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Numerical and experimental investigation of the equivalent 
circuit parameters of induction machine  
 
 

I. INTRODUCTION  
 

During the last years, the applications of induction machines in speed and position 

controlled drives have grown significantly. To achieve high efficiency and constant torque, many 

induction machines are constructed by attaching electronic control and they are used as speed and 

torque controlled drives. To achieve good static and dynamic characteristics of these drives, the 

engineers require a lot of information about the controlled machine. Thus, the parameter 

determination of the induction machine has become of first importance for the successful design 

of the electronic control.  

There are several ways to predict the parameters of the induction motor equivalent circuit. 

Some of them are purely experimental, and some of them use numerical field computations and 

the Finite Element Method [1,3]. As the numerical field computation by the Finite Element 

Method requires good extent of  knowledge, it is important to use an effective and intuitive finite 

element package to extract the machine parameters. Such a package is FEMM v. 3.3 (Finite 

Element Method Magnetics), which is freely available over Internet [2].  

In this paper an investigation is made of the possibilities for application of the Finite 

Element Method and FEMM 3.3 software package for determination of induction machine 

equivalent T-circuit parameters (Fig. 1). The investigation is directed towards determination and 

corroboration of some existing relations between the FEM numerical solution and the classical 

per-phase equivalent circuit of the induction machine.  

The equivalent circuit parameters, with their values and variations at working state, are 

used at the design stage of the control circuitry for a typical induction machine. The object of the 

present investigation is the induction machine model 4/042AO− , having rated power 

, rated rotor speed , rated currentW90=nP rpm1370=nn 64.0/37.0=nI , rated voltage 

, for  connection.  V220/380=nU Δ/Y

In accordance with the aims of the investigation, an experimental determination of the 

induction machine parameters is achieved, using suitable load and no-load tests. Numerical 



models of the same tests of the induction machine are developed using the finite element program 

FEMM 3.3 [2, 3]. 

 
Fig. 1 

 

II. EXPERIMENTAL INVESTIGATION 

 

In many cases the equivalent circuit of the induction motor is approximated by the 

traditional one shown on Fig. 1. In general, the parameters of this approximate circuit can be 

obtained by locked-rotor and no-load tests. In our case, the experimental investigation includes: 

1) Locked-rotor test of the induction machine (slip 1=s ), at which the characteristics 

 are determined. The interval of variation of the stator current is conforming 

to the requirements of the machine control. 

( kkk UfIP 111 , = )

2) No-load test (slip ), at which the characteristics 0≈s ( )101010 , UfIP =  are determined. 

3) Measuring the characteristics ( )211 ,, MfnIP =  in the interval mss <<0  . 

4) Measuring the resistance of the stator winding  at the three cases above. 
Ct

R 01

The results of the measurements are processed using the well-known analytical formulae: 

A) From the locked-rotor test: 

 ; 2
11 3/ kkk IPR = kkk IUz 11 /= ; 22

kkk RzX −=   (1) 

The values of the stator winding reactance .21.541 constX ≈Ω= , the referred to the stator 

resistance of the rotor winding Ω= 03.101'2R  and the referred to the stator reactance of the rotor 

winding , which are parameters of the equivalent T-circuit,  are found by 

solving the following algebraic system of equations: 
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 The last equation in the system (2) expresses an assumption, corroborated in many 

practical cases. 

 Because of the small height of the rotor slots of the machine under investigation -

, the effect of current displacement in the locked-rotor test of  induction machine (at 

frequency ) is negligible. Therefore, the current displacement coefficients  for 

the resistance, and for the reactance, are equal to 

mmh 10≈

Hz5012 == ff rk

xk 1≈= xr kk  in the whole range of rotor 

frequency variation 12 fsf = , for . It can be expected that the value of , computed 

from the locked-rotor test, is a constant in the slip interval s shown above. 

01 >≥ s '2R

 The computed values of the leakage inductances of the stator and rotor windings are 

H1726.0/ 111 == ωXL  and H1603.0/'' 122 == ωXL , where 11 2 fπω = . These parameters are 

practically constant, independent of the variations of currents and  at locked-rotor test, as 

well as in other working regimes. One of the reasons for that has been already shown above. The 

second reason consists in the fact, that by technological requirements, the width of the stator and 

rotor teeth of  a small induction machine cannot be diminished much, which means that magnetic 

saturation does not occur at the specified currents.  

