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Abstract

The research programme preéented in‘this thesis t‘erminatés the first phase in- the
- development of a new and accurate model for transient analysis of induction motors in the
phase domain. Modelling the induction machine variables in the phase‘dbmain required a
new mode.lvwhich when tested in similar conditions with existing models would give
comparable results in both transient and stgédy-state studie'sl This new model has been
developed, and essentially it differs from tradit’ionél models in that it Works directly with
' the machine variables such as cur_rents. and‘. voltages .direc':tly in the phase domain instead of
'th_e' dq0 coordinates. This required the solution of a' series of first v(‘>rdve1j Aiﬁ'erentia.l ‘

equations Wifh time-vafying coefficients. 'Thé“ solution method is -based‘ on the -
discretization of the differential equations with the use 'o_f the trapezoidal rule of
integration.. The ne§v model-has Been used to dévelop a computer program for transient

and steady-state analysis of induction motors.

"~ The new phase dbmain tranSient model (PDTM) requires -a number of circuit
‘parameters of the induction motor that areb not honhally supplied by the manufacturer.
Consequently, modifications were pe_rfofmed on a computér program that calculates the
' parameteré of the standard 60-Hz equi\}alent circuit from starting and steady-state

characteristics of the motor to obtain the circuit parameters of the PDTM.

The results from the PDTM compare favourably tested with those obtained from the
electromagnetic transiént program (EMTP) which uses conventional qu coordinates to

model the induction motor.
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Chépter 1

Introduction

1.1 Background and Overview

The discovery of the law of electromagnetic induction in 1831 by Michéel Faraday,
followed by the recognition of the rotating magnetic field pdﬁciple by the Italian physicist
G. Ferraris in 1885 set the stage for the rapid industrial and technological advancement in
the twentieth century. Their _discoveries facilitated the construction of the first cdmmercial
type induction machine in 1889 by the Russian Dolivo-Dobrovolsky, with ”the result that in
just over one hundred years electrical machines have become the major consumer of
energy in the power systems. It is estimated that between 60 to 70 per cent of the total“.
energy supplied by power systems is cénsumeq by induction ‘machines [3]. Induction
machines range from a few.wat_ts found in single phase hand powered tools to three phase

machines with output of thousands of kilowatts that can be found in pumps and other

large industrial drives.

With the above in mind it may now be possible to understand why it is extfemely
important that power system engineers study the effects of induction machines on power
system stability and particularly their effects on transient stébility. However, in order to
undertake such studies it is important that the engineer has a model which accurétely
represents the behaviour of the machine within the range of its operating capabilities.
With this model, the engineer can be in a position to answer questions such as; the starting
time of his machine under any given condition, the starting torque and the maximum

torque that the machine can develop in a given situation, and the voltage levels in different
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areas of his. local system due to the starting of one or more of his machines. Therefore,
the model developed for the induction machines must be able to accurately reflect
transient conditions as well as steady state operation. The model must also be reliable,

accurate, and at the same time present the user with the information for decision making.

The new model developed represents éll the machine voltages and currents as phase
~ quantities. There is no need for the utilisation of any reference frame to transform the
variables from phase quantities to dq0 coordinates.” The time varying mutual inductances
between stator and rotor circuits in the differential equation of the voltages are discretized
to form equivalent resistances and history voltage sources in each simulated time step. The
solution of the discretized inductances in the time-domain for both the stator and rotor
circuit Voltagés gives rise to a large system of equations. The application of linear and
matrix algebra theory reduces the system from a 9x9 matrix representation to a 3x3
system. This system of equations is then solved to determine the motor stator and rotor
currents, which are subsequently used to determine electromagnetic torque and rotor
velocity. The application of this model is done through the development of the PDTM

computer program. The program has been written in the ADA-95 programming language.

The model has been developed in conjunction with another program that is used to
obtain all the essential electric circuit parameters that are not nmormally part of ‘the
manufacturers data, but are necessary to use the PDTM program for transient studies.
This program uses standard machine starting and rated load performance data supplied by

the motor manufacturer to obtain stator and rotor resistances and inductances.

Throughout this thesis the reader is provided with a methodological description and
clear explanation of the principles on which the squirrel cage induction motor functions,
the stages in the development and implementation of the new model, and finally the

opportunity to compare the results from the new model with another transient program

that uses traditional modelling techniques. Chapter two will describe the theory behind the




induction machme as well as its electrlcal and magnetlc 01rcu1try and essential

characteristics wh1ch contnbute to its widespread application. Towards the end of this

‘chapter there is a discussion on the traditional method of m(_)delhng induction r_nachrnes'

-and how 'they differ from the current phase domain model.

‘Chapter three forms the core of this thesis, and it begins by looking at the machine as

~ an electrical device consisting of separate and completely independent electrical c’ircu‘its,

Subsequently, the "three" electrical circuits of the machine are considered as a complete
interconnected and interdependent unit. This sets the stage for the circuit development

and finally the mathematical fonnulatlon of the new model.

- The fourth chapter begins by linking the electrical and Vrnechanical equations of the_

. 'machlne This is followed by a brief description of the of the procedure used to calculate

the motor circuit parameters necessary to perform s1mulat10ns with the PDTM The

‘method is based on the traditional equivalent circuit model of the 1nduct10n machine..

The fifth chapter of the thesis present test cases simul_ated With the‘new PDTM and

compares the results with those obtained using the EMTP.

The final chapter looks at the cOnclusion and recommendations that have resulted from
the apphcatlon of phase domaln theory to transient analys1s studles of the squirrel cage ‘

1nduct10n machine.

1.2 Motivation for the Thesis
In the field of electrical engineering, as in mé.ny:other.areas of engineering, many

numerical and graphical transformations have been developed and used .extens.ivelyv for

~ decades in an effort to overcome perceive mathematical difficulties in solving technical

problems. In the realm of machine analysis, investigators have for decades used different




reference frames to change the variables in phase coordinates to variables in a specified
reference frame. In induction machine analysis, the mutual inductance befween stétor and
rotor are a function of the rotor position and this gives rise to time-varying cqefﬁcients in
the-voltage equations. The change of variables in this case has béeri utilised to avoid thé '
complexity that arises as a result of these time varying coefficients in the differential

equations.

| However, within the past decade the rapid progress in the field of digital computer
processing has opened new areas of scientific research and analytical methods. Despite
these advances, the modelling of induction motors has continued in much the same manner
as it did in the early 1960's with the use of analog computers. At the same time, the size
and output of motors have increased substantially as well as their impdftance and effect on
the power system. Thus, there seems to exist the need for more efficient and accurate

techniques to model the induction motor.

Within the past ten years electrical utilities have expanded' their roles from just '
suppliers of electrical power to one where they are now concentrating more and more on
the loads that they are called upon to supply. Electric motors form a substantial part of
this load. At the same time online programs are béing developed to assess the effect of
these loads on the power system stability during transient and stéady-state periods. It is
envisiqned that a program for transient analysis of induction motors in the phase domain -
- could improve the accuracy of such programs by operating in the same domain (i.e. phase

domain) as transmission lines and other system components.

~ In this thesis the magnetic circuit of the induction machine is considered to be linear.
However, it is known that this is not actually the case, and that the motor undergoes some
degree of saturation which gives rise to a circuit which has non-linear characteristics. The

modelling of saturation effects in induction motors using the conventional dq0 coordinates
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is quite complex. It is believed that a transient model of the induction machine in the
phase domain will present a much simpler and more accurate method for representing

saturation.

1.3 Research objectives
The main object of this research is to develop a phase domain transient model of the
squirrel-cage-‘induction motor that _accuratély represents the physical phenomena. The

model must also be capable of accurately reflecting steady-state conditions in the motor.

Within the global objective of this thesis there are smaller but not less significant
objectives which are of ovérall importance to the entire project. It was recogﬁised_ from an
- early stage ‘that the proposed model for the induction machine would require data not
normally given by machine manufacturers. Consequently, there was the task of
developing a method that 'wduld use the information supplied by the machine
manufacturers to obtain data suitable for transient studies with the PDTM.  As part of a
much .larger objective it was established that all programming code must be done with the
ADA-95 programming ‘language which offers the possibility of object oriented

programming.

Finally, it is hoped that a successful model would lead to a generalisation of the

applicability of phase-domain modelling to other electrical apparatus and components of

electrical power systems.




