useful results.
The choice of parameters is dictated by the stimulus to be applied and the response expected;

and there must be some theory of behavior into which the parameters will fit.

Many different models available for squirrel-cage induction motors are successfully used for
drive design and control. Generally, these models can be classified as static or dynamic, single
or multi-phase, linear or non-linear as illustrated in figure 1.1. In addition, models with

lumped or distributed parameters also exist.



Models of the squirrel-cage induction motor
Static model Dynamic model
(Scalar model) (Vector model)
Single-phase model Multi-phase model
Linear model Non-linear model
Model with lumped Model with distri-
parameters buted parameters

Figure 1.1: The classification of models

1.1 Background

Although almost all applications of induction machines invariably require operation in the
steady state, number of applications or situations may occur which place emphasis on
dynamic (or transient) performance. Analysis viewpoint show that both the steady state and
dynamic performance characteristics are theoretically available from differential equations of
motion. These equations are readily obtainable with help of equivalent circuit model and
matrix equations that may either be linear or non-linear. Some non-linear equations cannot be
linearised and solved analytically upon making approximations. Thus development of models

become necessary and lead to computer simulations that indicate the machine performance.

The principle of operation of the induction motor is developed to derive the steady state
equivalent circuit and performance calculations. These are required to evaluate the steady
state response of variable-speed induction motor drives. The dynamic simulation is one of the

key steps in the validation of the design process of motor-drives, eliminating inadvertent
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design mistakes and the resulting errors in the prototype construction and testing, and hence

the need for dynamic models of the induction machine.

1.2 Problem Statement.

One way of investigating the performance of an induction motor is by use of the equivalent
circuits. While the performance of an induction motor can be done in this way, there are

benefits and limitations.

1.3 Rationale

Various models of induction machines will be investigated from simple to most detailed ones
in order to carry out an increasingly detailed analysis of the machine.The choice of the model
will strongly depend on the machine purpose and the computational tools available for

satisfactory performance prediction.

1.4 Study Objectives

The project aims its focus on:
1. The study of different induction machine models in classical and modern control.

2. Predicting performance with parameters of a representative laboratory machine using
Matlab® and its toolbox Simulink™,

1.5 Literature Review

A single-phase equivalent circuit with lumped parameters is the mostly used traditional model
in analysis and design of an AC induction motor. In the “per-phase equivalent circuit,” it is
noted that all the rotor parameters and variables are not actual quantities but are quantities
referred to the stator. Methods of determining circuit parameters from no-load test and
locked-rotor test are described in chapter two. It is also known that induction motors do not
rotate synchronously to the excitation frequency. At rated-load, the speeds of induction
motors are slightly (about 2-7 % in many cases) less than the synchronous speed. If the

synchronous speed is ng, and the actual rotor speed n, then slip s, is defined by:
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s= (ns-n)/ng

Note that slip is non-dimensional and is one of the most important variables in the control and

operation of the induction machines.

There are many kinds of equivalent circuits used to calculate the static speed-torque
characteristics as illustrated in figure 1.2. The equivalent circuits a and b could be
successfully used for wound rotor induction motors. The scheme ¢ could be used for induction
motors with large air-gap, such as magnetohydrodynamical (MHD) pumps and some types of
linear motors. Because of the large air-gaps of these machines, the mutual inductance between
primary and secondary windings is small and secondary effects can be considered in the series
circuit of the resistance and inductance. The rotor resistance R, and rotor inductance L. are
complex functions of slip, conductivity and boundary effects of the secondary system. In
special cases, also the scheme d or e could be used. The scheme e is useful for the analysis of
vector controlled a.c induction motor drives, where the electromotive force is observed and

the a.c motor like a d.c motor can be accepted.

In many cases, the core-loss resistance R, is neglected as its large value acts like an open

A4

circuit for the current through its branch.
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Figure 1.2: The Equivalent Circuits of Induction motor
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The standard gd induction motor model has been recognized for some time in literature.

Although it is capable of estimating the fundamental component of the current and the
average value of torque near rated operating conditions, the accuracy deteriorates at other
operating points. Of particular concern in drive design is the fact that it underestimates the
amount of current and torque ripples by a factor of two or five. A commonly employed
alternative to a lumped-parameter gd- model is finite element analysis (FEA), which is widely
used in the design of induction machines but to a lesser extent for drive analysis due to its
increased computational burden. The gd-model is well suited to drive analysis since it is
readily linked to power converter, switching level (modulation) control, supervisory control,
and mechanical system models. Simulation using this class of model executes very rapidly in

comparison with time domain FEA models.

The steady-state model and equivalent circuit are useful for studying the performance of the
machine in steady state. The performance features normally of interest are the voltage,
current, power and torque. The instantaneous effects of varying voltages or currents, stator
frequency are considered in dynamic models. The dynamic model of the induction machine in
direct-, quadrature-, and zero-sequence axes (known as dqo or dq axes) is derived from
fundamentals. This is generally considered difficult and hence care is taken to rhaintain
simplicity in the derivation, while physical insight is introduced. The dqo model uses two
windings for each of the stator and rotor of the induction machine. The transformations used
in the derivation of various dynamic models are based on simple trigonometric relationships
obtained as projections on a set of axes. The dynamic model is derived with the frames of
observation rotating at an arbitrary speed. The most useful models in stationary, rotor and
synchronous reference frames are obtained as particular cases of the arbitrary reference
frames. The dynamic model is used to obtain transient responses, small-signal equations and a
multitude of transfer functions, all of which are useful in the study of converter-fed induction
motor drives. Space-phasor approach has further simplified the polyphase induction machine
models to one equivalent stator and one rotor winding, thereby evoking a powerful similarity

to the d.c machine to correspond with its armature and field windings.



