
Abstract
Transient phenomenon of power system load is important to 
study the behavior of the overall systems. Modeling of single 
and double cage induction machines is an integral part of power 
system studies. Full order models of single and double cage 
machines are presented here considering the transients. The 
requirement of high starting torque in double cage type is also 
considered in the theory. Model order reduction is an improvised 
reduction technique that ignores some insignificant and 
redundant faster transients thereby reducing the complexities 
but ensuring original input/output characteristics. The authors 
present here the fast and efficient algorithms for transient 
analysis of induction machines and solve using Runga-Kutta, 
Trapezoidal and Euler’s methods in Matlab platform. Less 
computation time of reduced order model for both the single 
and double cage machines is verified and improved accuracy 
is observed. 
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I. Introduction
The study of squirrel cage induction machines in power systems 
is currently receiving great attention because of its various 
industrial speed applications. They are considered the best 
solution for the replacement of dc machine drives which require 
thorough and expensive maintenance. The modeling of complex 
dynamic systems is one of the most important areas of research 
in the field of engineering. It is often desirable for analysis, 
simulation and system design point of view to represent such 
models by equivalent lower order state variable or transfer 
function models which reflect the dominant characteristics of 
the system under consideration. A large number of methods are 
available in the literature for order reduction of linear continuous 
systems in time domain as well as in frequency domain [1-7]. 
The main criterion towards lower order models from higher 
order model systems aims at deriving stable reduced order 
model from the stable higher order model with the condition 
that the reduced order model matches some prominent 
quantities of original one. Furthermore, high power induction 
motors have found increasing applications in recent years. In 
order to limit the starting current and to have a reasonably 
large starting torque, these motors are generally equipped with 
a double-cage or deep-bar rotor. Numerous methods of order 
reduction are also available in the literature [8-13], which are 
based on the minimization of the integral square error (ISE) 
criterion. Some of methods are based on stability criterion 
also. In the power system studies, it is generally accepted that 
the complete representation of induction motors is usually 
described by a fifth-order model [14-16].  The importance of the 
starting cage of high power motors in system analysis has been 

worked out in the research papers in which order reduction of 
the complete seventh-order model were achieved by neglecting 
stator transients [17, 18]. Notably, the speed voltages in both 
rotor windings have been neglected incorrectly, resulting in a 
poor agreement of the speed behavior as compared to that 
of the full-order model. Moreover, the results would only be 
applicable where high frequency components in the power flow 
are not of interest as in transient stability studies. In this study, 
we will show that the full-order model of an induction motor 
with double-cage rotor can be readily reduced to a fifth-order 
model while practically retaining the instantaneous behavior 
of the rotor speed, stator current and stator flux linkage at the 
machine terminals. For reducing the order of the model of single 
cage type of induction machine, stator flux transients are to 
be neglected. The common method of deriving reduced order 
models of induction machine is the identification of the Eigen- 
values/poles in the frequency domain and neglecting the faster 
transients. Therefore, for implementing model order reduction, 
the time domain machine equations are to be transformed into 
Laplace s-domain. Alternately, one can also reduce the model 
order if he assumes rotor resistance of larger value; this involves 
higher starting torque. The rotor copper loss will increase and 
efficiency will be poor. Thus the rotor flux transient cannot 
be neglected. 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 
single cage 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, and requires a relatively large amount of 
computational time. consequently, the third-order model is 
achieved through neglecting the electrical transients of stator 
winding, which is used to predict the transient behavior of 
induction motors. The organization of this paper is as follows. 
Section II describes the analytical details of full order machine 
model. The reduced order machine model is detailed in section 
III. The resulting equations neglecting faster transients are also 
derived. Section IV gives numerical results and discussions by 
using Runge-Kutta, Trapezoidal and Euler's methods in Matlab 
platform. 