Chapter Two

The Induction Machine

2.1 Phy;ical Characteristics
The operatiﬁg characteristif:s of most in&uction macmﬁes are ﬁxed‘a'; the time théy are
designed. When coﬁstruction of the machine is completed there is little that can be done
to change its performgnce'charac.teri.stiqs. Although the squirr'el-éége induction motor is
the subject bo‘f this thésis, on many occasions reference will Be méde to. the fnore general-
term, induction machine. The design of thé rﬁaphine determines the nominal output, the
’_starting and breakdown torque, the nominal slip- and iits general . steady-state |
characterisﬁcs. These exfernal featufesvcommon,to tﬁe user are set by the designer in
accordance with his requirement for machine output poWer-' and parafpeters such as the
value of the resistances in the stator -aﬁd rc;>tor. windings‘ and the’ ieakage and rﬁutuai
reactance of both stator and rétor windings. Other factors which determine. the -
characteristics of the‘ machine - include the type of ma’éhétic material .used in its

coﬁstruction and the combination of width and length of the airAgap.

The squirrel-cage induction motor consist of copper wound stator winding to which
the supply voltage is connected and a rotor that consist of solid bars of conducting
material short circuited at each end and embedded in a ferromagnetic material. The short

circuiting of the rofor bars give rise to a common ring which connect all the bars. The
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rotor bars of the motor may be cylindrical in shape (single cage rotor), reétangular with
greater depth thanv width in the ferromagneﬁc alloy (deep-bar rotor), or they may be two
.sepr;lrate bqrs located one above the other with separé.te end rings (doubie-cage rotor). In
all the a’t‘>‘ove mentioned mofors the rotor bars are skewed with respect to the plane of the
axis of rotation of the rotor to reduce the magnitude of harmonic torque due to .the
harmonic content in the magnetomotive force (MMF) waves [2]. Generally, the type of -
rotor used in the machine dépends on the startving and steady state running conditions that
are required. Single-cage rotor motors usually have higher starting torques than both (

double-cage rotor and deep-bar rotors, however, they operate at lower rated velocity and

are less efficient [6]. -

Fig. 1. Squirrel<cage Tofor-bar cross sections, (a) single cage, (b)
deep-bar and (c) double-cage rotors (NEMA ).

2.2 Electromagnetic features of the Induction machine

The basic principle of operation of the induction machine is quite similar to that of a

transformer. This is based on the theory of electromagnetic induction. When a three




phase voltage is applied to the stator Winding (assume a two pole motor) of the induction
machine a rotating magnetic field referred to as the magnetomotive (MMF) field is set up
across the air-gap between the stator and the rotor. The speed of rotation (syn;hronous
speed, o, ) of the MMF is dependent on the freqpency (f) of the applied voltage \aﬁd thev

number of poles (p) in the stator. The synchronou's speed is found from the expression

A/
Z

(01

Rad./sec. (2.2.1)

The strength of the resulting magnetic field (¥) is directly proportional to the effective
turns per phase in the stator windings and rms value of the stator phase current (/) and

inversely proportional to the number of poles. This is expressed by

F= %eﬁAmp/pole. o 2.2.2)

The rotating magnetic field created by the stator current crosses the air-gap of the
machine and sets up a mutual flux linking the stator and rotor. This mutual flux across the
air-gap inducgs a voltage in the rotor conductors. In the squirrel cage motor the rotor »l
conductors are short-circuited and therefore a currept flows. The current in the rotor
conductors lsets up its own magnetic field which iﬁteracts with that produced from the
stator to give a resultant rotating MMF and a torque in the direction of the movement of
the rotor.' If we assume a two pole machine, then the combination of stator three pha;se
windings will produce a north and a south péle in the stator which would be mirrored_by a
north and south pole and an equivalent three phase circﬁit in the rotor (fig. 2). In the
squirrel cage induction motor there are no clearly defined rotor circuit windings. Thus,

the effective turns ratio (K) is defined as the relationship between the effective turns per

phase of the stator windings (N, ) and the rotor circuit (N, ).




i

Fig. 2. Magnetic characteristics of a loaded two pole induction '
motor.

2.3 Induction Machine Circuifs

The induction machine can be considered as consistiﬁg of two - separate electrical
circuits (stator and rotor) electromagnetically connected across the air-gap. The stator
circuit represents 'the resistance and self inductance of the phases along with the mutual
inductance between ‘phas_es. Similarly, the rotor circuit represent the resistance and self
inductance in each phase as well as the mutual inductance between- phases. The
magnetising inductance between stator and rotor produces the magnetic link between
these two circuits. - Although not directly considered in transient studies of the induction

motor there are other factors such as air-gap length and width, and the magnetic

properties of the iron core that determine the electromagnetic characteristics of the
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machine and ultimately its electrical parameters. These are normally considered in the

design stages of the motor.

Although we are considering a linear magnetic circuit for the indnction motor it is
impoﬁant to mention that saturation occurs and this affects the transient response.of thg
motor. The pérmeability of the ferromagnetic alfoy is finite, and as the current in the
circuits increases parfs of the leakage and mutual inductance saturates. Saturation of the
magnetic circuit causes a slight reduction in the values of the leakage and mutual

inductance.

The electrical circuits (stator and rotor) of the wound rotor induction machine‘nre
clearly distinguishable and are connected in wye or delta. In normal circumstances one of
these circuits is nOnnected in delta [S]. The stator windings in the squirrel-cage indnction
machine is simiiar to that in the wonnd rotor machine, bun thejr rntor windings are
different. Nevertheless, the rotor circuit in the squirrel-cage machine like that of thn
wound rotor machine can be considered to be connected in-wye or delta. In the analysis
that follows it will be assumed that each phase of lthe stator and rotor circuits is made up
of a winding of several turns and that both stator and rotor Windings afe connected in wye
(fig. 3). The Windings of the stator and rotor circuits in ‘ﬁgure 3 are both sinusoidally
~ distributed and displaced 120 degrees with identical phase resistance and self inductance in

each of the respective circuits.
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Fig. 3. A two-pole, wye-connected symmetrical induction
motor.

The self inductance of the stator is made up of its leakage and magnetising iﬁductance.
The leakage inductance ﬁsuaily accounts for approximately 5 to ld percent of the total self
inductance [2]. Both thé stator (L,) and rotor (L,) self inductances can be represented as |

Ly=Lis+Lums ‘ (2.3.1)
Ly=Ly+Lo | - (2.3.2)
where L, and L, are the leakage inductances, and L, and L are the magnetising
inductances of the stator and rotor win»ding.s respectively. The magnetising inductance of

the stator winding depend on the number of turns in its windings (V) as well as some

11




physical machine parameters and the type of ‘magnetic material. The magnetising

inductance of the stator is expressed as .

N 2
Lms = (%) nl{gorl. (233)

where L, is the magnetic constant, 7 is the internal radius of the stator, / is the axial length
~of the air-gap and g the length of the uniform portion of the air-gap. The magnetising

inductance of the rotor windings can also be expressed as

2
Loy = (J_V.r.) Thor! 2.3.4)

2 4

The mutual inductances between the respective phases of the stator and rotor windings
are
Lus==3Ln - o (23.5)

Liw=-3Lm (2.3.6)

The variables L, and L, are the mutual inductances of the stator and rotor windings
respectively. From the preceding expressions the inductance matrix of the stator
windings (L) in a three phase induction machine is

_ .Lls +Lms "%Lms _';'Lms
[Lsr]= _%eris Lis + Lpps "%’Lms (237)

1 1
_§Lms _'2'Lms Lls +Lms

Similarly, the inductance matrix of the rotor windings (L., ) can be expressed as

12




Llr +Lmr "%Lmr _%Lmr . .
[Lrol = _%Lmr Ly +Lmy _';'Lmr_ ' (2-3'8)

I 1 ‘
_5Lmr _.ELmr Llr +Lmr

The mutual inductance between stator and rotor circuits expresses the - magnetic flux
linking these parts of the machine. This mutual inductances between stator and rotor
windings (L,,) vary with the position of the rotor and in the case of a three phase induction

machine the inductance matrix (Lg) can be expressed as

cos(©,) co‘}s(9,+23—") cos(e,—23—"
[Lsr] =Ly COS(Gr—Zf) " cos(®,) cbs(e,#;!. . (23.9)
cos(e,+l3’£) COS(Grfg—“> " c0s0) _

where 6 _is the electrical angular position of the rotor and L is the amplitude of the mutual

inductance. The amplitude of the mutual inductance between the stator and the rotor -

~

windings is associated to the stator magnetising inductance as shown in the following

'

expression

Ney (2.3.10)

Lsr:]VS

~where N and N, are the effective turns per phase in the rotor and stator windings.