1I '2I

B) From the no-load test: 

For the correct functioning of the motor control system, the actual value of the mutual 

inductance  is very important, as well as its variation. At the experimental approach, the 

mutual inductance is determined by the expression 

mL

1/ωmm XL = , where the reactance of the 

magnetizing branch  is found by solving the equation: mX

 ( ) 11011010 RIXXIjU m
&&& ++≈   (3) 

The obtained non-linear characterisic of the mutual inductance ( )IfLm =  is shown on Fig. 2. 

 
Fig. 2      Fig. 3 

 

III. NUMERICAL SIMULATION 



 

The numerical simulation of the induction machine under consideration is achieved by using 

the Finite Element Method and the software package FEMM 3.3 [2].  This package can solve 

“nonlinear time harmonic” electromagnetic problems using only the fundamental harmonic of the 

magnetic field intensity.  The following nonlinear partial differential equation is solved: 

 ( ) VJAjA
B srcs
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∇−+−=⎟
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×∇×∇ σσω
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where: - represents the phasor of the applied current source, - is the phasor of the magnetic 

vector potential, 

srcJ& A&

effμ - is “effective permeability”, σ - is conductivity of the rotor slot  material, 

sω  is slip angular frequency. 

The nonlinear time harmonic analysis includes the effects of nonlinearities like saturation 

and hysteresis on the fundamental of the response, while ignoring higher harmonic content. To 

model nonlinear eddy current problems using steady state analysis and phasors, it is necessary to 

use an “effective reluctivity” ( ) ( )BB effeff μν /1= , which is independent of time. The effective 

reluctivity is defined by imposing the equivalence of the magnetic energy stored in the BH curve 

for the original magnetic field with higher harmonics and the effective BH curve associated with 

sinusoidally varying magnetic field. FEMM derives the effective BH curve by taking H to be a 

sinusoidally varying quantity. The amplitude of B is obtained by taking the first coefficient in a 

Fourier series representation of the resulting B.  

The numerical simulation is done at specified stator current  and corresponding slip s, 

where the angular frequency 

1I&

sω  in (4) is the slip angular frequency ωω ss = .  

Because of the complicated geometry of the model and in order to facilitate the work with 

FEMM, the IMPAS CAD system [4] for design verification of induction machines was used. 

IMPAS acts as a GUI shell of FEMM, which automates the creation of the FE model by 

specifying only some of the typical machine parameters. 

3.1 Mutual inductance ( )IfLm =  

The numerical approach for determining  is as follows. It is seen from Fig. 1, that mL
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1= ;  and thus, 

1ω
m

m
XL =  (5) 

This formula is correct when the iron losses are neglected ( ∞→CR ). 

3.1.1 Determination the induced phase voltage from the numerical solution in FEMM 



According to the theory of electric machines the induced voltage in the stator winding  

can be determined by the formula  

1E&
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where:  - is the number of conductors in a stator slot; ku auu kk /'= , where  a  is the number of 

parallel branches of the winding; p – is the number of pole pairs; eΦ - is the embraced  by a 

section group main magnetic flux; - is the embraced by a whole phase main magnetic flux. 

Equation (6) is valid for both single- and double-layer windings. For the machine under 

investigation ; . 

FΦ

;256=ku 2=p 1=a

 According to the expression of magnetic flux defined by a contour integral of the 

magnetic vector potential, 
( )
∫
Γ

=Φ dlA. ,  and taking into consideration the peculiarities of the 

stator winding with q sections in a section group, the magnetic flux eΦ  at core length  can be 

found as: 
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It is important that (7) is valid for fractional-pitch windings and also for distributed windings. 

From the magnetic field distribution over the winding, the magnetic flux for a whole phase 

can be determined: 
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In (7) and (8),  denotes the average value of the magnetic vector potential  over the i-th 

section side with volume . 
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The numerator and the denominator in (9) are obtained by the FEMM’s postprocessor.  To find 

the induced voltage , the necessary products for (7) and (8) can be computed as 1E
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V
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AdV

Al si  (10) 

where  is the cross section of  i-th section side.   siS



3.1.2 Determination of the magnetizing current  from the numerical solution in 

FEMM 

mI

According to the numerical algorithm of FEMM the stator winding currents and the induced 

rotor currents are sinusoidal variables in time that are represented in phasor notation as 

and . The former is specified as input data, and the later is obtained from the solution of 

the quasi-stationary problem in FEMM. The indexes 1,2 correspond to the stator and rotor. 