II. Full order model of single and double cage induction 
machines
For the modeling of induction machines, the flux linkage is 
considered as the state variable. In the generalized two axes 
(d-q) model, the associated stator and rotor fluxes are expressed 
by four first- order equations. In addition to these, one has to 
include the torque balance equation thus resulting in a fifth 
order system. For the double cage induction machine type, 
there are six components of fluxes associated with the stator, 
inner cage and outer cage of the rotor along the d-q axes. 
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Incorporating the torque balance equation, the double cage 
system results in a seventh order system. The expressions for 
the flux linkage and torque balance in single cage can be found 
in [19] whereas, those for the double cage in [18]. For ready 
reference, the equations are given below:

For single cage:

where, 
a1  = Rs Lrr/Lsr, a2 = RsLm/Lsr, a3 = Rr Lm/Lsr, and a4  = Rr Lss/Lsr .

For double cage:
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The electrical parameters in the above equations are defined 
in Appendix.

The d-q voltage are related to the phase voltages Va, Vb and 
Vc by the expression
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III. Reduced order model of single and double cage 
induction machines 
The matrixes of flux-linkage equations in reduced order model 
will definitely be simpler and less computational time will be 
required. In the case of single cage, 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. The order-reduction 
of the double cage motor model is obtained by neglecting the 
faster transients due to the outer cage and this result in a fifth 
order model. 
The third order system equations (for single cage machine) 
are given as:

              (14)
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The fifth order system equations (for double cage machine) 
are given by:

 

 

 

 

   (22)
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IV. Results and Discussions
Model order reduction problems of single cage (5 HP, 1000 
RPM, 6 Pole, 50 Hz, 230 V) and double cage (4200 HP, 3000 
RPM, 6.1 KV, 50 Hz)  induction machines  was programmed 
in the MATLAB M-file environment using three solvers to attain 
the solutions. The solvers used were the Euler, Runge Kutta 
(RK4) and Trapezoidal methods, which were also scrutinized 
to attain their computation efficiency.

   (a)

   (b)
Fig.1: (a) The variation of terminal voltage and (b) real power 
of the single cage induction machine versus time using three 
Numerical techniques. 
Fig.1 shows the variation of terminal voltage and real power of 
single cage induction machine with time. During the starting 
period, the terminal voltage and real power show transients 
which settle down after the transient phase is over. The 
calculated computation time for three different methods is 
entered in Table 1. It is observed that the computation time is 
least in Euler’s method for both full order and reduced order 
models. The reduced order model offers less computation time 
than the full order model, as expected. 

Fig.2: Variation of terminal voltage of double cage induction 
machine using three numerical methods. 

The dependence of terminal voltage with time for double 
cage machine is displayed in Fig.2 and the comparison of 
computation times in three numerical methods is entered in 
Table 2.  As expected, computation time in Euler’s method is 
less than that of RK4 and Trapezoidal, because it is a single 
step or first order solver. 

Table 1: Single cage induction machine
Runge-Kutta (RK4) Solver
Model Computation Time(ms)
Full order model 483
Reduced order model 269
Trapezoidal  Solver
Model Computation Time(ms)
Full order Model 531
Reduced order model 296
Euler Solver
Model Computation Time(ms)
Full order Model 411
Reduced order model 214

Table 2: Double Cage induction machine
Runge-Kutta (RK4) Solver
Model Computation Time(ms)
Full order model 489
Reduced order model 284
Trapezoidal  Solver
Model Computation Time(ms)
Full order Model 599
Reduced order model 349
Euler Solver
Model Computation Time(ms)
Full order Model 403
Reduced order model 229

V.  Appendix
Ψsd Stator flux linkages along d axis.
Ψsq Stator flux linkages along q axis.
Ψrd Rotor flux linkages along d axis.
Ψrq Rotor flux linkages along q axis.
Lss self inductance of stator winding
Lsr Mutual inductance between stator and   
              rotor winding
Lrr Self inductance between rotor winding
1,2,3  Subscripts referring to stator, running (inner) and   
 starting (outer) cage windings, respectively.
Rs Resistance in stator winding
Rr Resistance in rotor winding
d, q Subscript referring to d and q axis.
ω Angular frequency of power supply in   
              radian per sec.
v            Terminal voltage of stator winding.
l1,l2 ,l3  Leakage reactance of stator, inner and 
              outer cage windings, respectively.
lm           Magnetizing inductance in per unit.
S            Motor slip.
ωe          Angular motor speed in electrical radian 
              per sec.
te , tl       Motor and load torque in per unit.
H Inertia Constant of motor and load in 
              second.
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