CHAPTER TWO

2.0 EXPERIMENTAL RESULTS AND DATA ANALYSIS
2.1 Measurements on Experimental Machine

The objective of this experiment was to determine the squirrel-cage induction motor per-

phase equivalent circuit parameters. These results of the experiment were used in the detailed

analysis of the machine.
2.1.1 Introduction

The induction motor is basically a transformer, whose secondary rotates with respect to the
primary. The stator windings produce flux that crosses the air-gap and cuts the rotor

conductors.

The operating characteristics may be determined by performing three tests. These are (1) the
no-load test, (2) the load test, and (3) the stator-resistance test. Power is applied‘to the motor
operating free, i.e. without load, and measurements are taken of the power input, current and
voltage. The load test is performed upon the motor with load applied [1]. The third test is a
simple d.c resistance measurement of the stator windings per phase. It is customary to
measure the resistance between three pairs of stator terminals; the average of these values
divided by 2 to obtain the resistance per phase. Since the effective a.c resistance is higher than
the d.c resistance, the latter is usually multiplied by a factor of about 1.25 to obtain the former
[2]. The values of the rotor resistance and the rotor reactance can be determined by
performing the so-called Locked-rotor test. Great care should be taken when doing this
because the motor temperature will rise very rapidly unless the current is not too high and

instruments readings are taken quickly.



2.1.2 Item being tested

ETL 174 Three phase squirrel-cage induction motor
Voltage: 240V (star) / 120V (delta)
Current: 1.75 A
Poles: 2
Frequency: 50 Hz
RMP: 2880

2.1.2 Equipment
ETL 174N Swinging field dynamometer
Power: 500 W
Speed: 5000 rpm
Torque: £5 Nm
1x variable single-phase power supply, 0-270 V, 50 Hz a.c
1x variable three-phase power supply, 0-270 V, 50 Hz a.c
1x 20 , 400 W resistor
1x fixed d.c supply, 220V, 1 A
1x 1A ammeter
1x SA ammeter

1x 5A, 300 W wattmeter
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2.1.4 Circuit Diagram

cB1 "@—-‘
AN
y\ a8 88!
BN
3-phase transformer w 3- phase induction motor

)
\

Figure 2.1: Connection diagram of three-phase motor

2.1.5 Procedure

2.15.1

2.1.5.2

2.153

2.1.54

2.1.5.5

2.1.5.6

The motor was connected to the three-phase variable transformer as shown
fig.2.1 making sure that the circuit breakers CB2 and CB2 were in off
position.

Connections to the ETL 174 Swinging Field Dynamometer were made,
making sure that the ON/OFF switch was off and the variable ac supply
voltage was zero.

Circuit breaker CB1 was then closed. The supply voltage of the three phase
variable transformer was raised to motor rated voltage.

The supply to the ETL 174N Swinging dynamometer was switched on. The
Torque/Speed Display ETL 174P LCD’s would be lit.

The speed input selector switch was set to Dynamometer, the Speed Display
selector to Normal and the Torque units switch to Nm.

No-Load test



2.1.5.7

2.15.8
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Circuit breaker CB2 was closed. The motor would start running. Once it had

stabilized, for the motor, the following readings were taken down: line
voltage, phase voltage, no-load current, no-load power, no-load torque and
no-load speed.

Locked-rotor test

The three-phase supply was reduced to zero and the direction of rotation of
the motor was noted as it decelerated to stand- still. Having noted the
direction of rotation of the rotor, the rotor was locked by means of a wedge
placed in the coupling such that the rotor would not rotate in the observed
direction. The three-phase supply of the variable transformer was slowly
raised whilst the load current was observed until the rated value was
obtained. For the motor, the following readings were taken: the line voltage,
phase voltage, load current and the power.

Starter Resistance

The load was reduced to zero by reducing the variable field supply to zero.
The three-phase supply was also reduced to zero. The circuit breakers CB1
and CB2 were opened. The resistance readings of the motor stator windings

were quickly taken: Ul and U2, V1 and V2, W1 and W2. ¢

2.1.6 Measurement Results

Table 2.1 No-Load Test

Line Phase No-load No-load Speed (rpm) | Torque (Nm)
Voltage,VL Voltage,Vp current,Inp power, Pnp
240.8 V 1413V 047 A I5W 2950 0.06
Table 2.2 Locked-Rotor Test
Line Phase Load Power
Voltage, Vi Voltage,Vp | Current,I.
79.76 V 47.00V 1.75A 62.50 W




Table 2.3 Starter Resistances

Ul and U2 V1 and V2 W1 and W2

10.13 Q 10.14 Q 10.14 Q

2.1.7 Calculations and Analysis

From the stator resistance test [2],

Average d.c resistance= 10.14

Therefore, the a.c resistance of stator per phase, Rs was:

R5=}2§ix125

=6.34 Q

12

@.1)

The mutual inductance and the core-loss resistance were calculated from Open circuit test as

follows:
The no-load power factor is given by

Poc

COS (Joc =

s

35
141.3x 0.47

=0.53

From which the magnetizing current was calculated as
Im = LSinQoc
=0.47x0.85
=044

and the core-loss current is given by

I.= LCOSQOC
=0.47x0.53
=0254

The magnetizing inductance was computed from

2.2)

(2.3)

2.4)
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Vs

T 2fIn (2.5)
—1.124 H

Ln

and the core-resistance is given by

_¥
J2 (2.6)
=565.2 Q

R.

