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Abstract - Analysis of induction motor for small pertur-
bation around its operating point is possible using the lin-
earized equations. Features of a linear system of equations
can be employed for designing the relevant controllers
based on the transfer functions and roots of the character-
istic equations. In this paper considers the non linear
equations of induction motor are linearized for small per-
turbation around the operating point and the resultant
state equations are then used to simulate the performance
of induction motors with different ratings.
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I. INTRODUCTION

Induction motors are workhorse of industry and are

widely used as variable speed drives in wide range of
power, from fractional horsepower to multi megawatts
power. The reasons are its fast dynamic response to the
change of speed and torque. They also play a major role
in many other applications. Induction motor is mechani-
cally robust and can be used at speed higher than the
corresponding direct current motor. Development of
linear control techniques such as eigenvalue analysis
and frequency response system has been an important
research topic during recent years [1, 2]. It is possible to
analyze induction motor performance for small pertur-
bation around the operating point using a linear system
of equations. The linear system of equations, transfer
functions and roots of characteristics equations can be
employed for design of induction drives control sys-
tems. The reasons for torque oscillations during run-up

of small, medium and large size three-phase squirrel
cage induction motors are discussed in [3]. D-q model

of a small induction machine, based on the stationary
and synchronously rotating reference frames, are used to
calculate system of eigenvalues versus time under dif-
ferent operating conditions [4]. In addition transient and
dynamic stability of the isolated self induction generator
supplying an induction motor load is given.

This paper expresses the dq dynamic equations of an
induction motor as a set of first-order differential equa-
tions where linearization technique is applied. The per-
formance of three-phase squirrel-cage induction motors
with different ratings is then analyzed for small pertur-
bation around its operating point. Also the eigenvalues
and transfer functions of each motor are determined and
influence of the poles of the characteristic equation
upon the response of the motor to small perturbation is
shown.

II. LINEARIZED MATHEMATICAL MODEL

If fluxes of stator and rotor in dq model are taken to
be independent variables and currents dependent vari-
ables, voltage equations consist of a derivative term
versus fluxes and it quickly converges [3, 6]. The induc-
tion motor governing equations are non linear. In order
to use the theory of the linear systems, it is possible to
obtain the linearized equations for small perturbation
around the operating point. In such a case, motor can be
considered as a linear system with small changes in in-
put and the obtained transfer function is used in the con-
trol design. For this analysis, the differential equations
are expressed in the following matrix form:

° dX
X=

dt
=Ax+BU (1)

Y=CX+DU (2)

where A is the system matrix, B is the control matrix, X
is the state variables vector, U is the input vector, C is
the output matrix and D is the feed-forward matrix. The
rotor of induction motor is short-circuited, Vqr=Vdr=O,
so Vqs, Vds and TL are controllable values. Generally, for
study of small perturbation of input (AVqs, AVds and
ATL), the linear model of motor is used. A suitable
method for linearization of the non linear equations is
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Rs, Rr stator and rotor resistance
Xls, Xlr stator and rotor leakage reactance
Xm magnetizing reactance
Vqs, Vds q- and d-axes stator voltage
TL load torque
H inertia constant
ids, iqs d- and q-axe stator current
idr, iqr d- and q-axe rotor current
Cs3r rotor angular velocity
Cs3b base electrical angular velocity
Jds, 1Jqs d- and q-axe stator flux
Jdr, XVnr d- and q-axe rotor flux linkage
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considering the varing variables around the operating
point. If the steady-state response of the motor are TLO,
Wldso, 1qson Jdro, 1ldro, Vqson Vdso and Cro, the variables of
motor is taken to be X=XO+AX. By substituting in five
nonlinear equations of motor [5, 3], neglecting small
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variations and eliminating the steady-state values in the
both sides of the equations, equations for small pertur-
bation is obtained as follows:
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Where

Xs =XIS +XM

Xr =Xlr +Xm

D=XXS -x 2
Xs Xr

Ay(qs

A ds

Ay qr

A dr

x) b
X

(5)
(6)

(7)
Fig. 1 presents the block diagram of the output variables
of the motor versus the state variables. Having the lin-
earized model of the state space model, (3) and (4), the
linear system method can be used to analyze the perform-
ance characteristics of the induction motor. At this end,
induction motors with small, medium and large rating are

considered. Parameters of these motors have been sum-

marized in Table I [6].

