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ABSTRACT

The importance of using a digital computer in studying the performance of Induction machine
under steady and transient states is presented with computer results which show the transient
behaviour of 3-phase machine during balanced and unbalanced conditions. The computer
simulation for these operating conditions is obtained from the non-linear differential system of
equations which describe the symmetrical Induction machine in the stationary reference frame. It
is shown that using the characteristic data available from open- and short circuit tests of the
machine: accurate simulations of the machine under steady and transient conditions are possible.

1. INTRODUCTION

The steady state mathematical modelling of
Induction machines is not new and has
received a considerable attention from
researchers dated far back as the machine
itself [1, 2, 3]. On the other hand, the
transient mathematical modelling  of
induction machines continues to receive
enormous attention and will continue to do
so because of the vital effect the transient
behaviour of the induction machine has on
the overall performance of the system to
which it forms a component part. Unlike the
steady state modelling, transient modelling
proves to be more difficult both in the
definition of suitable forms of equations and
in the application of appropriate numerical
methods needed for the solution of same.
However, appropriate mathematical
transient models for most machine types
were found when the generalised d-q axis
theory was developed [4] and the space-
vector theory evolved[5]. With the advent
of digital computers, digital simulation
techniques of these models appear most
suitable for the analysis because numerical
methods must be used, as the resulting
differential equations are non-linear. In
papers [6] and [7], analog computers have
been used to investigate the transient
behaviour of induction machine under
various modes of operation. It however, has
the demerit of not directly applicable to
variable frequency operation from a single

de input signal. Nath [8] used digital
simulation to predict transient speed,
current, and electromagnetic torque of
three- phase SCR controlled induction
motors under run-up conditions. In general,
digital- computer solutions of the basic
differential  equations describing the
transient behaviour of the induction motor
have been used to predict the performance
of the same motors, and good agreement
with comparable reduction in simulation
time as against analog-computer, has been
realized [9, 1 0]. In this paper, the steady
state and transient analysis of induction
motor driving a pump load is developed and
the computer results are presented for the
following modes of operation:

(i) balanced conditions and

(i) unbalanced stator voltages

2.The Induction Motor Model

The induction motor is modelled as an ideal
cylindrical-rotor machine with

(i) Uniform air gap

(if) Saturation, eddy current, temperature
effects neglected

(iii)Skin-effect neglected

(iv)ldentical stator windings

The differential equations governing the
transient performance of the induction
motor can be described in several ways and
they only differ in detail and in their
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suitability for use in a given application. If
the speed of the motor is assumed constant,
then the motor differential equations
become linear and analytical method can be
used in solving for the motor torque and
currents. However, where changes of motor
speed have to be accounted for, analytical
method becomes highly inadequate as the
differential equations are non-linear and
could only be solved numerically using
digital or analog computers. The d-q axis
model of the motor provides a convenient
way of modelling the machine and is most
suitable for numerical solution. This is
preferable to the space-vector motor model

Okoro 47

which describes the motor in terms of
complex variables. Figure 1 shows the d-q
equivalent  circuits for a  3-phase
symmetrical induction machine in arbitrary
reference  frame. The zero-sequence
component, Vo is absent in all cases
considered in this paper.

From the below induction models, the
differential  equations  describing  the
dynamic performance of the motor in
arbitrary reference frame are given as in [6]
with all the rotor parameters referred to the
stator. The prime on the referred values
have been omitted here for convenience.

[Vlzs (R +1Lsp)  wly Linp
Vas . -wk (Rs + Lsp) - WLy,
Vqr Linp (w=wp)Lyy (R + Lyp)
Var —(w—wy)Lny Lnp —(w—w;)L,
L¢=Lis+ L,
Ly =Ly + Ly,
_d
Pt

wlL,,
Lmp
(w—wy)Ly
(Ry + Lyp)
1)
()
©)
(4)

The equation used for the prediction of electromagnetic torque is given by [3],
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Fig. 1b

Fig.1 Induction machine models in d-q axis: (a) g-axis model (b) d-axis model

3 P . .
T, = E (E)Lm(lqsldr - ldslqs)
()
And the rotor speed
dw, P To_T
dt - 2_]( e L)
(6)
Where,
Te
= electromagnetic torque
Ty
= Applied load torque