From the locked-rotor test, the parameters were calculated as follows:
The short-circuit power factor obtained from equivalent circuit is

PSC

Viekse @.7)
=0.76

Cos Qsc =

and the short-circuit impedance is given by

Zsc=&

I 2.8)
=26.86 Q

from which the rotor resistance and total leakage reactance were computed as
Rr = Zsccos Ose — Rs
=26.86x0.76 — 6.34 T (2.9)
=14.07 Q

and

Xeq = ZscSin Qsc

2.10
=17.46 Q (2.10)

where the total leakage reactance per phase, Xeq, is the sum of the stator and referred-rotor

leakage reactances. It is usual to assume that the stator and rotor leakage reactance equal.
Thus

1Y13=AXIr

1746
2
=873Q

@2.11)

and the leakage inductances were
Lis= Ly
X
= ¥
=28 mH

2.12)



The stator and stator-referred rotor self-inductances are given by

Ls = Lm + Lls

Lr = Lm + Llr
Therefore, Ls, L-=1.152 H

14

(2.13)
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CHAPTER THREE

3.0 DYNAMIC MODELING OF INDUCTION MACHINES

3.1 Three-Phase to Two-Phase transformation

A dynamic model of the three-phase induction machine can be derived from the two-phase
machine if the equivalence between the three and two phases is established. The equivalence
is based on the equality of the mmf produced in the three-phase and two-phase windings and
equal current magnitudes. Figure 3.1 shows the three-phase and two-phase windings.
Assuming that each of the three-phase winding has T turns per phase and equal current
magnitudes, two-phase winding will have 3T/2 turns per phase for mmf equality. The d and ¢
axes mmfs are found by resolving the mmfs of the three phases along the d and q axes.

a
’
_ios |
N | d .
q i 31
7)) T XN
7 e
12“’

no_ , :
f \ i

b c

Figure 3.1: Two- and three-phase stator windings.
The common, the number of turns in the winding, is canceled on either side of the equations,
leaving the current equalities. The g axis is assumed to be lagging the a axis by 6. . The

relationship between dgo and abc currents is as follows:
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cos & cos(¢9c—2—ﬂ) cos(&: +2—”)
] 32 32 fus
i | = Z|sin@  sin(@-Z) sin(6+=2) || ies G3.1)
) 3 3 3°0.
lo l l l Llcs
| 2 2 2 ]

The current i, represent the imbalance in the a, b and ¢ phase currents and can be recognized

as the zero-sequence component of the current. Equation (3.1) can be expressed in compact

form by
ia'qo = [nbc] Labe (3,2)
where
lago = [iqs Las iO]' (3.3)
iabc = [ias ibs ics]' (3 4)
and the transformation from abc to dqo variables is
cos@: cos(b: - 27”) cos(é: + 27”) .
[Tabc] = 2 sin 6 sin(&: — —2£) sin(&: + 2—”) (3.5
3 3 3
1 1 1
2 2 2 ]

The zero-sequence current i,, does not produce a resultant magnetic field. The transformation

from two-phase to three- phase currents can be obtained as

labe = [Tabc]" -1 idqa (36)
where
cos & cosf: 1
2. . 2z
[Tabc]r -1 = cos(é. - T) sin(@: ~ —3—) 1 (3.7)
cos(00+27ﬂ) sin(0c+2—37£) 1
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3.2 Generalized Model in Arbitrary Reference Frames

Reference frames are very much like observer platforms, in that each of the platforms gives a
unique view of the system at hand as well as a dramatic simplification of the system
equations. For the purposes of control, it is desirable to have the system variables as dc
quantities, although the actual variables are sinusoidal. This could be accomplished by having
reference frames revolving at the same angular speed as that of a sinusoidal variable. As the
reference frames are moving at an angular speed equal to the angular frequency of the
sinusoidal supply, say, then the differential speed between them is reduced to zero, resulting
in the sinusoid being perceived as a dc signal from the reference frames. Instead of deriving
the transformations for each and every particular reference frame, it is advantageous to derive
the general transformation for an arbitrary rotating reference frame. Then any particular

reference frame can be derived by substituting the appropriate frame speed and position in the

generalized reference model.

Reference frames rotating at an arbitrary speed are hereafter called arbitrary reference frames.
The relationship between the stationary reference frames denoted by d and g axes and the
arbitrary reference frames denoted by d.; and q. axes are shown in figure 3.2. Assuming that
the three-phase machine has balanced windings and balanced inputs, thus making the zero-
sequence component be zero and eliminating the zero-sequence equations from further
considerations. Note that the zero-sequence equations have to be included only for unbalanced

operation of the motor, a situation common with a fault in the machine.



wc=0c

Figure 3.2: Stationary and arbitrary reference frames.
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Assuming that the windings have equal number of turns on both of the reference frames, the

arbitrary reference frame currents and voltages are resolved on the d and q axes to find the

currents and voltages in the stationary reference frames. Various relationships and

transformations are used to obtain the induction motor model in arbitrary reference frames

(3.8) below [3,4,5].

ve| | R+Lp
Vs - a):Ls
Vir L.p

Var -_ (a,l - a})Lm

where the speed of the arbitrary reference frame is

I3

L
R+Lp

Oc = ®c

- a):Lm an ids
Lp —(@-ao)L R+Lp |is

oLn i)

(3.8)
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and 6, = o, , @ is the rotor speed in electrical radian/sec.

Three particular cases of the generalized model of the induction motor in arbitrary reference

frames are of general interest:
(1) Stator reference frames model;
(i)  Rotor reference frames model;

(ili)  Synchronously rotating reference frames model.