- The model that has been described thus far is representatiﬂz'e of the single-cage
induction motor or the wound rotor motor. The equivalent circuit for this type of motor
(fig. 4) was developed by Cﬁarles Steinmetz and it forms the. basis for all subsequent
induction motor equivalent circuit models. This model can be used for transient stﬁdies of
wound rotor motors and small single-cage motors where the rotor circuit phase current is

small,

13
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V1 Xm
X
e Stator ‘ ' Rotor °

. Fig. 4. Steinmetz single phase equivalent circuit of a three phase
induction motor -

~ In medium and large size induction machines the rotor current is relatively high and the
rotor bar coﬁstruction is either the double-cage or the deep-bar configuration. In both of
these rotor types the effective resistance of the rotor bar changes with rotor speed due to
the phenomena referred to as skin effect. The equivalent circuit model in figure 5 shows

the rotor represented as two circuits.

In the case of the deep-bar rotor and the double-cage rotor induction motors it has
been determinedi that it is not sufficiently accurate to represent transient ‘phenome.na by
one rotor circuit. Thérefore, these machines shéﬁld be modelled as two rotor circuits with
their own resistances and self iﬁductances (fig. 5.). The two rotor circuits reprgsenting the
deep-bar rotor or the double-cage rotor are connected in pafallel. When the induction
motor is modélled as two rotor circuits in the phase domain, an éxtension can be made to
the general theoretical formuiation made for the single cage or wound rotor machine. In
such cases there is mutual inductance between the rotor circuits and the mutual inductance

between the stator and rotor takes into account both rotor circuits.
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Stator

Fig. 5. Equivalent single phase circuit of a three phase induction
motor used in transient studies
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Chapter Three

The Phase Domain Model Of The Squirrel Cage Induction
Motor

In this chapter we will obtain the differential equations for the phase voltages of both
stator and rotor circuits. These equations will have t‘ime varying mutual inductances
caused by the relative motion between stator and rotor ciréuité. The solution méthod is
based on the discretization -of the first order differential equations by means of the
trapezoidal rule of integration [10]. This method converts the time varying inductan;:es

and other inductances into equivalent resistanceé and history voltz\tge sources.
Consequently, the stator and rotor. circuits with their phase resistances, self inductances
and mutual inductances are converted into.a sirnil,ar network with only equivalenf
resistances and voltage sources. A system‘of equation representing the stator and rotor
phase voltages is subsequently developéd from'the equivalent network of the stator and
rotor circuits. This system of equation forms the basis for the solution of thé new model

in the phase domain

3.1 Solution Technique

The circuit components for the .develo'pmé'nt of the new transient model in the phase
domain of the induction motor is the resistor and the inductor. An essential part of the
formulation of the model is the solution of the first order differential eqﬁ_ation that
represents the véltage in self and mutual inductances. The basic expression for the 'v‘oltage

in an inductor is as follows
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dl(d

V) = L—= o

3.1.1)

When the trapezoidal rule of integration is used to solve this differential equation we
obtain

Vo) =21 - 21 - A= V(- AD) (3.12)

This expression gives the voltage in the inductor at any instant in time denoted by "#". The
discretized equation of the voltage has a voltage component in time "' and a history
component (¥,(2)) shown in equation (3.1.3). Physically, equation 3.1.2 is demonstrated

in figure 6b.

V(@) = %I(t - A+ V(- A?) (3.1.3)

1) w0 & vy ®

,__qufV\___, ’——W/V\/V“—< ) o
\_/ -~

v | \(C
@ : , ®

Fig. 6. Voltage in an inductor in (a) continuous-time
and (b) discrete time domains.

In the case where a resistor is connected in series with an inductor (fig. 7) it is
sometimes desirable to use the voltage across the entire branch instead of just the
inductor. In such cases the differential equation for the voltage across the branch is the

following:

iy

= (3.1.4)

V(o) = RIG) +L=2

When this first order differential equation is solved by the trapezoidal rule of integration it

gives the voltage in every time instant "' across the branch by the expression (3.1.5).
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This expression also has a history voltage component (V) (?)) shown in ﬁg 7(b), and

whose expression is given in (3.1.6).

(t) = RI(t) + %I(t) +RI(t— Af) - ZA—Ltl(t — AD) = Wt - Ad) (3.1.5)
Vhr(t) = [ - i—ﬂl(t— AD) -V(t - AP i (3.1.6)
R+2L Vi, ®

’(\_//

9 A, s "

w '
V() B V() |
(@ ®

Fig. 7. Voltage across a series resistor-inductor branch in
continuous and discrete time domains.

The phases in the stator -and rotor circuits of the induction motor model are
represented by branches with a resistor in series with an inductor. From the preceding
equations one can also recognise the transformation of the inductor to an equivalent

resistance (R,), as in the following expression

Rey=2L N AR )

where L is the inductance in Henry and At is the size of the time step used to discretize the

inductance.

3.2 The Stator Circuit

The assumption is made that the stator circuit is connected in‘Wye and that each phase
contains a resistor connected in series with an inductor (fig. 8). In this initial analysis the
‘'stator circuit will be interpreted as if it were isolated from the rest of the machine.

Consequently, the equation representing the phase voltages will reflect only the phase
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resistance along with the self and mutual inductances between the phases of the stator.. In
reality it is known that the stator phase voltages also depend on the magnetic coupling
between the stator and rotor windings, this effect will be incorporated to our analysis

when we look at the entire machine. -

Fig. 8. Stator circuit showing series elements and mutual
coupling between phases.

The differential equations representing the voltage in the respective phases of the

stator are as follows:

Aol . dln@® - dl) 2o
Vas(t) raasIas(t)+Laas d La S dt +Lacs dt (321)
VbS(t),: rbbslbs(t) +Lbblvdl+dst(t)' +Lbasdlzl—st(t) +-Lbcsé'1‘cci‘st(i) . . (322)
cs (t) dl bs (t) o dl as (t)
CS (t) rCCSICS(t) + LCC.Y d L dt Lcas dt (3 . 2 . 3)

In matrix form the above equations are transformed to give

Vas(t) Y aas 0 0 Laas Labs Lacs Ias(t)

Vbs(t) >: 0 Fobs 0 *p Lbas .Lbbs Lbcs Ibs(t) (324)
Vc;(t)- 0 ) 0 Fecs " Leas Lebs Lees 1:5(2) . A

The differential equations (3.2.1 - 3.2.3) are solved in the time domain to give the

expressions (3.2.5) to '(3.2.7) for the phase voltages of the stator circuit.
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Vas(t) (r aas + At aas) as(t) + AtLabsI bs(t) + AtLacsI ac(t) + (r aas — At aas) as(t At)
ZZ-L;,,,J,,S(t _ A - AZ L acslos(t = AD) = Vst = AD) G .2.5) |
Vbs(t) (rbbs + At Lbbs)]bs(t) + AtLbas as(t) + AtLbcs cs(t) + (rbbx AtLbbs>Ibs(t At)

AtLbas as(t At) AtLbcs cs(t At) Vbs(t At) (326)

_ 2 2 2 _2 -
Vcs(t) = (rccs + Af ccs) Ics(t) + AthasIas(t) + AthbsIbs(t) + (rccs Athcs) Ics(t At)

2, 2, o
-A—thas[as(t — A - —A_thbs]bs(t —-AD) -V (t— AY) 327

The matrix form of these equations is;

Vas(® Tass 0 O 'ZrLaas ArLabs 2 acs 1.:( En(D
Vbs(t) = 0O r bbs 0 + %,Lbas 'A_rLbbs 2 bes 1 bs(t) + Ebsh(t)
2

Vcs (t) 0 0 r ccs cas %thbs Z ccs 1 cs (t) E csh (t)
: 4 : (3.2.8)

where E_, (1), E, , ( f) and E_, (t) are the history voltage sources in phases a, b and ¢ of the

stator circuit. In this case

_ 2 —“A) =2 — A -2 —Af) - _A
Eash(t) = (r aas — AtLaas) 1 as(t At) AtLabsI bs(t At) AtLacsI cs(t At) Vas(t At)
(3.2.9)

Ebsh(t) :(rbbs' AtLbbs)Ibs(t At)'— Lbas as(t At) Lbc cs(t At) Vbs(t At)
(3.2.10)

- 2 _AD-2Z A - “AD =Vt -
Een®) = (rees = Bolees oot = 0) = Bl caslast— 80 = ZL Tt 8 = Ve 1= )
(.211)

In these equations the value of the phase currents-in "(-Af)" represent the history value of

these currents in the respective phases.