J = inertia constant
P = number of poles

‘The relationship between the actual 3-phase
voltage Vi Vs and Ve and the d, g
voltages of equation (1) is,

— O ﬁ £ —_
‘/QS 2 1 2 1 2 1 Vas
Vas |= 311 737 73 Vbs
Vos \/_E 1 1 Ves
i N R
(7)

The actual 3-phase stator currents can also
be obtained by using the inverse
transformation to that given in equation (7)
The pump load is assumed to have a torque-
sheep characteristic given by

T, = 0.52e7%2% + 1.10e 3 (speeds)?
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3 Steady State Analysis

The steady state mathematical model
equation obtained by equating, all
derivative terms in equation (1) to zero and

synchronously rotating reference frame( w=
We). By so doing, equation (9) results
together with equation(5) which is modified
to give equation (10)

with  the  machine  described in
Uso R, WeLs 0 weLs [lgs0]
0 _ —a)eLs RS _(UeLm 0 idso
0 B 0 (we - wr)Lm RT ((‘)e - wr)Lr iqro
0 —(we — wr)Lpy 0 —(we — wr)Ly, R, Liro
9)
and
3 P . . .
Teo = E (E)Lm(lqso — laro — ldslqro)
(10)

where,

igso, Idso,Iqro @Nd igro are the steady-state currents and we, the synchronous speed. Equations (9) and
(10) are solved to obtain the steady-state torque-speed characteristic of the motor.

4. Transient State Analysis
The differential equations describing the transient behaviour of the motor in stationary reference

frame are obtained by equating w in equation (1) to zero. Therefore,

Vqs (Rs + L,P) 0 L, P 0 lgs
Vs _ 0 (Rs + L,P) 0 Ln,P |id5|
0 Ly, P —wrlym Ry +LP)  —wrly ||ig, |
0 w, Ly, L, P wrLr Ry + LP)I|; er
(11)

Equation (11) can be put in matrix from as follows:
[V] = [L]P[i] + o, [G][i] + [R][i]

(12)
Where,
[V] = [V, V40 0]
[q d ] (13)
R, 0 0 O
o R, 0 O
[R] = 0 0 R, O
0 0 0 Rr (14)
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L, 0 L, O
_ Ly 0 Ln
L] = L, 0 L. 0O
L L
0 tm 0 & (15)
0 0 0 0
o 0o o o
G1=1o _1, o -1,
L, 0 L 0
(16)

[i] = [iqs las iqr idr]t

(17)

The stator voltages for balanced and unbalanced and unbalanced conditions are represented in
equation (18) and equation (19) respectively as:

Vs = V,, cos wt

2m
Vys =V, cos (a)t - ?>

(18)
V.o =V, cos(wt+37)

Vs =V, cos wt

2T
Vs = 0.5V, cos (a)t — ?)

(19)

V. =V, cos(wt
+m/2)

5. Digital Representation and Simulation

As can be seen in equation (l), the differential equations involve products of current and current
as well as current and speed. As a result, the equations are non- linear anytime the speed varies.
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A numerical technique must therefore be applied to solve for the motor speed, currents and
torque. For the purpose of digital simulation, equation (11) is represented in state variable form
with currents as state variables [11]:

Pli] = =[L]([R] + w.[GDI] + [L]7'[V] (20)

One of the contributions of this paper is to show a new tool applied to invert a matrix in a
symbolic way. Unlike in [8,9,10], where the authors preferred to invert the matrix L at every
integration step, in this paper, in order to minimise the simulation time, a single symbolic
inversion of L is carried out so as to obtain an analytical mathematical model of the motor
(equation(20)). The symbolic matrix inversion is obtained by means of the software package
"Mathematica"[12] as:

0
1 0 L
Ler - L%/I _Lm 0 LS 0

<
(a]
|
b~
3

(21)

In order to simulate the induction motor transient model differential equations(6) and (20),
MATLAB[13] in-built numerical algorithm, Ode45 , a program that uses Runge-Kutta numerical
method, is applied. The linear systems of equations(9) and (10) are also solved to obtain the
steady-state speed-torque characteristic of the motor.

