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Abstract. This paper presents the results of wideband behavioral modeling of an induction machine (IM). The proposed solution enables 
modeling the IM differential- and common-mode impedance for a frequency range from 1 kHz to 10 MHz. Methods of parameter extraction 
are derived from the measured IM impedances. The developed models of 1.5 kW and 7.5 kW induction machines are designed using the Saber 
Sketch scheme editor and simulated in the SABER simulator. Modeling validation is based on prediction of electromagnetic interference (EMI) 
emissions of common-mode and differential-mode current spectra of experimental inverter-fed IM drives.
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Most IM models dedicated for EMC analysis have been 
developed from the phase-belt winding model considered by 
Zhong et al. in [11]. This model includes winding leakage in-
ductances, ground capacitive couplings, and the capacitances 
between coils. Further enhancement in [12] includes stator and 
rotor resistances, and resistances for eddy currents circuit repre-
sentation. However, modeling results from [11, 12] allow to re-
flect only the basic shape of the common- and differential-mode 
IM impedance frequency characteristics. Due to differences 
in values of winding inductance for common- and differen-
tial-mode operation for frequencies below 100kHz , the model 
has to be parameterized every time, depending on the type of 
analysis. An exemplary solution of this problem is shown in [13, 
14], where the additional mutual inductances between machine 
windings were considered. Despite the fact that the models’ 
accuracy is reported high for frequencies up to 100 MHz, their 
topology is complex and the procedures of parameter extraction 
may be problematic.

An interesting modeling approach has been presented in the 
series of papers [15–18], where a high-frequency equivalent 
circuit of the real coil has been used to develop a wideband 
model of induction machine windings. The topology of this 
model is less complicated than that of the model presented in 
[14], however, additional mutual inductances between machine 
windings for different phases are included. The extraction pro-
cedure of model parameters may be difficult in case of some 
parameters, e.g. the series model resistances. Moreover, addi-
tional measurements of machine stator windings are needed to 
extract the values of mutual inductances. Model accuracy is 
reported for frequencies up to 10 MHz.

Another approach is proposed in [7], where the machine 
impedance is modeled using the equivalent circuit including the 
skin effect [19]. The model accuracy is satisfactory, but the res-
onance frequency fr5, which is present in the differential-mode 
impedance characteristics (Fig. 3), has not been reported. The 
model parameters are also difficult to evaluate, because resolu-
tion algorithms of nonlinear systems have to be used.

1.	 Introduction

The induction machine (IM) is the most frequently used machine 
in electric drives. Nowadays, it is usually fed by hard-switched 
inverters. The transistor switching affects levels of disturbances 
which can be evaluated by measuring common- and differen-
tial-mode currents [1–3]. Flow of these currents causes many 
negative effects, including permanent damage to devices. For 
example, a common-mode current on the machine side is respon-
sible for the appearance of electric discharge machining (EDM) 
currents, which lead to premature damage of the machine bearing 
races [4]. Proper identification of electromagnetic interference 
(EMI) propagation paths and the mechanism of their generation 
enables the application of equivalent countermeasures [5].

Accurate modeling and simulation may be efficient for EMI 
emission assessment, before a physical prototype of a drive 
is completed [6]. This type of simulation requires wideband 
models to ensure sufficient accuracy in a range of frequency 
– up to few tens of MHz [7]. High accuracy requirements en-
force the use of complex models, which are often described by 
non-linear equations [8].

However, the necessity of calculation of a number of pa-
rameters with the procedures of their extraction is one of the 
most important limitations. This is observed especially in the 
wideband modeling of electric drives fed by power converters 
when advanced models of power semiconductors, passive com-
ponents, PCB paths, conductors or electrical machines have 
to be used [9, 10]. It should be noted that the complication 
of inverter models increases rapidly for topologies, e.g. multi 
levels or resonant converters possessing a large number of tran-
sistor switches. Then, the simulation process becomes time-con-
suming and often cannot be successfully finished due to nu-
merical problems. Therefore, a trade-off between the accuracy 
and complexity is the crucial issue of model optimization [8].
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The solution proposed in this paper is based on the be-
havioral modeling approach. It means that the model reflects 
the behavior of a device, without the analysis of its physical 
phenomena. This approach enables a reduction of model com-
plexity, without a significant decrease of its accuracy [8].