The system of equations in matrix form shown in (3.2.8) can be written in compact

notation as
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[V = [RLUL@) + [Ex @] ¢212)

where |
(RLI=[R}+[LD (3:213)

The discretization of the differential équations for the stator voltage allows us to
obtain the discrete-time equivalent circuit for the stator windings shown in fig. 9. The self
and mutual inductances in the equations (3.2.1) to (3.2.3) have been all converted to

equivalent resistances.

2 .
Taast4f L L
Eaan® q At Laas as
2
2 abs
Kthas At .

I 2
PR B =
N Va®

ZziLbcs

foet 2L
ccstAj ccs L0

J

Fig. 9. Discrete-time equivalent circuit of the stator windings.

Ecsh(t)/'\l
\_J

3.3 The Rotor Circuits

Although the emphasis in this thesis has been on the development of a model for the
deep-bar and double-cage induction machine, a progfam has also been developed for the
simulation of the single-cage rotor machine. However, these machines are generally of
small power output and therefore are not normally the focus of transient studies. Inan
effort to uncover what m‘ay not be quite ‘evidentv the analysis of the rotor circuits will
concentrate on the deep-bar rotor and then make the necessary extensjons to the double

cage rotor.
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The shape of the deep-bar rdtor in the squirrel-cége induction motor (fig. 10) gives
rise to a nonuniform distribution of current 1n the bars during transient or changing rotor
speed. This unequal distribution of current, coupled With the difference in reluctance
between the magnetic material and the air in the machine air gap, causes a variation in flux
as one moves from the outer to the inner portion 6f the rotor-bar. These factors combine
to create a larger leakage inductance in the inner part of the bar than on the outer portion
of the bar. That portion' of the rotor bar referred to as the outer portion forms one rotor
circuit while the other portion forms the inner rotor circuit (rotor circuit one and rotor
circuit two, respectively). It is quité evident that there really is no clear physical

separation between the two circuit as in a double-cage machine.

End rings \
Inductance
increases A IR

with

depth
Leakage #77. /
flux Rotor iron
@ ®)

Fi:g_: 10. Dé;,}_)-b;r rotor‘eﬂ'ecgts ta) I;akage flux paths. (b) circuit
representation showing varying inductance.
In the two circuit representation of the deep-bar rotor motor the resistance of the

outer circuit is higher than that of the inner circuit and the leakage inductance of the

former is so small that it is normally not considered. In the double-cage rotor machine the

leakage inductance of the outer circuit is also small, although some researchers claim that
its value can be between 5 to 20 percent of thé value of the mutual inductance between the
two rotor circuits. The value.of this leakage inductance is cléser to the upber limits of this
range when separate end rings and different axial ‘extensi'ons beyond the core ends of fhe

two cages are used in machine design [11]. In this thesis a general model has been
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developed which would allow for the utilisation of a value for the leakage inductance of

the outer circuit if the analyst using the program determine that it is necessary.

In the analysis of the rotor circuits we will first analyse one of the circuits and then
show the interrelationship between them. It is again assumed that the rotor "windings" are

connected in wye and are initially considered to be in open circuit (fig 11).

Taarl

Laarl

ne

¢Ibr1(-t) ,c i’ Icrl(t)

I'ccr 1

L 1=
®
<
o
B
>

Lcarl

(b)

Fig. 11. Rotor equivalent circuit. (a) Two rotor circuits in
parallel. (b) Rotor circuit one (not short-circuited).

Rotor circuit one in fig. 11(b) is.identical to that shown for the stator windings. The
 resistance and self inductance in phases a, b and c are all equal, as well as the mutual '
inductance between the phases. Consequently, the differential equations for the phase

voltages in rotor circuit one will be as follows:
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Varl (t) = raarlIarl (t) + Laarl M +Labrl 'd'[bL(t) +Lacr1A'dIcL(t) (3 . 3 . 1)

dat dt dt
r ar dl er1(f) -
Vort(€) = PooriIon (¢) + Loprn == dy 1(t) +Lea dI dLan () + Lort Do () (3.3.2)
dt dt dt ‘
cr dl r ar |
Vcrl (t) r ccrll crl (t) + Lccrl d;(t) chr bd;(t) Lcarl d;(t) (3 .3 3)

In equations (3.3.1) to (3.3.3) the voltage in each phase of the rotor winding depends on
- its resistance, self inductance and the mutual inductance between phases. The solution of

- the first order differential equations of the voltages can be expressed as

Va1 (® Yaarm O 0 ‘AZ‘,Laarl z2;Labr1 %Lacrl Lor (t) Ean(®
Vir (l) = O repnn O + %,Lbarl %bbrl %Lbérl Ipn (t) =+ Ebrlh(t)
Ven (t) 0 0 ren %,Lcarl KZ;chrl 'ZZ_,Lccrl ' Ien (t) ' Ecrlh(t)

' : 3.3.4)

where E,,, (1), E,,,,(t) and E_,,(¢) are the history voltage sources in each phase of rotor
circuit one. The equation form of the history voltage sources in the rotor circuit is similar
to that shown in the expressions 3.2.9 - 3.2.11 for the stator windings. The system of

equations in b(3.3.4) can be expressed in compact form as
[V (0] = [RLANIA (O] + [Ex(®)] (3:3.5)

with
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[RLa]=[[Rn]+[Ln] (33.6)

The discretized equations in expression 3.3.4 for rotor one circuit can be represented

by the equivalent circuit in figure 12.

2
Taarl+4; Laarl LM

Bantn¥—~ AN
\_ ‘ ,
5 KtLabrl
pibeerf g Bl L
A r
Ebrlh(th bbrl " At . brl t
— U v, ®

2
‘ KtLbcrl
2 .
Teer1t KEICCT 1 Icr 1 ®

Eertn® ) AN

Fig. 12. Discretized equivalent circuit of the rotor windings.
Both rotor circuits of the induction motor are identical except for the values of their
components. Therefore, the discretize equation for the phase voltages in rotor circuit two

can be expressed as

Var@® | || Faar 0 0 EZLearr ZLasrr ELacrr ||| I () Earan(®)
Vi) |= 0 reen O |+| ZLsarr =Losn ZLser2 Lin@® |+| Evan(®)
Vcﬂ (t) 0 O Feer2 %L car2 %,L cbr2 %’thc/Z I cr2 (t) E cr2h (t)

3.3.7)
The system of equations in 3.3.7 can be expressed in compact form as |
[Va(@D] = [RL2IU 2] + [E2n(D)] (3.3.8)
where
[RLa1=[[Ra) + [La] | (339

In our analysis so far we have looked at the machine electrical circuits as completely
independent and isolated components whose phase voltage depends only on the series

element in each phase and the magnetic coupling between the phases. However, due to
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the inductance of both the stator and rotor windings and the ferromagnetic material in
which the windings are embedded there is a substantial amount of magnetic coupling
between the circuits. Therefore, in the next section we will show how the electromagnetic
coupling between the machine windings affect t‘he.phasle voltages in the stator and rotor

circuits.

3.4 The Combined Stator-Rotor Circuit Analysis

In an effort to simplify the analysis of the machine electrical circuits, the phases of the
stator and rotor will be considered simply as coils witﬁ a determined number of turns (fig.
13). The coils have been separated and placed at 120 degrees with respect to each other
and are drawn in a manner to ease the Qisualizaﬁon of a wye connection. It is important to
bear in mind that while the windings of rotor circuit one and rotor circuit two appear
separately, in reality thesé may represen;c a single ‘cbnductor or two conductors with

identical position relative to the stator windings.

2 4 - 5 7 | 8
4")\{({\/. ‘\@%ﬁ/‘
2' 5' 8‘
9'

6'

3 6 | 9
@ ®) : (c

Fig. 13. The phases/windings of (a) the stator circuit, (b) rotor
circuit one and (c) rotor circuit two.

In the analysis which follows, stator windings 1-1', 2-2' and 3-3' represent phases a, b
and ¢ of the stator circuit, while windings 4-4', 5-5', and 6-6' correspond to phases Al, Bl
and C1 of rotor circuit one. Similarly, windings 7-7', 8-8',' and 9-9' are representative of

phases A2, B2 and C2 of rotor circuit two. The analysis will consider one phase of each

26



thé stator and rotor circuits. The results will be extended to include all three phases of the

~ cireuits.