6. Simulation results and Conclusions

In order to illustrate the method of solution discussed above, results of the performance studies
of an induction motor driving a pump load are presented. The simulations have been carried out
using the below motor data gotten from the open and short circuit tests of the induction motor
under study:

50hp, 460V, 4Poles, 60Hz

Rs=0.087Q

L1s=0.8mH

Ly = 0.8mH

Lm =34.7mH

R, =0.228Q

J = 1.660Kgm?

Below figures show the steady state and transient state torque-speed characteristics of the motor
at no-load and at pump load for balanced and unbalanced stator voltages. In figure 6, the
difference between the transient and steady state -speed characteristics is not noticeable. In large
horse-power induction motor, however, this difference is highly noticeable and due mainly to the
electric transients in the rotor circuits as reported by [3]. The paper has presented a simple
method of analysing and simulating the steady state and transient state performances of an
induction motor. The simulation results presented in this paper will indeed provide essential
information to the Plant Electrical Engineer over the motor performances prior to its design.



Nigerian Journal of Technology, Vol. 22, No. 1, March 2003, Okoro 52

Fig.l Graph of Torque against Speed-Steady F 134 g:iph of Torque against Speed at no
State Analysis -

ig2 Graph of Torque against Time- Fig.5 of S Va inst Ti
Transient State Analysis &> Graph of Specd againt Tim at o load

i
3

TR M M @ e e R e
" ; "o

g3 h of Torque against Ti : ;
I(Z:f Tque against Time at no Fig.6 Comparison of Steady and Transient

states Torque-Speed Characteristic



Nigerian Journal of Technology, Vol. 22, No. 1, March 2003, Okoro 53

Wemp 3L

Fig.7 Graph of Torque against Time at |
Toad.

Fig.8 Graph of Torque against Spe

. P
e
P

2

| _,,f;.r..{,-'.. [

; A

0 | : eSS

R | dhf*l | .

"Rt

Fig:9 Graph of Speed against Time at
Load.

REFERENCES

[1] Boldea, I.; Nasar, S.A.: Unified treatment of
core losses and saturation in the orthogonal-axis
model of electric machines. IEE proceedings,
Vo01.134, pt., No.6, Nov.1987, PP 355-363

[2] Mittle, V. N; etal: Stability Analysis of a
constant Torque static Slip-Power-Recovery
Drive. IEEE Transactions on Industry
Applications, Vol. 1A-16, No.1,

January/February 1980, PP119-126

[3] Krause, P.c.. Analysis of Electric
Machinery" McGraw-Hill Book company, New
York,1986.

[4] Park, R. H.. Two-Reaction Theory of
synchronous machines Generalised method of
Analysis -part | Transactions A.l.LE.E., July,
1929, PP.716-727.

[5] Vas, Peter: Electrical machines and Drives -
A space-vector theory approach; Oxford,
Clarendon press, 1992,

[6] Krause, P.C; Thomas, C. H.: Simulation of
symmetrical  Induction machinery. IEEE
Transactions on Power Apparatus and Systems,
Vol. PAS-84, NO.II, Nov.1965, PP.1038-1053.

[7] Jordan, H.E.: Analysis of Induction
machines in  dynamic  systems, IEEE
Transactions on Power Apparatus and Systems,
Vol. PAS-84, NO.11, Nov. 1965, PP.1080-J
088.

[8] Nath, Gautam; Berg, G.J.: Transient
Analysis of Three-phase SCR controlled
Induction motors, IEEE Transactions on
Industry  Applications, Vol.IA-17, NO.2,
March/April1981, PP.133-142.

[9] Smith, 1. R; Sriharan, S.: Transient
Performance of the Induction Motor, Proc. IEE,
113,(7), PP.1173- 1181.

[10] Smith, LR; Sriharan, S.: Induction-Motor
Reswitching transients, IEE, Vol. 114. NO.4,
April 1967, PP.503-5009.

[11] Chen, C. T; Introduction to Linear system
Theory; Holt, Rinehart and Winston, Inc: New
York, 1970.

[12] Wolfram, S.: Mathematica, 2™ Ed; New
York/USA; Addison-Wesley Publ. Co. Inc;
1988.

[13] "The MATLAB Compiler User's guide,” in
Mathworks handbook, Mathworks, 1994.

ACKNOWLEGEMENT

The author wishes to acknowledge with thanks
the wuseful discussions with Prof. Dr.-Ing.
B.Weidemann of the University of Kassel,
Germany.