The main contribution of the paper is the unified behavioral 
wideband IM model, which enables to predict common-mode 
(CM) and differential-mode (DM) machine impedance for 
frequencies up to 10 MHz. The considered model is a lumped 
parameter model with a reduced number of linear components. 
Parameter identification is based on measurable IM impedance 
characteristics. The model has been implemented in the SABER 
simulator and validated by a comparison of simulation and ex-
perimental results.

2.	 CM and DM impedances

The configuration of the measurement setup applied to obtain 
induction machine CM and DM impedance frequency charac-
teristics has been shown in Fig. 1. To achieve correctness of 
the measurement, an impedance analyzer fed by isolation trans-
former was required. It was checked that in the analyzed range 
of frequency (1kHz–10 MHz), IM impedance characteristics are 
independent of the angular velocity of the rotor.

for frequencies lower than resonant frequency fr4. The impact of 
capacitive elements is observed for frequencies higher than fr4.

3.	 High frequency impedance model

A topology of IM unified model for a common- and differen-
tial-mode analysis has been presented in Fig. 4. The proposed 

Fig. 4. Induction machine CM and DM impedance behavioral model

Fig. 1. Measurement setup: a) common-mode impedance, b) differen-
tial mode impedance

Fig. 2. IM common-mode impedance

Fig. 3. IM differential-mode impedance

The typical characteristic of an induction machine com-
mon-mode impedance Zc(f) is presented in Fig. 2. It is measured 
between input windings terminals, which are connected to each 
other and the grounded case terminal [7] (Fig. 1a). The impact 
of capacitive elements is evident for almost all considered do-
mains, except for the distinguished frequency bands B and F, 
indicating inductive components.

An induction machine differential-mode impedance Zd is 
measured between one phase and two other parallel-connected 
phases [14] (Fig. 1b). Typical characteristic of Zd(f) is presented 
in Fig. 3. The influence of machine inductances is noticeable 

a)

b)
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behavioral model of a three-phase IM provides both common- 
and differential-mode impedances. In this model: L1, L2, and L3 
are input terminals of machine phase windings, N is a neutral 
point, and G is the grounded case terminal.

3.1. Common-mode impedance. For f >> fr3 (section F in 
Fig. 2), impedance Zc has an inductive character and it is shaped 
by the resistance Rg and inductance Lg:

	 Zc( jω) = Rg + jωLg ,� (1)

where ω = 2πf.
The series resonance between Lg and capacitances Cp2, Cp3, 

and Cp4 is observed for f = fr3, so it can be assumed that
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For the frequency f << fr1 in the section A , the 

impedance Zc is dominated by a parallel connection of 

capacitances Cp1, Cp2 and Cp4: 
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On the boundary between sections A and B, the series 

resonance between Cp1 and Ls is observed for  f = fr1, so it 

can be assumed that: 
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and similarly, when the frequency f equals to fr2 the 

parallel resonance between components Ls , Cp2 and Cp4 is 

noted. Finally, the common-mode impedance Zc in 

sections A and B is described by the following equation: 
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3.2 Differential -mode impedance. 