When the machine is energised and the rotor stalled, fransformer theory is used to
establish a positive‘ sequence equivalent network (>>fv the machine (fig. 14) ‘fro"m its
representation in figure 13. In equations 3.4.1 to 3.4.3, Z,, Z, and Z, represent the series
impedance (i.e. the resistance and the self inductance of each coil) of pha_'ses a, Al and A2
of the three machine circuits in figure 14, and thevcoil voltages are in effect the phase
voltagés of one phase of each circuit. The magnetising inductance between the stator and

rotor is represented by Zm. The relative position of the rotor coils 4-4' and 7-7' with

respect to the stator coil 1-1'is denoted by the angle theta (9). ’

Fig. 14. Positive sequence circuit of one phase of the stator and
rotor circuits in the induction motor.

The positive sequence voltage in the respective windings of figure 14 is determined by

the following equations:
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Vi =@+ Z)ly + Zukls + Zukls (3.4.1)
Vg =kZnly + (Za+ B Za) 4 + K Z, (3.4.2)

Vo = kZndy + K Zl s + (Z7 + K2 Zr) (3.4.3)

Where k=N,/N,=N_/N,, with N being the number of effective turns per phase in the
~ corresponding machine circuit.  Also, all voltages, currents and impedances are

represented as phasors. Expressions 3.3.1 - 3.3.3 in matrix format give

Vv | [ @+ k2w K, |Tn
Vie 1= KZw (Za+KZn) KZn, || Ii (3.4.4)
v KZ KZn Z1+KZn || I;

It can be seen from 3.3.4 that the positive sequence phase voltage in the respective
circuits is a function of their series impedance (i.e. resistance and self inductance) and the

magnetic coupling between the windings represented by Z .

In the same manner that an equivalent circuit is obtained for the positive sequence
voltage it is also possible to deduce the equivalent circuits for the negative and zero
sequences (fig. 15). These circuits are then used to obtain the voltage expressions for the

negative and zero sequence voltage in the phases of the stator and rotor circuits.
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Fig. 15. Negative (a) and zero (b) sequence circuits of stator and
rotor circuits in the induction motor, '

“The expression for the negative sequence voltage is identical.to that of the positive

sequence voltage. However, the zero sequence voltages in the windings is expressed by

V(l)l/ Z1 0 »O ’ ](1)
Vew |=] 0 Zs 0 || I (3.4.5)
v, 002z || 17

The three two-port decoupled sequence network (figs. 14 & 15) can be converted by a
matrix transformation into three two-port coupled phase-coordinates network of the

actual physical device (fig. 16). Combining equation 3.4.4 for the positive and negative
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sequence and equation 3.4.5 for the zero sequence mode , the full three-port modal

equation is given by

V(l)ll By

v, 1,

v n.

i [Z°7 6 o0 I '
Vi =[ 0 [z © ] I, : (3.4.6)
v, 0 o0 [z1] I,

Ve | Iy

V;4, ]4’4/

‘_~ Vo ] L Ly J

The corresponding phase-coordinates equation is obtained from

Z)= 4121 +2x [(21") (3.4.7)
Znd = H(121° - [217) - (343)
lo—|— —1 o4 | o7
©
l'e——
—-o4 —o7
10— —e4 = 1
& |
le— —e4 - @8
Cle—— —o4 —9
S
l'e—— ——o4' o —1e6  3e—— —e9

Fig. 16. Conversion from 0-1-2 components (zero, positive and
negative sequence) to a-b-c components (actual windings).
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The application of 3.4.7 and 3.4.8 to equations 3.4.4 and 3.4.5 gives us the following
expressions for the self (Z)) and mutual (Z._.) impedance matrices
Zi+2Z,  2kZn %Zw | o
(Zd=| HZw Za+IKZn  KZn | (3.4.9)
' 2%Zn  EZn  Zi+3K%Z,

1z, Y%z, -z,
(Zil =| ~3kZm —3k*Zm 5K Znm (3.4.10)
17 _1 1
The introduction of the concept of self and mutual irripedance ‘matrix extends our
analysis from the isingle phase scenario where there'weré three windings (one from the

stator and one from each of the two rotor circuits) to the real situation with three phases

and nine windings (fig. 17).

Stator windings/
phases

Rotor circuit one
windings /phases

Rotor circuit two
windings/phases

Fig. 17. Magnetic interaction of the stator and rotor circuits of
the induction motor.
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With the aid of figure 17 and expressibns 3.47 and 3.4.8 the self and mutual

| impedance matrix for the three phase network of coupléd coils is defined as

. ‘ Zaa ZaAl _ZaA2 ‘ : : ) o

[Zs]: FZAla ZAL41_'ZA1A2 ‘ S (3.4.1.1)
Zpa Zpa Lo : _

Zay Zap1 Zap2 , . |

[Zmd=| Zato Zaipr Zaip2 (3.4.12)

Zaw Zapy Zazm

Expressions :3.4.9 and 3.4.10 are then uséd to obtain the complete impedance matrix
of the induction machine. It is now possible to show the voltage in each phase of the three
circuits with the magnetic coupling effect included. This is shown in the following .

expression;

Va Zaa Zav Zap Zatt Zam Zst Zarr Zar Zam 1,
Vs Zap' Zaa Zab Zapt Zaay Zapt Zapr Zatz Zamz || Ip
Ve Zab Zav Zaa Zapt Zamt Zaa ZaBz Zapz Zaaz I
Var | | Zara Zaww Zas Zan Zamy Zam Zavz Zapr Zape || Lo
Ver |=| Zaws Zaia Zaws Zaipt Za Zmsl Zapr Zawz-Zam | Im
Vo Zaww Zawy Zaia Zagr Zaipy Zamay Zagr Zagz Zaz || I
Var | | Zaza Zazs Zaze Zaoay Zaer Zaapy Zazar Zazpz Zarmr || Lz
"V Zarw Zara Zaze Zmpy Zuoar Zaosyr Zaor Zniz Zaomy || In:
| Ver | | Zaw Zaww Zuoa Zaamy Zaosy Zaoar Zaomr Zaomy Zaraz || I

(3.4.13)
Where V,, V,, V,, V., Vg, Vi, Vi, Vi, and Vo, represent the phase voltages in the
stator, rotor circuit one, and rotor circuit two, respéctively.‘ The current vector represent
the phase currents of the stator and rotor circuits. Expression 3.4.13 represent all machine
parameters in phasor quantities. Matrix expression 3.4.13 is converted to compact form in

the time domain as
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Vs(t) - RL; Lgi L AIs(t) _ N
Va@® |=| Lns RLn Lnn || In(®) ; - (G414
£10) Lps Lan RLp 1/2(’_) :

where
[V.(0), [V,, ()], and [V, (9)] are the vectors of the stator and rotor phase vdltages;
[Z.(D], [1,(D], and [1 ,(D)] are the vectors of the stator and rotor phase currents,

[RL.1, [RL,], and [RL,,] are matrices that reflect the phase resistances as well as the self
and mutual inductances- between stator phases, rotor.circuit one phases and rotor circuit

two phases, respectively;

[Ler] and [L_,] are the matrices that represent the mutual inductances between stator and

rotor circuits; and

[L,,,, ] is the matrix of the mutual inductance between the rotor circuits. Also, [L, ]=
[Lsr2 ]T’ [LrZs]= [Lsﬂ]T and [l’rZrl]= [Lr.lﬂ]'r'

By making an analogy between the submatrices in expression 3.4.14 and the equations
given in section 2.3 for the self and mutual inductances of coupled windings, the terms of

these matrices can be determined. The matrix [RL_] is as follows

Raaes O 0 : Lls + Loms _%Lms _%Lms
[RLs] = 0 Rps O +| ’_%Lms Lis + Lns "%Lms (3415)
0 O RCCS _%Lms _';_Lms Lls +Lms .

where R, R,,, and R__are the resistances in the a, b and ¢ of the stator circuit, with L,
and L__ being the leakage and magnetisihg inductance of the stator windings. Likewise, the
elements of matrices [RL,] and [RL,,] refer to rotor circuit one and two, respectively.