3.2.1 Stator Reference Frames Model

It is usual to align the g-axis with the phase a winding; this implies that the gd axis are fixed
to the stator. This model is also known as Stanley’s model [S]. In this case, &, =0, and is
substituted into (3.5) for the transformation from abc to gdo.
The speed of the reference frame is that of the stator, which is zero; hence

o=0

is substituted into equation (3.8).The resulting model is

Vgs Rs + Lsp 0 me 0 iqs
Vds 0 Rs+ Ls 0 Lm ds
“l e i P (39
Vgr me — @WrLm R+ Lsp —owrLr Igr
Vdr orLm me wrLr R+ Lsp iar
With the applied phase voltages as follows:
240
Ves = == [2Sinot =196Sinwt 3.10)
5 (
) 2z
Vi = 196Sm(a)t——§—) G.11)

Ves = 196S1n(a)t + 277[) (312)



The g and d axes voltages are:

; -1 1
V. 2 2 _v
"l 12 NERNE]
Vis | = | — 0 _— — || Vbs
| 2 2
Vo l l l LVcs
2 2 2|
Hence,

Vgs = %[Vas - % (Vbs + Vcs)]

For a balanced three-phase input; vas+ vbs+ ves =0
Substituting for vi,s and v, in terms of v, yields

Vgs = Vas = 196Sinwt =19620=196 V

Similarly,

i = — (ves — vis) = 196Cosat =196.290 = j196 V

7

and vo=0.

When the rotor is locked, w,=0 and for steady-state evaluation p=jws=j314.2 rad/s.

From (3.9) the system equations in steady-state are

196 Rs + Lsp 0 me 0 iqs
9% | 0 R+Lp 0 Lop | is
0 - me ~@rLm R+ Lsp 0 igr

0 0 me 0 R+ Lsp Tdr

20

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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Note that the rotor windings are short-circuited and hence rotor voltages are zero. The

numerical values for the parameters and variables were substituted to solve for the currents.
Running the stator.m file listed in Appendix A, Matlab return the following currents.

igs = 5.449— j4.948 =7.360£L-42.24 A

ias = —4.948 — j5.449 =7.360£-132.24 A

igr =—5.496 + j4.614 =7.176.£139.98 A

ir = 4.614+ j5.496 =7.176£49.98 A (3.19)
and the phase currents are:

las =7.36£42.24 A

ibs =7.36£L-77.76 A

ies =7.36£162.24 A4 (3.20)

which can be rewritten as:

I,s=7.36 Sin(w;t+0.74)

Ibs=7.36 Sin(wit-1.36)

ics=7.36 Sin(wit+2.83) (3.21)
Using equations (3.21), a Matlab script in appendix D1was developed to plot the stator phase
currents as shown in figure 3.3 below. The observed three-phase stator abc currents are
balanced and have leading power factor angle of 42.24 °. The peak current value was 7.36 A

and the corresponding rms of magnitude 5.20 A.

This model is used when stator variables are required to be actual, i.e. the same as in the
actual machine stator, and rotor variables can be fictitious. This model allows elegant
simulation of stator- controlled induction motor drives, such as phase controlled and inverter-

controlled induction motor drives, because the input variables are well defined.
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Stator abce current waveforms
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Figure 3.3: Stator abc currents waveforms derived from stator reference frame model.
3.2.2 Rotor Reference Frames Model
The speed of rotor reference frame is:
W= Wy (3.22)
and the angular position is
O0=6~wqt (3.23)

Substituting equation (3.22) into the equation (3.8), the induction motor model in rotor

reference frames was obtained. The equations are given by

Vgs Rs + Lsp wrLs me OrLm iqs
Vds _ —arLs Rs+ Lsp — @rLm me l:ds (324)
Vagr me 0 R+ Lrp 0 lgr
Vdr 0 me 0 R+ Lrp Ldr

The transformation from abc to dgo variables is obtained by substituting (3.23) into [Tapc]

defined in (3.5) and with applied phase voltages as in (3.10)-(3.12) gives



23

Vgs Vas Vm SIN Wit 0- ] Vm
Vds | = [Tabc Vos | =| VmCOS@sit | =| Vm + _]O (3.25)
Vo Ves 0 0

The stator voltages appear at slip frequency in rotor reference frames; hence, the currents at
slip frequency in steady state. Choosing an arbitrary rotor speed; 2880rpm (301.6 rad), slip
speed wg is 12.6 rad. By substituting p=j wg=712.6 in the system equations, the following is

obtained.
- _] Vm Rs + ] wsiLs wrLs _] wsilm rLm iqs
Vm — arLs Rs+ jostLs — @wrlm j@stLm || ias
= / S (3.26)
0 J @stLm 0 R+ J wsiLr 0 lgr
0 0 j @stLm 0 R+ _] wsiLr ldr

By substituting the appropriate parameters into (3.26) and upon running the Matlab script file

in Appendix B the rotor reference currents are

lgs 0.861£-138.11

lds _ 0.861£-48.11 y v
lqr 0.603.£85.998

ldr 0.603£—-4.002

(3.27)

that can be rewritten in terms of the slip frequency as follows

iqs 0.861S1n(wslt - 084)
is | _|0.861Cos(@nt-084)| 629)
igr 0.603Sin(wst +1.50)

i | | 0.603Cos(eat +1.50)

las —-0.5747-0.6407 j 0.861£131.8917
and irs | =] —0.2675+0.8181; |=|0.861£-108.1066 | A4 (3.29)
fes 0.8422-0.1773; 0.861£11.8883

Hence, the instantaneous abc currents are

fas = 0861 Sin(a)slt + 23)
irs = 0.861 Sin(a)slt - 189)



ies = 0.861 Sin(a)slt + 021)
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(3.30)

The observed three-phase stator abc currents are balanced and have leading power factor

angle of 48.11°. The peak current value was 0.861A and the corresponding rms value of

0.61A.

Rotor reference frames model is useful where the switching elements and power are

controlled on the rotor side. Slip-power recovery is one example where this model will find

use in the simulation of the motor-drive system.

