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Abstract— A substantial amount of power system load is made
of large number of three phase induction machine. The transient
phenomena of these machines play an important role in the
behavior of the overall system. Thus, modeling of induction
machine is an integral part of some power system transient
studies. The analysis takes a detailed form only when its modeling
becomes perfect to a greater accuracy. When the stator eddy
current path is taken into account, the uniform air-gap theory in
phase model analysis becomes inefficient to take care of the
transients. This drawback necessitates the introduction of
analysis of the machine in d-q axis frame. A widely accepted
induction machine model for stability studies is the fifth-order
model which considers the electrical transients in both rotor and
stator windings and the mechanical transients. In practice, some
flux-transient can be ignored due to the quasi-stationary nature
of the variables concerned. This philosophy leads to the
formation of reduced order model. Model Order Reduction
(MOR) encompasses a set of techniques whose goal is to generate
reduced order models with lower complexity while ensuring that
the 1/0O response and other characteristics of the original model
(such as passivity) are maintained. This paper takes the above
matter as a main point of research. The authors use the
philosophy of the speed-build up of induction machine to find the
speed versus time profile for various load conditions and supply
voltage disturbances using numerical methods due to Runge-
Kutta, Trapezoidal and Euler’s in Matlab platform. The
established fact of lesser computation time in reduced order
model has been verified and improvement in accuracy is
observed.

Keywords- Induction machine, Model order reduction, Stability,
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I. INTRODUCTION

The mathematical description of many physical systems
when obtained using theoretical considerations often results in
large-order models. To be more precise, in the time domain or
state space representation, the modeling procedure leads to a
high order state space model and a higher order transfer
function model in frequency domain representation. It is often
desirable for analysis, simulation and system design to
represent such models by equivalent lower order state variable
or transfer function models which reflect the dominant
characteristics of the system under consideration. Model order
reduction is important and common theme within the
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simulation, control and optimization of complex physical
processes. Some of the reason for using reduced order models
of higher order system could be (i) to have a better
understanding of the system (ii) to reduce computational
complexity (iii) to reduce hardware complexity and (iv) to
make feasible controller design. The Model order reduction
techniques for both type of reduction have been proposed by
several researchers. A large number of methods are available
in the literature for order reduction of linear continues systems
in time domain as well as in frequency domain [1-7]. The
extension of single input single output (SISO) methods to
reduce multi input multi output (MIMO) systems has been
also carried out in [8-11]. Numerous methods of order
reduction are also available in the literature [12-17], which are
based on the minimization of the integral square error
criterion. Some of methods are based on stability criterion.
Each of these methods has both advantages and disadvantages
when tried on a particular system. In spite of several methods
available, no approach always gives the best results for all the
systems.

In this paper, two axes modeling (d-q model) using park's
transformation theory in state space representation has been
developed and reduced order model has also been derived and
simulation results are obtained using various numerical
methods such as Runge-Kutta, Trapezoidal and Euler method
under no load and load conditions and supply voltage
disturbances.

Further, it is well known fact that the three phase Induction
machines are the work-force in the generator-mode and motor-
mode applications in the power systems. As induction motors
are becoming day by day a main component of A.C drive
systems, a detailed study of the different aspects of its
modeling draws the attention of the researchers [18-31]. The
important approach of modeling of induction machine is the
Park's transformation theory, which converts the machine from
phase model to axis model. Two separate coils are assumed to
lie on each axis, both for stator and rotor of the induction
machine. The voltage balance equations for each coil are
formulated and then the torque-balance equation of the
machine is established. As transformer emf is a component of
voltage balance equation, the machines equation involves the
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time rate of changes of flux linkage ‘(P¥)’, where p stands for
the time derivative and ‘Y’ is flux-linkage associated with
each coil. The number of P -terms in complete model indicates
the order of the model.

This work investigates the different aspects of reduced order
modeling of the three-phase induction motor as a power system
component. In power system simulation, especially in the
transient stability studies, it is desirable to represent induction
motor loads with a reduced-order model in order to decrease
computational efforts and time. The order reduction is achieved
by setting the derivative of stator flux linkage to zero in the
stator differential equation in which all equations are referred
to the synchronously revolving reference frame. This method
of reducing the order of the induction machine is designated as
the theory of neglecting stator flux transients.

II.  BASIC ASSUMPTION AND MODEL OF SINGLE CAGE
THREE PHASE INDUCTION MACHINE

The theory of neglecting stator flux transients applied to
induction motor, the axis equation modeled in synchronously
rotating reference frame requires two assumptions, and these
are:

(1) Terminal voltage cannot continually change in
magnitude at a high rate for any length of time and it
must remain at synchronous frequency

(i1) Oscillating torque component caused by stator flux
linkage transients can be safely ignored.

The methods of deriving reduced order equations are
described below.