Thus,
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1 1
Raarl 0 0 L +Lm»r'l , "'Z'Lmrl "'ELmrl

[RLrI] = 0 Rbbrl 0 >+ "“%Lmrl ‘Llri "fLmrl ) "";‘Lmrl : (3416)
0 0 Rccrl' "%‘Lmrl “%Lmrl >Llr1 +Lmr1 )
and
Riw 0 0 | [Zn+Lme “Awa  iLwe ]|
. [Rsz] = 0 Rwrm O +| ——;'Lmyz le,/z + L —%Lm,q (3.4.17)
0 0 Rccrz _%Lmﬂ ;%Lmﬂ Llr’l +Lmr’2

Matrices [L ] and [L_,] represent the mutual inductance between the stator and each

sr2
rotor winding. Due to the physical location of the rotor windings with respect to the
stator windings, both matrices are equal. The mutual inductance between the stator and

the rotor windings [L_,] is obtained from equation 2.3.9 which gives

c;)s (ér) | coS (6 + %ﬁ) - COS (6 _ 23—")
[Lsn] ;LSR " cos (9 - 23—") cos(®,) cos (6 + %’E) (3.4. 185
cos(@ + 23—") co-s(e - 23—") cos(8,) . | '

in which the amplitude of the magnetising inductance is
. B 2 : : N .

LSR = EKLm . (3419) »

where Lm' is the magnetising inductance referred to 'previously as Z , and K is the effective

turns ratio.

The mutual inductance between the phases of rotor circuit one and rotor circuit two is
obtained through the matrix [L,,]. This inductance matrix describes the electromagnetic

coupling between like phases and dissimilar phases in the rotor circuits and is given by
- . Lmrl2 _';‘Lmr12 , "%Lmrlé v
' [Lrlr’l] = "%Lmru Lr12 "'%Lmru » (3420)
_%Lmru "%LmrIZ Lmr12 ' ' )

It is important to note that [L ,,]1=[L,,,]".
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- At this point we have developed the complete voltage equations of the machine
circuits with the constant and tirﬁe varying mutual inductances. All the inductances will be
discretized to form equivalent resistahcés and history voltage sources. '_A system of
equations is formed from the resulting network of discretized inductances. In the next
section the mathematical method will be formulated that solves the system of equation to

obtain the stator and rotor currents.

3.5 Machine Ciréuit Model Formulation

The stator and rotor circuits phase voltage equations expressed in compact matrix
form in expréssion 3.3.14 give a complete account of the interdependence of electrical and
magnetic characteristics of the machine. The ijective now is to discretize the differential
equations and solve for the stator and rotor currents in the time domain. | Phasor

expression 3.3.14 in the time domain becomes

[V.)) = PIIRLLLON + UL OO +PIL OGN (.5.1)
[V ®) = UL OWLON +PURLATIAON +PILn ]Gl (3.52)
[V,2@)] = PULasOWLOTN +PUL o W O +PURLANL T (3.53)

The differential equations are solved, and in the case of the squirrel-cage induction
motor the rotor phase voltages are made equal to zero. In this case the equations 3.5.1 -

3.5.3 changes to

V(0] = [RLEU(D] + [LE s W n (D] + [LEs2][£2(D] + [E(D)] 3.54)
[O] = [LErls] [Is(t)] + [RLErl][Irl (t)] + [LErlr’Z][Iﬂ(t)] + [Erlh(t)] (355)

[0] = [LE s JIO] + [LE2n T2 @) + [RLE 212 (D] + [Ean()] (3.5.6)

Where [RLE ], [RLE,I], [RLE,], [LE,,], [LE

sr2

]’ [LErb]’ [LErls]’ [LErer] and [LEr2rl]
are matrices of equivalent resistances. The history voltage sources in each phase of the
machine stator and rotor circuits are represented by the vectors [E,(¥)], [E,,, ()] and

[£,,®)]. Where

35




[Esn(®)] = [RLE][1(t - AD] - [LE 14111 (t — AN}~
[LE yan)Iran(t — AD] - [Vt - AD] (3.5.7)
[Enn@] = [RLEanin}lIn (¢ — AD] = [LEasn)[1s(t — AD)-[LE 1241 2(t - AD] (3.5.8)
[E21(D] = [RLE 2nllIr2(t = AD] = [LE2sh][15(t = ADIHLEprs]lIn (- AD] (3.5.9)
In equations (3.5.7 - 3.5.9) the current vectors are the history current values in the

respective phases. In these equations we can also establish that [LE_,,] = [LE ,,] = [LE ],

[LE,, ;] = [LE,,] and that

Raas 0 0 Lls +Lms “%Lms _%Lms
[RLESh] = 0 Rbbs 0 - % —%Lms Lls +Lms _%Lms (35 10)
0 O Rccs “';'Lms —%Lms Lls +me

The structure of the equivalent resistance matrices [RLE , ,,] and [RLE , ,,] are similar to
that shown for [RLE ] in 3.5.10. The discretized circuit of the induction motor is shown
in figure 18 (in an effort to avoid confusion in the drawing not all discretized inductances

have been shown).
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Fig. 18. Discrete-time model of the induction motor in phase
coordinates.

By separating terms in expressions 3.5.6 and 3.5.5 we can obtain the vector of phase

currents in both rotor circuits.  The current vectors are
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[L2(0] = [RLE ] {~[Enn@D] - [LE2)U D] = [LE2lI. (]} (3.5.11)

@] = {[RLE1] - [LEANRLE Y [LE2nl} ™ {{[LEnIRLE ]
[LE 2] - [LEn 3D = [Enn) + [LEnRIRLE ] ' [E2n]y (3.5.12)
Substituting the current vectors for both rotor circuits in 3.5.4 gives a single
expression with all the electrical parameters of the machine. This expression establishes
the link between the input voltage at the machine terminals and the parameters that

determine its characteristics. Thus, afler substitution and rearrangement of variables

expression 3.5.4 becomes
[Vo@)] = {[RLE,] + {[RLE\] ~ [LEn2JIRLE 2] M [LE 2]} {[LEum

(ILEAA)[RLE 2] [LE 2] - [LEns)}} ~ [LEm)RLEA)ILE n:]-
{{IRLE1] ~ [LEnn)[RLE 2] [LE 1} " {{[LEs][RLE 2] " [LE
{[LEnn)[RLEn]  [LEp,] - [LEns1} 3 } 3]
{{IRLEn] - LEn)[RLE2) M LEn]} {~[LEm )+ [LEm][RLE,]™
[LE2n]} HEAn®D) + {(—[LEg][RLE ] ") + {[RLEA] - [LEnn][RLE 2] ™
[LEnn )} {{[LEn][LE2nl[RLER] ™ } = (LEsn)IRLEA] ™ [LEan][LEny]

[RLE])} Enn@] + [Es()

(3.5.13)

In this equation V(%) is the vector of the machine terminal voltage supplied by the network
to which it is connected.
Upon close observation of 3.5.13 one can divide the expression into two distinct parts;

one portion is made up of an equivalent resistance matrix multiplied by the current vector

I(t), while the other is an equivalent history source. Thus, expression 3.5.13 can be

reduced to




(V0] = [RLeq: (0] + [Eeqn (D] C 35.14)

where [RLeq ] is the equivalent resistance matrix of a three phase network and. [Eeq,] is a
vector representing the history voltages in the three phases of the network. Therefor‘e, the
induction machine with its stator and two rotor circuits has been ’reduc‘ed to a simple three
phase network of equivalent resistances with a -voltage source in each phase. It is
importqnf to emphasise that all the physicai pﬁenomena that occurs when the machine is
in motion are preserved in this new circuit representation. From the expression 3.5.14 the
stator phase currents of the machine éap be determined when it is energised by a source

whose phase voltage is V (t).

39



Chapter Feur

Electromechanical Equations And Data Requirements For
The New Model

The transformation from electrical energy to mechanical energy in the induction motor
occurs across the machine air gap. This transfer of energy across the machine air gap is‘
made possible by the magnetic coupling that exists between the stator and rotor circuits.
Therefore, the magnetic field acts as the agent for the transportation of the energy. In this
chapter we will look at the mechanism for the development of energy in the machine
air-gap magnetic field and its importance in the complete energy conversion process from

electrical to mechanical energy.

In chapter tﬁee we looked at the development of the electrical circuit model of the -
machine and it was observed that some of fhe deta ‘required by the. PDTM are not
normally supplied by the manufacturers of induction machines. fll“herefore, in this chapter
we will briefly describe the modifications made to a computer program developed by
Ricky Hung and H. W. Dommel [16] to obtain the necessary circuit parameters to perform

transient simulations with the PDTM.