Stator abc current waveforms
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Figure 3.4: Stator abc currents waveforms derived from rotor reference frame model.
3.2.3 Synchronously Rotating Reference Frame Model
The speed of the reference frame is
w.~=ws= stator supply frequency (rad/s) (3.31)

and the instantaneous angular position is

0.=6;=w,t

(3.32)
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Transforming the applied voltages (equations (3.10)-(3.12)) to dgo variable in the

synchronous reference frames, yields

Vgs Vas 0
Vds | = [Tabc Vbs | =| Vm (3 3 3)
Vo Ves 0

The d and g stator voltages are d.c quantities; hence, the response will be d.c quantities too,
because the system is linear. Hence

Pias = pids = pigr = piar = 0. (3.34)
Substituting (3.33)-(3.34) into the system equations (3.8) gives

0 Rs wsLs 0 @WsLm Igs
'm — wsLs Rs — wsLm 0 [ ds
T '," (3.35)
0 0 WstLm R: wsiLr Igr
0 —@silm 0 — @sLr R ldr

where wg=ws-w,=slip speed

Taking an arbitrary rotor speed at 2880 rpm and angle at 90°, then w=12.6 rads.
Replacing the numerical parameter values into equation (3.35) and running the Matlab script

in Appendix C, the currents in synchronous reference frames are

is] [-0.5486
ids 0.5315
= A (3.36)
igr 0.0168
i | | —0.5349
and the abc currents are
[is| [ 053154
ins | =| —0.7408 A (3.37)
s | | 0.2094 4

Hence, the instantaneous abc currents are

ias = 0.764 Sin(wst +0.8)
is = 0.764 Sin(wit +2.894)
ies =0.764 Sln(a)st - 1294) (3.38)
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These abc stator currents were plotted as in fig.3.5 using Matlab script in Appendix D3.

Stator abc current wavefarms
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Figure 3.5: Stator abc currents waveforms derived from synchronous reference frames

model at 2880 rpm

The observed three-phase stator abc currents are balanced and have leading power factor

angle of 45.84 °. The peak current value is 0.764 A and the corresponding rms value of 0.540

A.

In order to observe the current behavior at different speeds, another arbitrary rotor speed of

2000 rpm and angle at 90° was taken. Then the new slip speed was 104.7rad/s and replacing
slip speed 12.6 rad/s in Appendix C Matlab script the currents in synchronous reference

frames are

Igs -
Ids
igr

Tdr

1.6590
3.4674
1.2076

—-3.5240

(3.39)
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is] [~1.659
iss |=| 3.4674|4 (3.40)
io 0

and the abc currents are

3.4674
iave ={—3.1705 | 4 (3.41)
-0.2970
Hence, the instantaneous abc currents are
ias = 3.84Sin(awt — 0.44)
ibs = 3.84Sin(wt - 2.54) (3.42)
ics = 3.84Sin(wt —1.65)

The abc stator currents were plotted as in fig.3.5 using Matlab script in Appendix D4. At
2000 rpm the power factor angle is 25.2 ° lagging, and the peak current value and the
corresponding rms value are 3.84 A and 2.72 A respectively. It was observed that with
constant supply voltage the stator currents are very high at low speeds and reduces as the
speed increases.

It was seen that the synchronous reference frames transform the sinusoidal input into d.c
signals. Since the sinusoidal variables become d.c quantities, i.e. constants, and hence their
derivatives, such as those of currents flux linkages in steady-state, are all zero. This help in
visualizing the steady state much more than the models in other reference frames. This model
is useful where the variables in steady-state need to d.c quantities. Some high performance
control schemes use this model to estimate the control inputs; this led to a major breakthrough
in induction-motor control, by decoupling the torque and flux channels for control in a similar

manner to that for separately-excited d.c motor drives.
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Stator abc current waveforms at 2000rpm
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Figure 3.6: Stator abc currents waveforms derived from synchronous reference frame

model at 2880 rpm

3.3 Induction Machine Simulation Using Simulink

In this section, state-variable models and simulation models have been adopted. A state-
variable model is a differential equation model, but the equations are always written in a
specific format. The state-variable model, or state-space model, is expressed as » first-order
coupled differential equations. These equations preserve the system’s input-output
relationship (like that of a transfer function); in addition, an internal model of the system is
given [6]. Some additional reasons for developing the state models are as follows:

1. Even if we do not implement the state-variable design (some may not be practical), we

can produce a “best” system response.
2. State-variable models are generally required for digital simulation.
3. In state-variable design procedures, we feed back more information (internal

variables) about the machine; hence, we can achieve a more complete control of the

system than is possible with transfer function approach.
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A simulation diagram or model is a certain type of either a block diagram or a flow graph that

is constructed to have a specified transfer function or to model a specified set of differential
equations. The simulation diagram is aptly named, since it is useful in constructing either

digital or analogue computer simulations of a system.

3.3.1 Stator Current Simulation.

A d.c-step voltage is applied to one phase of the induction motor at standstill i.e. during the
Locked-rotor test. Since we can access the neutral point of the stator windings star
connection, we can excite only one phase and measure the phase current response. The
equivalent per-phase circuit in this case is shown in figure 3.6. Since slip is unity, the rotor
resistance will have maximum value in the sub-circuit. We neglected the core-loss resistance

as its value acts like an open circuit for current through its branch.

iz Rs Lla Lir
A A T & At !
\L im l' ir
- »
. “ .
v  Lm ~ Rr
. &

Figure 3.7: Equivalent per-phase circuit for d.c voltage applied in one motor phase
The current response to a step in phase voltage was determined by the circuit parameters. An

analytical expression for this current was calculated as follows:

dis din

I/s = Rsis+Lls—-—+Lm— (343)
e dt .
L3 1, 9 R, (3.44)
dt dt

With (3.43) -(3.45) a second order differential equation for iscan be derived:



ok | (RL - RL)%E
dt~ dt

where Ls=Lis+ Lmand Lr= Ly + Ln

+ RrRs = Rer‘

(Ler - Lm ’\2)

Equation (3.46) was further written as follows:

d"Zis - (Rs + Rr) L dls Rer . Rer

s s+
dt"Z (LrLs - Lm"Z) dt (LrLs - Lm’\Z) (LrLs - Lm"Z)

and upon replacing actual parameter values yields

doabs _ 36095 _ 14000 + 2217
dt~2 dt

whence, the simulation model of figure 3.7 was constructed.