For the frequency f >> fr5 in sections X, Y and Z 

(Fig.3), the differential-mode impedance characteristic 

Zd(f) is shaped in the same way as for the common-mode 

impedance in sections C, D and E in (6).  Hence, the 

differential-mode impedance is expressed by: 
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In sections V and W an influence of Ld, Ls and M is 

noted. Neglecting an impact of resistances Rd, Rp1 and Rp2, 

the differential-mode impedance is then determined by 

parallel connection of capacitances Cp4 and Cp2 with 

impedance Zdx: 
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Impedance Zdx is dependent on capacitance Cp1, 

resistances Rps, Rd1, inductances Ld, Ls and the mutual 

inductance M and it is calculated using the following set 

of expressions: 
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and then
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assumed that the common-mode machine impedance in 

sections C, D and E is described as follows: 
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For the frequency f << fr1 in the section A , the 

impedance Zc is dominated by a parallel connection of 

capacitances Cp1, Cp2 and Cp4: 
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On the boundary between sections A and B, the series 

resonance between Cp1 and Ls is observed for  f = fr1, so it 

can be assumed that: 
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and similarly, when the frequency f equals to fr2 the 

parallel resonance between components Ls , Cp2 and Cp4 is 

noted. Finally, the common-mode impedance Zc in 

sections A and B is described by the following equation: 
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3.2 Differential -mode impedance. 

For the frequency f >> fr5 in sections X, Y and Z 

(Fig.3), the differential-mode impedance characteristic 

Zd(f) is shaped in the same way as for the common-mode 

impedance in sections C, D and E in (6).  Hence, the 

differential-mode impedance is expressed by: 
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In sections V and W an influence of Ld, Ls and M is 

noted. Neglecting an impact of resistances Rd, Rp1 and Rp2, 

the differential-mode impedance is then determined by 

parallel connection of capacitances Cp4 and Cp2 with 

impedance Zdx: 
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Impedance Zdx is dependent on capacitance Cp1, 

resistances Rps, Rd1, inductances Ld, Ls and the mutual 

inductance M and it is calculated using the following set 

of expressions: 

)
ωL

.� (6)

For frequency f << fr1 in section A, the impedance Zc is 
dominated by a parallel connection of capacitances Cp1, Cp2, 
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3.1 Common-mode impedance. 

For f  >> fr3  (section F on Fig.2)  the impedance Zc has 

an inductive character and it is shaped by the resistance Rg 

and inductance Lg:  

 ,LjR)j(Z ggc ωω +=  (1) 

where ω = 2πf.  
The series resonance between Lg and capacitances Cp2, 

Cp3 and Cp4 is observed for f = fr3 so it can be assumed 

that: 

 
,

CC

CCCCCC
L

f

pp

pppppp
g

r

32

434232

3

+

++
⋅⋅32

1
=

π

 (2) 

and then 

 .RZ)f(Z gcfrrc == 33
 (3) 

In the section E the impedance Zc is dominated by a 
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Hence, neglecting the impact of the Rg and Lg, it can be 
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For the frequency f << fr1 in the section A , the 

impedance Zc is dominated by a parallel connection of 

capacitances Cp1, Cp2 and Cp4: 
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On the boundary between sections A and B, the series 

resonance between Cp1 and Ls is observed for  f = fr1, so it 

can be assumed that: 
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and similarly, when the frequency f equals to fr2 the 

parallel resonance between components Ls , Cp2 and Cp4 is 

noted. Finally, the common-mode impedance Zc in 

sections A and B is described by the following equation: 
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3.2 Differential -mode impedance. 

For the frequency f >> fr5 in sections X, Y and Z 

(Fig.3), the differential-mode impedance characteristic 

Zd(f) is shaped in the same way as for the common-mode 

impedance in sections C, D and E in (6).  Hence, the 

differential-mode impedance is expressed by: 
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In sections V and W an influence of Ld, Ls and M is 

noted. Neglecting an impact of resistances Rd, Rp1 and Rp2, 

the differential-mode impedance is then determined by 

parallel connection of capacitances Cp4 and Cp2 with 

impedance Zdx: 
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Impedance Zdx is dependent on capacitance Cp1, 

resistances Rps, Rd1, inductances Ld, Ls and the mutual 

inductance M and it is calculated using the following set 

of expressions: 
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Series and parallel resonances between inductance Lp1 

and capacitances Cp2, Cp3 are noticed in the section D. 