4.1 Torque Production in the Induction Machine

Generally, induction machines are considered highly efficient electrical apparatus.
Most of the electrical energy supplied from the network is transformed to mechanical
energy, with the remainder as losses due to winding resistance, friction and windage, and

field losses. In utilising the energy concept to obtain an expression for the electromagnetic
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torque in the motor it is assumed that the magnetic circuit is linear which implies that there

can be no losses in the magnetic field.

The pro‘duction of electromagnetic forque in the ir‘lduction.motor is inextricably linked
to the energy in the machine magnetic field. Therefore, we now look at the energy in the
machine magnetic field. This energy is that whiéh is contained in the self and mutual
inductances of the stator, the magnetising inductance between stator and rotor, and the
rotor self and mutual indlictances. The energy in the machine coupling field (W) at every

instant in time during the machine transient or steady-state operation can be determined by
W) = MO (L] - LB U@+ FOT L O Un @) +
O L) U @) + U@ (L) = [Lin] U2V

L1 {1l - i) U121 @11
wheré; |
. [L,] is the matrix of the statér self and mutual indﬁctance,
[L1]is the diag;)nal matrix of the sfator leakage inductance,
[L1] is the diagonal matrix of the rotor circuit one referred to the stator,
[L1,] is the diagonal matrix of the rotor circuit two referred to the stator;
[Z, ] is the matrix of the rotor circuit one self and mutual inductance,
[er]'_ is the matrix of the rotor circuit two self ‘and mutual inductance,
[1,(¢)] is the vector of the stator phase currents,

[Z,(1)] and [1,(¢)] are the vectors of the rotor circuits phase currents referred to the stator,
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[L. (9] and [L )] are the matrices representing the mutual inductance between the .

stator and the rotor circuit one and two respectively.

The linkage between the energy in the coupling field and the change of mechanical

energy in the rotating machine is expressed as
AW, = —Te(Z-)de, : (4.12)

where dW,_ is the change in mechanical energy of the machine rotor, 7, is the
electromagnetic torque, p the number of poles in the machine and B, is the electrical

angular displacement of the rotor.

The machine eléctromagnetic torque is proportional to’ the change of energy in the
coupling field. However, the eﬁergy in the coupling field of the machine depends on the
current in the circuits and the angular position of the rotor. The latter determines the
value of the mutual inductance between the stator and fotor circuits. Therefore, we may

express the electromagnetic torque as

. aw(i,, 0,
T.(i},05) :li)—iz(ej—,_) (413)

which expands to give

7.0) = SO ] 11D [1n ) + 51OV 4 2200 120 (419

In our transient analysis of the electromagnetic torque the change in the electrical
angular position of the rotor occurs during the time step "At", therefore, we can consider
the torque in each time step. In effect one should consider that the mutual inductance

between stator and rotor changes with time.. Thus, equation 4.1.4 becomes
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- no=LnordL m(r)}[f,l(t)] irors m(t)}uﬂ(r)l (415)

The electrical and the mechanical properties of an induction motor are combined in
équation 4.1:6. This equation relates the electromagnetic torque developed in the machine

with the moment of inertia and speed of the rotor. Thus, this electromagnetic torque is
oy dod 20 i

where J, is the moment of the rotor, 7} is the load torque and o,(?) is the electrical -

angular velocity of the rotor. The discretization of this differential equatioh using the

trapezoidal rule of integration gives

0,(0) = 0,(t - Ab) + %i{n(t) + Tt - Ad)} — ?";—y{n(t) +T-AD}  (417)

This equation is used to determine the velocity of the rotor at each time step during a -

transient simulation study.

4.2 Predlctmg Rotor Veloc1ty and Angular Pos1t10n

When the PDTM is used in simulation studies the rotor position and veloc1ty must be
predicted at each time step. The rotor speed is predicted based on linear extrapolation. In
this method the previous two history values are used to determine the speed at the time
step being simulated. The error that occurs in a predlctlon scheme of this nature is very
small, especially in situations where the time step is in the order of microseconds. This is
due to the difference between the large time constant of the rotating masses compared

with that of the electrical circuit. Therefore, the predicted rotor speed is given by
o) =20t - Af) - o(t - 2At) ' ‘ “4.2.1)

The angular position and rotor velocity are related by O = :t—e which, after

discretization with the trapezoidal rule of integration gives
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6() =B(t - A) + ZLo (@) +0t—A) (4.22)

Here 6(?) is the rotor position as determined by the predicted spéed o(?) in equation

(4.2.1). ot — AY) is the speed of the rotor at the previous time step.

4.3 Data for the PDTM Pfogram
Besides the standard data supplied by the manufacturers of squirrel cage induction

machines, the phase domain transient model developed in this thesis requires that
addiﬁonal machine parameters be_ known. On raré occasions some manufacturers would
provide machine u‘se.rs with a substantial amouht of data relating to the e_QuivaIent circuit.
However, it is widely acknowledged that these parameters are not sufﬁciently reliable to
be used in perfqrrning transient studies [9]. Consequently, a program capable of
caléulating with greater-preciéion the electrical parameters of the .equivaleht circuit of
figure 5 was devéloped [16] to be used with the induction motor model in the EMTP.
This program requires the input of ‘bas‘ic motor starting aﬁd steady-state performance
characteristics such as: rated voltage and efficiency, power factor at rated load, rated load,
starting torque and maximum torque, starting current at rated voltage as well as _starting
- current at reduced starting voltage. The program uses this information as a package to

_obtain the following parameters of the 60-Hz eqﬁivalent circuit: stator and rotor
resisténces, stator leakage reactance, rotor leakage reactance, stator-rotor magnetising -
reactance, and the mutual reactance befWeen r'otof circuits. However, the data required to -
perform transient simulations with the PDTM are: stator and rotor resisté.nces, stator
leakage inductanée, stator circuit mutual inductance, rotor leakage inductance, mutual
inductance between phases‘ of the rotor circuits, and the mutual inductancé between the
two rotor circuits. The close similarity beMeen the circuit- parameters of the 60-Hz
equivalent circuit and fhe circuit parameters required ‘by the PDTM makes it possiblé to

use the former as a base to obtain the requirements of the latter.
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The first pfocedure in the modifications done to the program was to convert all per
unit quantities to physical units. .These quéntities in the form of resistances and
inductances are then used in conjunction with the procedure described in section 3.4 to
ébtain all the parameters necessary to perform transient simulations with the APDTM. In |
, this‘ analysis it is important to consider the relationship between the amplitude of the
ststor-rotor mutual inductance [Lg;] and the stator mu£ua1 inductance [L,.] with thé

stator-rotor magnetising inductance [L_]. These are expressed as follows .

L =2KLn | (4.3.1)

Los'=2L | | 43.2)

The modifications made to the program developed in [16] makes it possible to obtain all
the parameters needed by the PDTM by providing the same input data provided by the -

motor manufacturer as would be required for a transient simulation with the EMTP.
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Chapter Five

Transient Simulation With The Phase-Domain Transient
.’ Model

In this chapter we will test the new model by performing three scenarios of startup

transient simulations. The "cold" motor startups will be carried out with no mechanical

load on the machine shaft, a constant mechanical load, and finally a third load that varies
with the speed. The simuiations that will be presented are just a few in a number of
different types of studies that ¢an be performed with the new phase-domain transient
model. Transient simulations will be performed on a large motor pump with a nominal
output of 11,000 Hp. The results from the PDTM program for the 11,000 Hp pump
motor will be compared with those from the EMTP for the same motor. This comparison

is used to assess the validity of the proposed phase~domain method of modelling the

- induction motor.

5.1 Simulation Studies |

This section presents the results from the simulation of an 11,000 Hp pump motor.
This is a large induction motor that can found in nuclear generating stations, pulp and
paper manufacturing plants, and large oil and gas pumping stations in remote locations.
Because of the size of this motor, and coﬁsequently its high starting current and large
moment of inertia, it is important to know its starting characteristics under different load
conditions. These starting characteristics include the starting time, the magnitude and

form of the starting current, as well as the torque characteristics for a given supply, and
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the speed of the rotor when it reaches steady-state conditions. These characteristics

‘represent of the induction motor will be analysed in the simulations with this machine.

- The data of the motor as supplied by the manufacturer is as follows [8]:
rated power = 11,000 Hp, |

rated voltage = 6.6 kV,

efficiency = 98.5 %,

power facfor =0.906,

starting torque at rated voltage = 1.47 p.u.;

maximun torque = 3.5 p.u.,

rated slip = 0.00622,

starting current at rated voltage = 8.0 p.u.,

reduced starting voltage = 0.785 p.u., and

starting current at reduced starting voltage = 6.03 p.u.