11+
-

=] gy o[

Vs Gaini

Integratord
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(3.46)

(3.47)

(3.48)

1
™ 3
Integrator2

&ain3

Figure 3.8: Simulation model for stator current

Scope

The simulation blocks of figure 3.8 found in the Simulink Block library are interpreted as

follows:
- The input V; (source) is a constant rms value of 139 V.
- Gainl is constant set a value of 221.
- Gain2 is constant set a value of 369.

- Gain3 is constant set a value of 1400.
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- Sink (scope) was for output observations

The stator current response to a step in phase voltage (139V) observed is shown in figure 3.9
and the steady-state solution of equation 3.48 is:
Vs

ls(w) = _ﬁ;

Figure 3.9: Stator current response to a step in phase voltage
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3.3.2 Magnetizing Current Simulation

The magnetizing current simulation model was developed from the per-phase equivalent

circuit at zero slip as shown below.

Rs Lis
® AN N Yy 9

. e e

Figure 3.10: Equivalent per-phase circuit (slip=0)

By applying Kirchhoff’s laws to the above circuit (figure 3.10),

Is =1Im+1c (3.49)
M%": Reic (3.50)
dim R:,,

'ETZL—(Is—lm) (351)

In terms the actual parameter values (3.51) can be written as

%“ = 503(is — im) (3.52)

whence the magnetizing current response simulation model in figure 3.11 was developed.

Parameter Gaind set to 503 and the rest of the constants and gains as for figure 3.8.
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Figure 3.11: Simulation model for magnetising current response
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Figure 3.12: Magnetising current response
The core-loss resistance R, was very large as it acts like an open circuit for the current
through its branch, hence the magnetising current response was almost similar to the stator
current response.

3.3.3 g- and d-axis Rotor Current Response

The g- and d-axis rotor current-time response state-variable models for the stator reference

frames were developed from (3.18) written in the form:

Vas = Rsiqs + Lspigs + Lmpigr (3.53)
Vis = Rsids + Lspids + Lmpiar (3.54)
Var = Lmpigs + Rrigr + Lipigr (3.55)
Var = Lmpias + Rriar + Lipiar (3.56)

But Vi and Vg are equal to zero, therefore (3.55) and (3.56) can be rewritten in term of igs

and igs as

igs = —L(Rriqr + Lrplqr) (357)
' me
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ids = —L(R,id, + Lipiar) (3.58)
me

Substituting (3.57) and (3.58) into (3.53) and (3.54) respectively and differentiating both sides
of the resulting equations to get rid of the differential operator, p in the denominator

(integral), yields

qus =-= ReR: iqr - LRs + LR, jpiqr - LeLr —Lnm p"Ziqr (3.59)
Lm Ln m
pVis = — RIiR’ i — (L’RSL* LoRr ) i — (LSL' - Lm) priar (3.60)

But V=196.£0° =196sinet and V4=196.£90° =196sin(wt +1.57).
Letting

LiLr
A= ~Ln 3.61
= 361

and dividing both sides (3.59), (3.60) by (3.61) respectively yields the following state-variable

models.

. LrRs + Ler . Rer . ¥4 Vqs
Nlgr = ~| r— r— 362
bt ( AL» jp a4 (.62
. L:Rs + LiR- . R:R- . P Vs N
~2ldr = —| idr — idr — 3.63
pra ( AL» )p AL 4 (3.63)
Substituting the actual parameter values of motor give
P2igr = =369 pigr — 1400ig + 3459 Sin(wt +1.57) (3.64)
and
pr2iar = =369 piar —1400ia + 3459 Sin wt (3.65)

Using equation (3.64) and (3.65), simulations diagram of figure 3.13 and 3.15 were
constructed respectively. By using the similar approach, however, the simulation for g- and d-
axis rotor current response in rotor and synchronously rotating reference frames were not

achievable. This was because of non-linearity of the final equations obtained.

The simulation blocks of figure 3.13 found in the Simulink Block library are interpreted as

follows:

-The input (source) is a sinewave with the following block parameters
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Amplitude: 3459

Frequency (rad/s): 6.284
Phase (rad): 0
Sample time (s): 0.02
-Slider Gainl set at constant value of 369.
-Slider Gain2 set at constant value of 1400.
-Sink (scope) was for results observations.
The simulation blocks for figure 3.15 are similar to ones above except for the phase that was
set at 1.57 rad.
Simulation results of the two are shown in figure 3.14 and 3.16 below. Both the g-axis rotor

current and d-axis rotor current are of rms magnitude of 0.884 A and 90° out of phase.
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Figure 3.13: Simulation model for g-axis rotor current response
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Figure 3.14: g-axis rotor current response
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Figure 3.15: Simulation model for d-axis rotor current response
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Figure 3.16: d-axis rotor current response
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CHAPTER FOUR

4.0 DISCUSSIONS AND CONCLUSION

4.1 Discussion

All active circuits are described by resistance and inductance parameters. By writing the
circuit equations, the required behavior is found in terms of currents and voltages. There are
numerous defects in the equivalent circuits. The impedance parameters are not constant. Apart
from variation of ohmic resistance with temperature, the parameters may be expected to

change with loading conditions. Therefore, the following assumptions were made to derive

the dynamic model.
i.  Saturation and parameter changes were neglected.

ii.  Balanced rotor and stator windings, with sinusoidally distributed mmf.

iii.  Uniform air-gap

As any given circuit a machine may be magnetically coupled with any other, the circuit
equations are complicated. Substantial simplification is achieved if each circuit is so
transformed as to represent separately its effect on the direct and quadrature axes of the
machine, for it can then be assumed that no equivalent circuit whose mmf acts alimg one axis
can have any magnetic coupling with any circuit acting along the other axis. The rotor of the
actual motor rotates in the same direction (normally) as the field vector but not necessarily at
the same speed. The speed voltage induced in the rotor conductors are due to the relative
velocity between the field vector and rotor. Thus by choosing the field vector to be the direct
axis, the circuit model was formulated by defining the field vector to be stationary (for

mathematical convenience) and considering voltages and currents as affected by the relative

velocity of the rotor.