For reducing the order of the model of single cage type
of Induction machine, stator flux transients have been
neglected. The simplest method of deriving linearized reduced
order models of induction machine is the identification of the
Eigen- values/poles in the frequency domain and to neglect the
faster transient. Therefore, for required process of model order
reduction, the time domain equations are to be transformed into
Laplace domain. Avoiding the process, one can also reduced
the model order, if he assumes rotor resistance of larger value
and this involves higher starting torque. The rotor copper loss
will increase and efficiency will be poor. Thus the rotor flux
transient cannot be neglected.

The transient performance of electrical machines has
received increasing attention in recent years primarily due to
the application of digital computers to large and complicated
models of electromechanical systems [18-29]. Computer
simulation of induction machine is performed to determine the
machine behavior under various abnormal operating conditions
such as start up and sudden change in supplies voltage and load
torque, etc.

The detailed induction machine model is non-linear fifth
order model, which is referred to as the “full order model”.
This model takes into account the electrical transients of both
the stator and rotor windings, requires a relatively large amount
of computational time. Consequently, the third-order model is
achieved through neglecting the electrical transients of stator
winding, is used to predict the transient behavior of induction
motors.
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III. FORMULATION OF FULL- ORDER MODEL OF SINGLE CAGE
INDUCTION MACHINE

The reduced order model is derived from the full order
model of induction machine. The mathematical model is
expressed in synchronously rotating d-q references frame using
per unit system. The machine flux linkages are selected as state
variables and the power invariant transformation is used to
convert the phase variable to their equivalent d-q variable.

A. Full- Order Model (5th-Order Model)

The induction machine equations are expressed in
synchronously rotating frame of reference:

Pysg =-a1Wsg + Ysgt @ Yia + Vg (D
Pysq = -Wsa- a1Wsq H a2 Yig + Vg )
Pyig = a3 Ysq T a4 Wig - (1-W1) Wi 3)
Py = a3 Waa + (1-Wp) Yrg- 84 Wi 4
Pw; = (Lw/2HLy) [( WsqWra - WsaWirg) - (Lsr To/Lin)] (5)
where,

a; =R Li/Lg, a2 = RiLi/Lg, a3 = R; Lyy/Lg,

s =R, Lo/Lq 6)

The quantities g and yq are the flux linkage of the
stator winding along direct and quadrature axes respectively.
V4 and g refer to those for rotor winding. R;and R, are the
winding resistance of rotor and stator respectively. Ly and L,
represent the self-inductance of stator and rotor winding
respectively, while Ly, denotes the mutual inductance between
them. The quantities L and L, are the apparent three phase
rotor and stator self-inductance respectively and L, is the
magnetizing inductance in the winding. The quantities Vg4 and
Vg refer to the stator terminal voltage along d and q axes
respectively. H is the inertia constant in second. We have the
relations

Li=L,+ L., @)
L=L.+L, (®)
Lsr: er Lss - Lm2 (9)

The phase voltages V,, V, and V. may be expressed in
matrix form as

V, sin @
V, [=V, |sin(@-27/3)
V, sin[@ + 27 /3]

(10)

The d-q voltage are related to the phase voltage by the
expression
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. . . Va
\F sin@ sin(@—27/3) sin(0+27/3) v
3| cos® cos(@—27/3) cos(6+27/3) Vb

T

In equation (10) and (11), 6 = wt + a is the phase angle,
and a is the switching time.

The Stator d-q currents expressed in term of flux linkage
can be written as

isd _ (erWsd - LmWrd )/ Lsr
isq (erlr//sq - Lml//rq )/ Lsr
(12)

Representing by p and q the active and reactive powers,
we may have the matrix equation:

|:P:| . |:Vsd Vsq :|rsd :|
Q Vsq _Vsd isq
(13)

Simulation results are obtained using various numerical
methods such as Runge-Kutta, Trapezoidal and Euler method
under no load and load conditions and supply voltage
disturbances. The flowchart for simulation algorithm is given
in figure 1.

IV. FORMULATION OF REDUCED-ORDER MODEL OF
SINGLE CAGE INDUCTION MOTOR

Reduced order model applied to normal three-phase
induction Machine of single cage design allows to neglect the
stator flux Transient. This assumption makes the d/dt = P terms
reduced in comparison to full order model hence the resulting
matrixes of flux-linkage equation will be simpler and
computational time will be less.

Neglecting Stator Transient

The fifth-order model is reduced to the third order model
by setting the time rate of change of the stator flux linkage to
zero. Solving these flux linkages after setting their derivatives
to zero in (1) and (2) yields

l//sd _

!//sq

1 alaZ az ¥ rd + al 1 Vsd
aj+1||-a, aa,||ve| |-1 a |Vq

(14)
Substituting above in (3)-(5) results in the third order model
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d
ﬂ= (bl -, )‘//rq +b2V/rd +b3vsq +b4vsd

dt
(15)
dy,
qu b, - Vi — (bl -, )'//rd - b4vsq - bV
(16)
d!//r _ Lm
dt  2HL (a’ +1)
L2 &’ +1
—a (l//jr 'H/lsr)_sr(L—l)Tl (aIUSd TO N o
m
+(all)sq T O MW ar
(17)
where
a.a aa,a
b1=1+ 223ab2: %
al +1 a; +1
a a,a
b; = 23 . by=a,+ 2l R
al + a, +1

V. RESULTS AND DISCUSSIONS

The simulation results and performance characteristics of
full order model and reduced order of single cage induction
machine for stator current, stator flux linkage, rotor speed etc.
have been obtained as shown in figures 2(a-c) and 3(a-c) under
no load and load torque disturbances and supply voltages
changes. The machine parameters for the single cage induction
machine under analysis are given in table I.