These data were supplied to the circuit parameter calculation pfogram discussed in section
4.4. This program calculates the circuit parameters for the standard 60-Hz double-cage
equivalent circuit and those réquired by the phase-domain transient model program. The

circuit parémeters used in the PDTM program to perform the simulations with this motor

are as follows:

stator resistance = 0.02172 ohm,

resistance of rotor circuit one = 0.11869 ohm,

resistance of rotor circuit two = 0.04136 ohm,

stator leakage inductance = 0.00080 H,

stator magnétising inductance = 0.02591 H,

amplitude of the mutual inductance between stator and rotor = 0.02591 H,
leakage inductance of rotor circuit two = 0.00146 H,

mutual induc;cance of rotor circuits = 0.000701 H,
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For the startup simulation a reactor of 0.2 ohm is connected in series with the motor to

limit the initial current. The following simulations were performed:

(2) Motor startup with no load on the rotor shaft.

Current ( A)
8000 - T T T Y v
6000

4000
2000
0
-2000
-4000

-6000

-8000

0 0.5 1 1.5 2 2.5 3
Time (0.5%¥10E4) ms

Fig. 19. No-load stator current (phase a) during startup.

Torque (scale*10E5) NM
2.0 "

L5

10

0.5

134 0.5 1~ 1.5 2 2.5 3
Time (0.5*10E4) ms

Fig. 20. Torque characteristics during no-load startup.
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Rotor speed (rad./séc.)
200 :

180 | : ' , i
160 e ) - .
140 } | ;
120 F o
100 } : -
80 | _ T
60 [ . _ .
40 | o
20| - .

T

T

0o 0.5 1 1.5 2 2.5 3
Time (0.5¥10E4) ms

Fig. 21. Rotér speed durlng no-load. startup.
(b) Motor startup with a mechanical load that varies with its rotor speed
Current (A)

8000
6000

4000
2000
0
-2000
-4000

-6000

-8000, 0.5 1 15 2 2.5 3
Time (0.5%10E4) ms -

Fig. 22. Startup stator current (phase a) with a transient
mechanical load.
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Current (A)
8000

6000 jga

4000

i 1.. 5 2 2.. 5 3
Time (0.5%10E4) ms

Fig.23. Outer rotor startup current (phase a) with a transient
mechanical load.

Current (A)
6000 T . T l. T

4000

Time (0.5*10E4) ms

Fig. 24. Inner rotor startup current (phase a) with a transient
: mechanical load. '

50




Current (A)
12000

10000
8000
6000
4000

0 0.5 1 1.5 2 2.5 3
Time (0.5*10E4) ms -

Fig. 25. Total startup rotor current with a transient mechanical
Toad. ’ '

Torque (scale*10ES) N.
2.0 — .

L5 | ~ - E

10

0.5

>0 0.5 1 1.5 2 7.5 3
Time (0.5*10E4) ms '

Fig. 26. Motor torqﬁe Characteristics during startup with a
transient mechanical load.
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Rotor speed (rad./sec.)
200 T

i8of
160 f - s ]
wot . . R ]
o s - .
00f N
80 e S 1
60 | - _ .. T
0F - o .
2t S | " .
o o

0 0.5 1 1.5 2 2.5 3
Time (0.5*10E4) ms .

Fig. 27. Rotor speed during motor startup w1th tran51ent a
mechanical load.

(c) Motor startup with a constant mechanical load

Current (A) -
8000

" 6000

4000

Time (0.5*¥10E4) ms

‘Fig. 28 Stator current (phase a) during startup with constant
mechanical load
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Torque (scale*10E5) N.M
2.0 T

1.5

10

0.5

0

-0.5

-10

-1.59 1 7 3 4 5
- Time (0.5*10E4) ms

Fig. 29. Torque characteristics during startup with constant
mechanical load.

Rotor speed (rad./sec.) :

200 T T T '
180} - 1
160} o 1
140} 1
120} | | .
100 . i i
8OF | -
60 | .
40} , ‘ 1.
204 - : . i
. [ .

0 1 2 3 4 5
Time (0.5*10E4) ms '

Fig. 30. Rotor speed during startup with constant mechanical
load.
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The EMTP is widely'recognised as the standard tool for electromagnetic transient
simulations in the.ﬁeid of power engineering. This program uses the conventional dq0
coordinate transformation to represent the machine vaﬁables. To compare the results
from the phase-domain model with tﬁose from the EMTP, the 11,000 Hp motor was
simulated using both methods. The simulations were perfo'rmed in both caseé with a
supply phasé voltage of 5550 volts and a starting reactor of 0.2 ohm in each phase. These-
simulations were done with a mechanical load that varied with the speed.of the rotor. The

results are shown in figures 31 to 36.

Current (scale*10E3) A ‘ EMTP transient simulation

MACH 1
-i1

8.08 8.28 .40 .60 0.80 1.88 1.20 1.48 1.60

< MicrdTran, 1992,

Time (scale*10E3) ms.

Fig. 31. EMTP simulated stator current (phase a).
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Current (A)
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0
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-6000

-8000 . : , : :
0 0.5 1 1.5 2 2.5 3
Time (0.5*10E4) ms

- Fig. 32. Stator current (phase a) simulated with the
phase-domain transient model.




Torque (scale*10E5) NM ' EMTP transient simulation

2.88
1.88

MACH 1

-EL TOR
8.88
-1.688

-2.88 4 ., , , . ] . ,
98.80 8.20 0.40 8.68 9.80 1.008 1.28 1.48 1.68

Time (scale*10E4)) ms

& Microlran,1992.

Fig. 33. Motor Torque characteristics simulated with the EMTP.

Torque (scale*10ES) N.M
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1.0 _ i
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-10 . | o

-1.3 0.5 ] 1.5 2 2.5 3

Time (0.5*10E4) ms

Fig. 34. Motor torque characteristics simulated with the
phase-domain transient model.
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Rotor speed (rad./sec.) EMTP transient simulation
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Fig. 35. Rotor speed simulated with the EMTP.
Rotor speed (rad./sec.)
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Fig. 36. Rotor speed simulated with the phase-domain transient
, model.
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From the results presented in the preceding figures it can be seen that the results from
the phase phase-ddmajn transient model program matches closely those. obtained with the
"EMTP. These results demonstrate that the phase-domain transient model program can be

used to perform transient simulations that have previously been done with the EMTP.
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Conclusions

In power utilities all system variables are given values in the phase-ooordinate system.
At the same time, standard measuring techniques simulate ‘parameters such as Voltages
currents, and 1mpedances in phase quantities. Therefore it would be convement and more
accurate in many cases if power system engmeers ‘were to possess the tools capable of
performmg transient and steady-state simulation of these systems or components of the
System 1n the phase-domain. In this thesis, a philosophy and methodology have been
presented which offers this p0551b111ty The phase-domaln transient model of the induction -
motor performs transient and steady-state analyses w1th the machine c1rcu1t parameters_ :

and variables directly in the phase-domain.

The accuracy of fhe PDTM programA fof the induction machine compares favourably
with that of the most established electromagneﬁc transient progham (EMTP).k This is
confirmed by the transient simulation results pfesented in chapter five. The algoﬁthm used
in the phase-domain modell'iquuite simple. The implementati_on 1s made easier by the ‘
utilisation of the high-level and ‘extremely flexible  ADA 9X programming language to‘
code the model. ‘The object code is quite simple and oﬁ‘ers the possibility of futhre
deyelopmeht and extension to the model. The transient induction motor program has been
developed for use on personal cofhputers and simplicity in the area of human-maehirie'

interface was given top priority in its development:

The phase-domain transient model of the induction machine utilises a linear magnetic
circuit. - It is hoped that future work in this area would attempt to consider the
nonlinearities in the magnetic circuit of the induction motor. This would improve the

accuracy and flexibility of the model.
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Ihduction machines of different types are extensively used in many commercial and
industrial applications. HoWever, this model in its present stage of development is only
suitable for transient analysis of the squirrel-cage induction motor. It is hoped that future
work in this area would conceﬁtfate on the development of a general médel suitable for all

types of induction machines (e.g. wound rotor motors and induction generators).

This transient model program of the induction squirrel-cage motor has immediate
industrial application. However, it is anticipated that if this program is used in the
teaching of induction motors it can present students with a clearer understanding of the

principles and operation these machines.

Finally, it is hoped that with the presentation of this thesis a new and powerful tool has
been initiated to further the development of online power system monitoring and

supervision.
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