TABLE 1

PARAMETERS OF FOUR-POLE THREE-PHASE INDUCTION MO-
TORS WITH DIFFERENT RATINGS

I_ 13 1-I 1\ 11 -111

A 3 0.089 26.13 0.754 0.816 0.754 0. 435
B 25 0.310 - 5.540 - 0.4628 0.0408 0.251 0.0788
C 50 1.662 - 13.08 - 0.302 0.228 - 0.302 0.087
D 500 11.06 54.02 1.206 0.187 1.206 0.0262
E 800 21.26 36.079 0.716 0.094 0.716 0.131
F 2250 63.87 13.04 0.226 0.022 0.226 0.029
G 6000 674.97 22.205 0.3016 0.022 0.3016 0.022

Fig. 1. Block diagram of the output variables of the motor versus the
state variables

III. SIMULATION RESULTS

Classical transfer function analysis is commonly used to
provide insights to the expected steady-state and dynamic
performances of the proposed system.
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The linear system of equations for the motors are de-
termined using five state variables The characteristic
equation of the motor is as follows:

A(s) = S5 +a4s4 + a3s3 + a2s + als+ao (8)
0.5

where coefficients depend on the parameters of motor and
they are independent of the initial conditions and inputs
change. Therefore, there are five eigenvalues for the in-
duction motor where one of the poles of the transfer func-
tions is eigenvalue. Transient response of the motor de-
pends on the location of the transfer function poles on the
s-plane. Typically the characteristic equations of control
system are high order and transfer function poles are clas-
sified into I)dominant poles which are effective on the
dynamic behavior of the system and 2)unimportant poles.
The eigenvalue of the open-loop linearized system for
various power motors are summarized in Tables 2 , 3 and
4.

TABLE 2
EIGENVALUE FOR SMALL POWER MOTORS

|| || C
-89.99+±J'315.1I 50.28±j'365.89 444+348

211.66+j60.18 -134.66±j14.64 -10.28+j58.41

-31.10 27.82 21.95
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Fig. 2. Time variation of speed and electric torque for small power
motors
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Fig.3. Time variation of d, q stator currents for small power motors

TABLE 3
EIGENVALUE FOR MEDUIM POWER INDUCTION MOTORS

D E
- 41.95 ± j373.90 - 35.21 ± j374.79

-14.16± j53.39 12.06± j50.37
-29.69 - 25.08

The eigenvalues of small motors: A, B and C are shown
in Table 2. Figs 2-3 show simulation results where the
input of the motors have been varied. It has two complex
poles and one real negative value. The eigenvalues are on
the left side of the imaginary axis and it has no effect on
the stability.

Table 3 shows the eigenvalues for medium power mo-
tors D and E. In this motors, ratio of the motor reactance
to motor resistance is between 5 and 7.

The roots of characteristic equation for motors A and
C are close to the imaginary axis and it influences the
transient response and the effect can be reduced or elimi-
nated by the zeros of the transfer function. Figs. 4 and 5
compare the performance ofmedium power motors D and
E. The responses of motors to the input changes are simi-
lar, because the roots of characteristic equations are very
close.

The eigenvalues of the large power motors F and G
are shows in Table 4. All eigenvalues in these motors are
close to the imaginary axis and they influence the tran-
sient response. Therefore, the oscillations are more
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change in electrical torque D,E)
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ohange in rotor speed J,E)

TABLE 4
EIGENVALUE FOR LARGE POWER INDUCTION MOTORS

I F -1 G -
- 24.66 + j375.85 -13.87 j376.51
8.97+ j52.53 - 6.88 ± j24.82

-18.55 -13.86

0.14

0 0.02 0.04 0.06 0.0 0.1 0.12 0.14
time (sec)

Fig. 4. Time variation of electric torque and speed for medium power
induction motors
Ihange in stator current ,E)

0.02 0.04 0.06 0.0 0.1
time (sec)

change in stator ourrent i,E)

significant compared to the small power motors and it
takes longer time to approach the steady-state mode.

Figs. 6 and 7 compare the performance of the medium
power motors F and G. As seen, the speed of motor G has
more oscillation compared with motor F. In motor F,
ratio of rotor reactance to rotor resistance is almost 10
while this ratio is 14 for motor G.

The speed response of motors F and G have less damp-
ing factor compared with the small and medium power
induction motors. They take longer time to approach the
synchronous speed. Figs. 8, 9 and 10 show the Bode dia-
grams of transfer function s Ao)/AVqs for motors C, D and

change in rotor speed F,G)
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Fig. 5. Time variation of d, q stator current
for medium power induction motors
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Fig. 6. Time variations of electric torque and speed
for large power induction motors
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n MAGN TUDE RESPONSE OF ELECTR IC TROQUE (SMALL POWER)
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Fig. 7. Time variation of d, q stator currents for large power induction
motors

F. Bode diagrams for motors D, E and F are resemble.
The magnitudes of the transfer functions at angular fre-
quency 60 and 377 rad/s are maximum. Bode diagram of
motor B is similar to that of motors D, E and F, but the
amplitude of transfer function is larger at angular fre-
quency 60 rad/s.

IV. CONCLUSION

To select the power equipment, drive and control de-
sign, it is necessary to study the induction motors per-
fornance using linearization technique. The aim of this
paper is to simulation of the dynamic small signal behav-
ior of an induction motors. Finally, with use of linearised
equation motor, results simulation for small, medium and
large power have been reported and discussed.
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1 0
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Fig.8. Bode diagram for small power motor
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