Prediction of the dynamic performance is difficult. The differential equations that must be
used for adequate modeling of an induction motor are complicated, and if there is a change of
speed during the process of a transient, the equations are (in mathematical sense) non-linear,
quite apart from inevitable physical non-linearity resulting from deep- bar effects and
saturation[7]. For transient analysis, the two-axis model is used. With the generalized model,
the two-axis transient equivalent voltages for the case considered are imposed and the

equations solved at any arbitrary speed. In the analysis presented in this report the rotor
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circuits are short-circuited and have no external applied voltage so that V=V4=0. The

validity of the method was shown by presuming steady-state conditions with constant slip s.
Then p was replaced by jos, jog and zero for the stator, rotor and synchronous rotating
reference frames model respectively. The rotor and synchronously rotating reference frames
models gave nearly the same current response magnitude at same speeds. The small

differences arise from the simplification involved in each particular model.

The processes, was brief, is to transform a winding and its voltage and current into an
equivalent coil on the g- and d- axis with the polyphase quantities thus converted into their
axis equivalents; to set up the circuit equations for such circuit; impose the operating
conditions; solve the equations; and finally to convert the solution back into terms of the

currents and voltages of the actual machine windings.
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4.2 Conclusion

In order to interpret the physical phenomena involved in the operation the motor, equations
are set-up in which the axes are fixed with respect to the machine structure and by operating
on these equations with transformation of variables. This provide (1) a second point of view,
and thus a more complete understanding of the characteristics of the induction motor, and (2)

a set of equations that relate the circuit model to the physical machine parameters.

To evaluate system performance it is necessary to have a quantitative model of each
subsystem in the form of a set of equations or a simulation. The subsystem models are then
interconnected with due regard to their individual constraints. The model of an induction
motor can take many forms from simple elementary description in terms of current sheets to
sophisticated equations in terms of voltage, current, speed and electrical parameters. Much

depends on the use to which the model is to be put.

When the rotor is stationary (stator reference frames model), the induced voltage is of the
same frequency as the supply, and the circulating current is quite large. Under running
conditions, however, the frequency of the induced voltage in the rotor is quit¢ low, and the
current in the rotor is relatively small. In other words, the rotor currents become smaller as the
rotor speed accelerates. Physical analysis of these observable features is given in section

3.2.1-3.2.3, followed by mathematical analyses based on the basic machine model.

An ever-present difficulty is magnetic saturation, which produces physical effects that are not
readily made analytic in the mathematic model. In spite of these drawbacks, the generalized
two- axis dynamic circuits theory has been found very powerful in the analysis of the motor.

The more comprehensive the study, the more complex must be the model.
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4.3 Recommendations

Initially, the performance features of the induction motor were voltage, current, speed, torque
and power. The power and torque performance features were not done because of much time
spent on the current, voltage and speed characteristic performances. In this regard, I wish to
suggest that this project be considered for continuing project in future so that, with the work

done so far, the torque and power performance features can be concentrated on.
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APPENDICES
Appendix A
>> % Stator.m script file

>>7(1,1)=6.34+314.2*1.152j; % poke in the non-zero values as needed
>>7(1,3)=314.2*%1.124;;

>>7(2,2)=6.34+314.2*1.152j;

>>7(2,4)=314.2*1.124;;

>>7(3,1)=314.2*1.124;;

>>17(3,3)=14.07+314.2*1.152;j;

>>7(4,2)=314.2*1.124;;

>>7(4,4)=14.07+314.2*1.152j;

>>

>>v=[196 196 0 0]'; %voltage vector

>> j=z\v % complex current vector solution i.e [ igs, ids, igr, iar]’

i=

5.4491 - 4.9480i
-4.9480 - 5.4491i
-5.4960 + 4.6141i
4.6141 + 5.4960i

>> imag=abs(i) % magnitude current solution i.e [ igss 1dss 1qrs 1ar]’
imag =

7.3604
7.3604
7.1761
7.1761

>> iphase=angle(i)*180/pi % solution phases in degree
iphase =

-42.2407

-132.2407
139.9853
49.9853

>>T(1,1)=1; %transformation from two-phase to three-phase
>>T(1,3)=1;

>>T(2,1)=-1/2;

>>T(2,2)=-sqrt(3)/2;

>>T(2,3)=1;

>>T(3,1)=-1/2;

>> T(3,2)=sqrt(3)/2;
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>>T(3,3)=1;
>> b=[5.4491-4.948; -4.948-5.4491j 07';
>> a=T*b % abc phase currents i.e [is, ips, ics]’

a=

5.4491 + 4.9480i
1.5605 - 7.19311
-7.0096 + 2.2451i

>> amag=abs(a) % abc phase current magnitudes i.e [iss, ibs, ics]’
amag =
7.3604

7.3604
7.3604

>> aphase=angle(a)*180/pi % solution phases in degree
aphase =
42.2407

-77.7593
162.2407
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Appendix B