Hence, neglecting the impact of the Rg and Lg, it can be 

assumed that the common-mode machine impedance in 

sections C, D and E is described as follows: 
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For the frequency f << fr1 in the section A , the 

impedance Zc is dominated by a parallel connection of 

capacitances Cp1, Cp2 and Cp4: 
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On the boundary between sections A and B, the series 

resonance between Cp1 and Ls is observed for  f = fr1, so it 

can be assumed that: 
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and similarly, when the frequency f equals to fr2 the 

parallel resonance between components Ls , Cp2 and Cp4 is 

noted. Finally, the common-mode impedance Zc in 

sections A and B is described by the following equation: 
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3.2 Differential -mode impedance. 

For the frequency f >> fr5 in sections X, Y and Z 

(Fig.3), the differential-mode impedance characteristic 

Zd(f) is shaped in the same way as for the common-mode 

impedance in sections C, D and E in (6).  Hence, the 

differential-mode impedance is expressed by: 
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In sections V and W an influence of Ld, Ls and M is 

noted. Neglecting an impact of resistances Rd, Rp1 and Rp2, 

the differential-mode impedance is then determined by 

parallel connection of capacitances Cp4 and Cp2 with 

impedance Zdx: 
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Impedance Zdx is dependent on capacitance Cp1, 

resistances Rps, Rd1, inductances Ld, Ls and the mutual 

inductance M and it is calculated using the following set 

of expressions: 
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For f  >> fr3  (section F on Fig.2)  the impedance Zc has 

an inductive character and it is shaped by the resistance Rg 

and inductance Lg:  

 ,LjR)j(Z ggc ωω +=  (1) 

where ω = 2πf.  
The series resonance between Lg and capacitances Cp2, 

Cp3 and Cp4 is observed for f = fr3 so it can be assumed 

that: 
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In the section E the impedance Zc is dominated by a 

parallel connection of capacitance Cp4 with connected in 

series capacitances Cp3 and Cp2. Hence, the machine 

common-mode impedance is described by:  
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Series and parallel resonances between inductance Lp1 

and capacitances Cp2, Cp3 are noticed in the section D. 

Hence, neglecting the impact of the Rg and Lg, it can be 

assumed that the common-mode machine impedance in 

sections C, D and E is described as follows: 
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For the frequency f << fr1 in the section A , the 

impedance Zc is dominated by a parallel connection of 

capacitances Cp1, Cp2 and Cp4: 
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On the boundary between sections A and B, the series 

resonance between Cp1 and Ls is observed for  f = fr1, so it 

can be assumed that: 
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and similarly, when the frequency f equals to fr2 the 

parallel resonance between components Ls , Cp2 and Cp4 is 

noted. Finally, the common-mode impedance Zc in 

sections A and B is described by the following equation: 
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3.2 Differential -mode impedance. 

For the frequency f >> fr5 in sections X, Y and Z 

(Fig.3), the differential-mode impedance characteristic 

Zd(f) is shaped in the same way as for the common-mode 

impedance in sections C, D and E in (6).  Hence, the 

differential-mode impedance is expressed by: 
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In sections V and W an influence of Ld, Ls and M is 

noted. Neglecting an impact of resistances Rd, Rp1 and Rp2, 

the differential-mode impedance is then determined by 

parallel connection of capacitances Cp4 and Cp2 with 

impedance Zdx: 
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Impedance Zdx is dependent on capacitance Cp1, 

resistances Rps, Rd1, inductances Ld, Ls and the mutual 

inductance M and it is calculated using the following set 

of expressions: 
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3.2. Differential-mode impedance. For frequency f >> fr5 in 
sections X, Y, and Z (Fig. 3), the differential-mode impedance 
characteristic Zd(f) is shaped in the same way as for the com-
mon-mode impedance in sections C, D, and E in (6). Hence, 
the differential-mode impedance is expressed by:
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3.1 Common-mode impedance. 