( )nsI 1
&

( )msI 2
&

The magnetizing current  is found by using the Ampere’s circuital law and the expression 

for the magnetomotive force (mmf) in the induction machine: 

mI

 21 FFF +=m  (11) 

According to the electrical machines theory, the components of the mmf over the coordinates 

x and y, for the stator and the rotor, will be: 

  (12) 
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Here, 2,12,1 /2 ZZ πα =  - is the geometrical angle between  stator slots or between rotor slots 

(  and are the numbers of  stator and rotor slots). Since all quantities in (12) are known, the 

magnetizing current  and the referred to the stator rotor current  can be determined. In this 

case both currents are referred to the stator winding: 

1Z 2Z
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where 
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Evidently, if a referring to the rotor winding is necessary, the referring coefficient will be:  
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On Fig. 3 the computed values of the currents are shown, and on Fig. 4 – the phase 

differences between them for the regime under load according to point 3 of the experimental 



investigations / /. The nearly linear increase of the phase difference between the 

magnetizing current  and the referred rotor current  is fully in agreement with the 

interpretation of the equivalent circuit – Fig. 1. It can be seen that at low slip values this phase 

angle 

mss <<0

mI '2I

( ) '/''/' 2222 XRsXRsarctg ≈=ψ  is a linear function of the slip, and moreover, as it was 

shown before, and  are constants in the range considered. '2R '2X

On Fig. 5 the phase differences between the currents at 1=s  are shown. It can be seen that 

the primary and the secondary currents at locked rotor test are nearly in opposite phase, which 

corroborates the main working hypothesis in investigating this regime. 

  
Fig. 4      Fig. 5 

After substitution of the numerical results for  and  in (5), the value of the mutual 

inductance  is found. As  is obtained by using the value of the induced voltage, on all 

figures it is denoted as . 

1E mI

mL mL

( )ELm

 

  
Fig. 6      Fig. 7 

The theory of transformers and induction machines states that the magnetizing current is 

the current, which creates the resultant magnetic flux of the machine when flowing through the 

stator winding at every working regime. In particular, the magnetizing current is considered as 

the current flowing through the stator winding at ideal no-load regime / /. This 0,0 2 == Is



formulation is checked and corroborated by creating numerical models with FEMM, where the 

stator winding is fed with the obtained values of the magnetizing current at , i.e., the load 

regime is “reduced” (concerning the magnetic state) to the ideal no-load regime. The difference 

in inductance values, computed for the two regimes, is used as a conformity criterion. In the 

reduced regime the inductance is denoted as  

0=s

rm EL )( .

The results from the numerical investigation are shown on Figs. 6 and 7. The biggest 

deviation between ( )ELm  and  does not exceed 8.5%. rm EL )(

 As it has been already shown, at no-load regime, when neglecting the core losses 

/ /, the no-load current is ∞→CR mII ≡10 . In this case, the mutual inductance can be 

computed as [2]: 

mL
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where:  and with correspondence with its physical meaning( ) ( )−+ −= mm II ( ) mmm III == ±
&& . 

If the following formulae are taken into account: 
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substitution and transformations in (15) the following expression is obtained: 
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But, if  ,  then  , 
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Therefore, equation (16) can be expressed as  
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This expression is identical to the expression for ( )ELm , that would be obtained if all 

quantities defined by formulae (6)÷(10) are substituted in (5). The confirmation of this can be 

seen on Fig. 8. The difference between ( )ELm  and ( )jALm .  does not exceed 4 %. 



3.2 Leakage inductance of the stator winding ( )IfL =1  

As it was shown in Section II, the leakage inductance for the induction machine is 

practically constant. For its numerical determination the same algorithm is used as before in 

calculating  at two types of models: mL

(i) With rotor at ; 1=s

(ii) Without rotor. 

The investigations are made at the same current in the stator winding as those applied in the 

experiment. The results are shown on Fig. 9. The comparison with the experimental data shows, 

that the second model is more suitable for determination of the leakage inductance, especially as  

the numerically found leakage inductance is only for the slot part of the winding. 