% Rotor .m Script file

>>7(1,1)=6.34+12.6*1.152j; % form an impedance matrix
>>7(1,2)=301.6*1.152;

>>7(1,3)=12.6*1.124;;

>>7(1,4)=301.6*1.124;

>> 7(2,1)=-301.6*%1.152;

>> 7(2,2)=6.34+12.6%1.152j;

>> 7(2,3)=-301.6%1.124,

>> 7(2,4)=12.6%1.124;j;

>> 7(3,1)=12.6%1.124;j;

>>7(3,3)=14.07+12.6*1.152;;

>> 7(4,2)=12.6%1.124;;

>> 7(4,4)=14.07+12.6%1.152;;

>> v=[-196j 196 0 0]';

>>idq=z\v %rotor reference frame currents.

idqg=

-0.6407 - 0.57471
-0.5747 + 0.64071
0.0421 + 0.6015i
0.6015 - 0.0421i

>> jdgmag=abs(idq)
idgmag =

0.8607
0.8607
0.6030
0.6030

>> jdqphase=angle(idq)
idgphase =
-2.4105
2.3019
1.5010
-0.0698
>> idgphase=angle(idq)*180/pi
idgphase =

-138.1095
131.8905



85.9983
-4.0017

>>T(1,2)=1; % Transformation matrix with wt (0r) at pi/2
>>T(1,3)=1;

>> T(2,1)=sqrt(3)/2;

>>T(2,2)=-1/2;

>>T(2,3)=1;

>>T(3,1)=-sqrt(3)/2;

>>T(3,2)=-1/2;

>>T(3,3)=1;

>> A=[idq(1,1) idq(2,1) O]’

A =
-0.6407 + 0.5747i

-0.5747 - 0.64071
0

>> jabc=T*A % Stator abc currents at pi/2
iabc =

-0.5747 - 0.64071
-0.2675 + 0.8181i
0.8422 - 0.1773i
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Appendix C

>> % Synchronous.m Script file.

>>7(1,1)=6.34;

>> 7(1,2)=314.2*%1.152;
>>7(1,4)=314.2*1.124;
>>7(2,1)=-314.2*1.152;
>> 7(2,2)=6.34;
>>7(2,3)=-314.2*1.124;
>>7(3,2)=12.6*1.124;
>>7(3,3)=14.07;

>> 7(3,4)=12.6%1.152;
>>7(4,1)=-12.6*1.124;
>>7(4,3)=-12.6%1.152;
>> 7(4,4)=14.07,
>>v=[0 196 0 0]';

>> iqdo=z\v

iqdo =

-0.5486

0.5315

0.0168

-0.5349
>>T(1,2)=1,
>>T(1,3)=1; ¢
>> T(2,1)=sqrt(3)/2;
>>T(2,2)=-1/2;
>>T(2,3)=1;
>>T(3,1)=-sqrt(3)/2;
>>T(3,2)=-1/2;
>>T(3,3)=1;
>> i=[iqdo(1,1) iqdo(2,1) O]’

l=

-0.5486
0.5315
0
>> jabc=T*i

iabc =

0.5315
-0.7408
0.2094

>> jas=0.764sin(w,t+0.8)
>> ibs=0.764sin(wst+2.894)
>> ics=0.764sin(wst-1.294)



Appendix D1

>> % Script for the stator abc current waveforms
>> t=[0:600];
>>w=314.2;
>> jas=7.36*sin(w*t+0.74);
>> ibs=7.36*sin(w*t-1.36);
>> jcs=7.36*sin(w*t+2.83);
>> plot(t,ias,'-.",t,ibs,'--',t,ics)
>> title('Stator abc current waveforms')
>> xlabel('Time (sec)")
>> ylabel('Current (A)")
>> text(30,7.36,'1as")
>> text(80,7.36,'ibs")
>> text(130,7.36,'ics")



Appendix D2

>> %Script for plotting the stator abc currents
>> %derived from rotor reference frame model
>> t=[0:6001];

>>w=314.2;

>> jas=0.861*sin(w*t+2.3);

>> ibs=0.861*sin(w*t-1.89);

>> ics=0.861*sin(w*t+0.21);

>> plot(t,ias,-.",t,ibs,"" t,ics,'’k")

>> xlabel("Time (sec)")

>> title("Stator abc current waveforms')

>> text(30,0.86,'ias")

>> text(95,0.86,'ibs")

>> text(150,0.86,"ics")
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Appendix D3

>> %Script for plotting the stator abc currents derived from synchronous
>> 9% reference frame model with rotor speed at 2880rpm (301.6rad/s)
>> t=[0:600];

>>w=314.2;

>> jas=0.764*sin(w*t+0.8);

>> ibs=0.764*sin(w*t+2.894);

>> jcs=0.764*sin(w*t-1.294);

>> plot(t,ias,'-." t,ibs,"",t,ics,’k’)

>> xlabel('Time (sec)’)

>> ylabel('Current (A)")

>> title('Stator abc current waveforms')

>> text(30,0.76,'ias")

>> text(80,0.76,'ibs")

>> text(130,0.76,'ics")



Appendix D4

>> %Script for plotting the stator abc currents derived from synchronous
>> % reference frame model with rotor speed at 2000rpm (209raad/s)
>> t=[0:600];

>>w=314.2;

>> jas=3.84*sin(w*t-0.44);

>> jbs=3.84*sin(w*t-2.54);

>> jcs=3.84*sin(w*t-1.65);

>> plot(t,ias,-.',t,ibs,"",t,ics,'k")

>> title("Stator abc current waveforms at 2000rpm")

>> xlabel('Time (sec)’)

>> ylabel("Current (A)")

>> text(190,3.9,"1as")

>> text(390,3.9,"ibs")

>> text(105,3.9,"ics")