For f  >> fr3  (section F on Fig.2)  the impedance Zc has 

an inductive character and it is shaped by the resistance Rg 

and inductance Lg:  

 ,LjR)j(Z ggc ωω +=  (1) 

where ω = 2πf.  
The series resonance between Lg and capacitances Cp2, 

Cp3 and Cp4 is observed for f = fr3 so it can be assumed 

that: 

 
,

CC

CCCCCC
L

f

pp

pppppp
g

r

32

434232

3

+

++
⋅⋅32

1
=

π

 (2) 

and then 

 .RZ)f(Z gcfrrc == 33
 (3) 

In the section E the impedance Zc is dominated by a 

parallel connection of capacitance Cp4 with connected in 

series capacitances Cp3 and Cp2. Hence, the machine 

common-mode impedance is described by:  
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Series and parallel resonances between inductance Lp1 

and capacitances Cp2, Cp3 are noticed in the section D. 

Hence, neglecting the impact of the Rg and Lg, it can be 

assumed that the common-mode machine impedance in 

sections C, D and E is described as follows: 
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For the frequency f << fr1 in the section A , the 

impedance Zc is dominated by a parallel connection of 

capacitances Cp1, Cp2 and Cp4: 
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On the boundary between sections A and B, the series 

resonance between Cp1 and Ls is observed for  f = fr1, so it 

can be assumed that: 
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and similarly, when the frequency f equals to fr2 the 

parallel resonance between components Ls , Cp2 and Cp4 is 

noted. Finally, the common-mode impedance Zc in 

sections A and B is described by the following equation: 
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3.2 Differential -mode impedance. 

For the frequency f >> fr5 in sections X, Y and Z 

(Fig.3), the differential-mode impedance characteristic 

Zd(f) is shaped in the same way as for the common-mode 

impedance in sections C, D and E in (6).  Hence, the 

differential-mode impedance is expressed by: 

.

Cj
)

L
C(j

R

Cj

)j(Z

p

p
p

p

p

d

2

1
3

2

4 1
+

1
−+

1

1

1
+

1

2

3
=

ω

ω
ω

ω

ω

  (12) 

In sections V and W an influence of Ld, Ls and M is 

noted. Neglecting an impact of resistances Rd, Rp1 and Rp2, 

the differential-mode impedance is then determined by 

parallel connection of capacitances Cp4 and Cp2 with 

impedance Zdx: 
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Impedance Zdx is dependent on capacitance Cp1, 

resistances Rps, Rd1, inductances Ld, Ls and the mutual 

inductance M and it is calculated using the following set 

of expressions: 

jωCp4 + 

+ j(ωCp3 ¡ jωCp2)
ωLp1

+

.� (12)

In sections V and W, an influence of Ld, Ls, and M is noted. 
Neglecting the impact of resistances Rd, Rp1, and Rp2, the differ-
ential-mode impedance is then determined by parallel connec-
tion of capacitances Cp4 and Cp2 with impedance Zdx:

3
2

Zdx( jω)

1 + jω(Cp2 + Cp4)¢Cp3Cp4)Zdx( jω)
Zd( jω) =  ¢ .� (13)

Impedance Zdx is dependent from capacitance Cp1, resistances 
Rps and Rd1, inductances Ld and Ls, and the mutual inductance 
M, and it is calculated using the following set of expressions:

	
(Z1 ¡ jωZ2)(Z3 + jωZ4)

Z1
2 + (ωZ2)

2Zdx( jω) =  ,� (14)
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where

Z1 = Rps(ω2LdLs ¡ ω2M 2 ¡ RpsRd1 + ω2RpsRd1LdCp1),

Z2 = Rps(ω2Rd1LsLdCp1 ¡ ω2Rd1M 2Cp1 ¡ 
Z2 ¡ LsRd1 ¡ Ld1Rps),

Z3 = Rpsω2(LsLd ¡ M 2)(Rd1 + Rps),

Z4 = Rps
2Rd1(ω2LsLdCp1 ¡ ω2M 2Cp1 ¡ 2M ¡ Ls ¡ Ld).