Reduced order model characteristics have been compared
with their full order model. The characteristics obtained for full
order model and reduced order model are almost equal. The
computational time obtained for full order model and reduced
order model using three numerical methods are also compared
in table II. The algorithm presented in this paper introduces a
considerable advantage in computational speed as indicted by
comparative results given in the table II.

oD
!

Read the Machine
Parameters (vs, rr, 18, Im,
Iss, tl, H)

Initial conditions
specified
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'

Compute the base value and transfer
machine parameters in P.U system

v

Store the output specifications

v

Calculate the phase voltages and stator
terminal voltages along d-q axis using [€—
subroutine program

'

Calculate the stator and rotor flux
linkages of d-q axis from equation (1)-
(4)using three methods(i) Runge-kutta
fourth order method(ii) Trapezoidal
method(iii)Euler method

v

Calculate the electromagnetic Torque
(Te)

v

Calculate the
Jd(wr)/dt=Te-TL

Rotor speed using

A 4

Print the result of speed, flux linkage,
current of induction machine at no load &
load and supply voltages disturbances

No

Stop

Figure 1: Flow chart of simulation algorithm

TABLE 1. SPECIFICATION AND MACHINE PARAMETERS OF
SINGLE CAGE INDUCTION MACHINE
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Mutual Inductance between Stator & Rotor 2.475
(LSY)

Magnetizing Inductance (L) 1.65

Inertia Constant (H) 0.0331 sec

Mutual Inductance between stator and 2.475
rotor( L)

TABLE II. COMPARISON OF COMPUTATIONAL TIME OBTAINED
FOR FULL ORDER AND REDUCED ORDER MODELS IN THREE
NUMERICAL METHODS USING MATLAB

Runge-Kutta (RK4) Solver

Model Computation Time(ms)
Full order model 491
Reduced order model 282

Trapezoidal Solver

2 HP, 1200 RPM, 6 Pole, 60 Hz, THREE PHASE MACHINE

Machine parameters P.U Value
Supply Voltage 200

Stator Resistance (Ry) 0.1742
Rotor Resistance (R;) 0.0637
Self Inductance of stator winding (L) 1.754

Model Computation Time(ms)
Full order Model 545
Reduced order model 312
Euler Solver
Model Computation Time(ms)
Full order Model 402
Reduced order model 235
10
------------- Full order model
35
oo Reduced order
S model
o0
&
5 10 15 20
g
=5
-10 ) A
Time in sec
Figure: 2 (a)
No Load
------- Full order model
35 Reduced order model
3 g
= 3
£ 25
kS 2
© 1.5
£ 1
T:.; 0.5
= (0]
2 0 5 10 15 20
& Time in sec

Figure: 2 (b)
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Fig2 (a-c): Response of Full order Model & Reduced order model under no
load condition and at rated supply voltage
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Figure: 3 (b)
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Figure: 3(c)
Figure 3(a-c): Response of Full Order Model & Reduced order

Model under load condition and supply voltage change (10%)
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VI. CONCLUSIONS

The reduced order model of single cage induction machine
was validated by digital simulation and compared with the
response of full order model using three numerical methods
such as Runge-Kutta method, Trapezoidal method and Euler's
method. The reduced order model is applied to a 2 HP, 1200
rpm, 6 pole, 60 Hz single cage induction machine and its
performance characteristics is compared with the full order
model. The performance characteristic of reduced order model
is approximately same as full order model of single cage
induction machine. The simulation time taken for full order
and reduced order models are calculated using three numerical
methods. The results show the saving of considerable amount
of time in reduced order model as compared to full order
model.

The numerical techniques, namely, Runge-Kutta
method Trapezoidal method and Euler's method for solving
the non-linear differential equation using MATLab are used to
integrate the differential equation and integration size is taken
to be 0.002 second. The quantities selected for simulation are
stator current, stator flux-linkages, rotor speed under no load
and load conditions and supply voltage disturbances.

In this paper, the method of solution has been decided
based on the physical fact of the speed build-up of the
induction machine. This physical insight is a must because the
speed build-up of induction machine is equivalent to flux-
linkages build-up iterated with electromagnetic torque
neglecting the stator flux transients in the full order model.
This process governs the algorithm for solution of flux-
linkages and speed. The reduced order model demonstrates the
improvement of the processing time considerably.
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