  
Fig. 8       Fig. 9 

 

3.3 Rotor resistance of the induction machine 

The numerical solution produced by FEMM contains the value of the electrical  losses 

 in the slot part of the rotor winding for every value of the slip s. This gives the following 

opportunities: 

( )sPel 2

- Using the already determined value of the referred rotor current (13), the referred rotor 

resistance  of the rotor winding slot part can be computed: sR 2'
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( )sI
sPsR el

s
2

2
2 3
'

′
=   (18) 

- The current displacement coefficient ( )sfkr =  of the rotor winding slot part can be 

determined (accounting for the rotor bar skin effect): 
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s
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≤

=
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The inequality  shows that in the denominator of (19) the value of at sufficiently small 

slip value must be used. 

nss ≤ sR 2'



- Using the expression , the coefficient  can be determined:  sUIs RKKR 22' = UK
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The function of the computed resistance  with respect to the slip s is shown on Fig. 10.   sR 2'

  
Fig. 10       Fig. 11 

 

3.4 Electromagnetic power and  torque of the induction machine 

It is known, that using the equivalent electric T-circuit, the electromagnetic power of the 

induction machine can be given as: 

 ( )
( )

s
sPP el

pel

2
2
=δ   (21) 

From the FEMM solution, the electromagnetic torque of the machine  can be 

found. It can be also used for determination of the electromagnetic power: 

( )sM FEMMδ

 ( ) ( )
p

sMP FEMMM
1ω

δδ δ
=  (22) 

On Fig. 11 the electromagnetic power determined using both approaches is shown. The 

absolute value of the difference does not exceed 5 %. 

On Fig. 12 the graph of the function of the experimentally obtained torque  and the 

graph of the torque  found by FEMM (additionally corrected with the torque 

corresponding to the experimental mechanical losses), are displayed. In order to find the 

computed torque curve, a corrected rotor conductivity has been utilized corresponding to the 

rotor temperature, and a certain increase of the slot active resistance has been introduced, to 

account for the end-windings resistance.  

( )sM 2

FEMMM 2

During the investigation of the electromagnetic power and torque, it was found that at   

rotor slot numbers  or 2/12 ZZ = 12 ZZ = , the discrepancy between  and  

becomes higher than 160 %. The investigation has been conducted at the condition, that the 

( 2elpPδ ) ( )δδ MP



sum of  rotor slot areas is maintained approximately constant. It is seen from Fig. 13, that at 

these values of  the electromagnetic torque strongly decreases. Evidently, there exists 

some reactive synchronous torque in the case of 

2Z

2/12 ZZ =  or  12 ZZ = . Also, it is known, 

that on these reasons (the appearance of synchronous reactive torques at start), the shown 

ratios between the stator and rotor slot numbers are forbidden for the design practice. 

Therefore, from one side, the found discrepancy confirms the theory, and from another side 

– it can be used as indicator of appearance of similar adverse phenomena. 

   
Fig. 12      Fig. 13 

 

IV. CONCLUSIONS 

 

The analysis of the numerical results obtained with FEMM 3.3 software and their 

comparison with the experimental data leads to the following conclusions: 

- The mutual inductance has been found by two approaches – by numerical analysis of  

the model under load, and by numerical analysis of the simulated ideal no-load regime. The 

difference found is due to the non-sufficiently accurate representation of the spatial distribution 

of the magnetizing current in the model at ideal no-load test, because of the discrete distribution 

of the stator winding. 

mL

- The mutual inductance  is a parameter not  related to the end-windings of the machine 

and thus the end-effects do not influence its value. Therefore, the 2D analysis does not diminish 

the accuracy of computation. In a larger part of the investigated function /Fig. 2/, the 

computed values of  are higher than the experimental ones. The reasons for this can be the 

processing of the experimental data, and also the fact, that the leakage inductance of the slot part 

is included in the computation of . The later drawback can be excluded, as FEMM computes 

 with sufficient accuracy. 

mL

mL

mL

mL

mL



- The 2D analysis influences the accuracy of computed rotor winding parameters, as the 

end-windings are not taken into account.  However, this adverse effect is diminished considerably 

at higher ratio of active core length to pole pitch length. 

- The 2D analysis can be used successfully in the study of the parameters and the 

phenomena related to the slot part of the rotor bars, for the current displacement coefficient , 

and for the reactive torques appearing at special ratios in the geometry of the rotor and stator 

cores. 

rk

The obtained equivalent circuit parameters have been already successfully used as basic 

values in the design of vector control circuitry of the induction machine under investigation. 
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