�(15)

On the boundary between sections V and W for f = fr4, the 
parallel resonance between Cp1 and Ld is observed:
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On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 
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3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 

from (6): 
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where 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 
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Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      

¼ .� (16)

If f << fr4, the Zd(f) characteristic is shaped by a series connec-
tion of resistance Rd with inductances Ls and Ld and mutual 
inductance M (per each phase). The influence of other model 
components is neglected, and the differential mode impedance 
is calculated according to the following formula:
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3.3. Procedure of parameter extraction. The method of pa-
rameter extraction is based on measurable common- and dif-
ferential-mode impedance machine characteristics. In the first 
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On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 
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3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 
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Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      
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On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 

 [ ].)MLL(jR)j(Z sddd 2+++
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3
= ωω  (17) 

3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 

from (6): 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 

 

.

f

f

RCLRLZ

RLZ

RR)RR(LZ

ZZC

ZZC
)(ZZ

)RL(

RR)RR(L
)(ZZ

rfr

rfr

pspspsfrsfrZ

pssfrY

pspppssfrX

XYpfr

ZXpfr
frccfr

pssfr

pspppssfr
frccfr






















2=

2=

+−=

+=

++=

⋅3

+
==

+3

++
==

22

11

2
1

22
2

22
2

222
2

11
22

2

2
1

2
2

222
1

2
2

22

222
1

2
11

22
1

11

πω

πω

ωω

ω

ω

ω

ω
ω

ω

ω
ω

 

  (25) 

Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      
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On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 
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3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 

from (6): 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 
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Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      
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On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 

 [ ].)MLL(jR)j(Z sddd 2+++
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= ωω  (17) 

3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 

from (6): 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 
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Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      
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On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 

 [ ].)MLL(jR)j(Z sddd 2+++
2

3
= ωω  (17) 

3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 

from (6): 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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 .Z)f(ZR cfrrcg 33 =2= π  (22) 

The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 
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Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      
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On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 

 [ ].)MLL(jR)j(Z sddd 2+++
2

3
= ωω  (17) 

3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 

from (6): 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 
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Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      
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On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 

 [ ].)MLL(jR)j(Z sddd 2+++
2

3
= ωω  (17) 

3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 

from (6): 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 
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Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      
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Parameters Cp2, Cp3, Cp4, Lp1, and Rp2 in (18–20) have been 
identified from the measured Zc(ω) characteristic in sections C, 
D, and E by the curve fitting method using fminsearch func-
tion of MATLAB/OCTAVE [20, 21] programs using the sum 
of squared errors criterion of fitting. Next, Rg and Lg have been 
calculated by converting (2) and (3):

	 Lg =
Cp2 + Cp3

4π2 fr3
2 (Cp2Cp3 + Cp2Cp4 + Cp3Cp4)

,� (21)

	 Rg = Zc(2πfr3) = Zcfr3.� (22)

The value of capacitance Cp1 can be obtained from (7):

	 Cp1 =   ¡ Cp2 ¡ Cp4
1

6πfAZcA
,� (23)

where ZcA is an absolute value of the common-mode impedance 
for the frequency fA (Fig. 2). Next, the value of the inductance 
Ls has been calculated:

	 Ls =  1
4π2 fr1

2Cp1
.� (24)

To find resistances Rps and Rp1, the system of equations 
describing the value of common-mode impedance for resonant 
frequencies fr1 and fr2 has been calculated:

	

4 

 ,
)Z(Z

)ZjZ)(ZjZ(
)j(Z dx 2

2
2

1

4321

+

+−
=

ω

ωω
ω  (14) 

where: 

).LLMCMCLL(RRZ

),RR)(MLL(RZ

),RLRLCMRCLLR(RZ

),CLRRRRMLL(RZ

dsppdsdps

psddsps

psddspdpdsdps

pddpsdpssdps

−−2−−=

+−=

−−−=

+−−=

1
22

1
2

1
2

4

1
22

3

111
2

1
2

11
2

2

11
2

1
222

1

ωω

ω

ωω

ωωω

  (15) 

On the boundary between sections V and W for f = fr4, 

the parallel resonance between Cp1 and Ld is observed: 
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If f << fr4, the Zd(f) characteristics is shaped by a series 

connection of resistance Rd with inductances Ls, Ld and 

mutual inductance M ( per each phase). The influence of 

other model components is neglected, then differential 

mode impedance is calculated according to the formula: 

 [ ].)MLL(jR)j(Z sddd 2+++
2

3
= ωω  (17) 

3.3 Procedure of parameters extraction. 

The method of parameters extraction is based on 

measurable common- and differential-mode impedance 

machine characteristics. In the first step, values of 

capacitances Cp2, Cp3, Cp4, the inductance Lp1 and the 

resistance Rp2 have been obtained. Neglecting the impact 

of Rg and Lg, the absolute value of the common-mode 

impedance in sections C, D and E has been evaluated 

from (6): 
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Parameters Cp2, Cp3, Cp4, Lp1 and Rp2 in (18), (19) and 

(20) have been identified from the measured Zc(ω) 

characteristic in sections C, D and E by the curve fitting 

method using fminsearch function of 

MATLAB/OCTAVE [20][21] programs using the sum of 

squared errors criterion of fitting. Next, Rg and Lg have 

been calculated by converting (2) and (3): 
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The value of capacitance Cp1 can be obtained  from (7): 
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where ZcA is an absolute value of the common-mode 

impedance for the frequency fA (Fig.2). Next, the value of 

the inductance Ls has been calculated: 
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To find resistances Rps and Rp1, the system of 

equations describing value of the common-mode 

impedance for resonant frequencies fr1 and fr2, has been 

calculated: 
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Due to the complexity of the set of equations (25), a 

numerical method based on the Newton-Raphson 

algorithm has been used to extract values of Rps and Rp1. 

To complete model parameters, the values of Ld, Rd1, 

M and Rd have to be extracted. Neglecting the influence 

of resistances Rp1 and Rd, the absolute value of the 

differential-mode impedance Zd  in sections V and W 

(Fig.2.) has been evaluated:      
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Due to the complexity of the set of equations (25), a numer-
ical method based on the Newton-Raphson algorithm has been 
used to extract values of Rps and Rp1.

To complete the model parameters, the values of Ld, Rd1, 
M, and Rd have to be extracted. Neglecting the influence of 
resistances Rp1 and Rd, the absolute value of differential-mode 
impedance Zd in sections V and W (Fig. 2) has been evaluated:
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Cpx is defined by (10) and impedances Z1, Z2, Z3 and Z4 

have been described by (15). Similarly to the method of 

parameters extraction in equations (18) ÷ (20), 

inductances Ld, M and the resistance Rd1 in (26) ÷ (28),  

and (15) have been evaluated using a fitting method based 

on the fminsearch function of MATLAB/OCTAVE 

programs and measured points of the experimental Zd(f) 

characteristic in sections V and W (Fig.3).  The value of 

winding resistance Rd  has been measured experimentally 

by measurement bridge. 

4. Simulation and Experimental Results 

Considered model has been validated for IM of 

different power: 1.5kW and 7.5kW. Measurements of 

impedance characteristics  were carried out using 

Keysight E4990A (20Hz ÷ 20MHz)  impedance analyzer.  

The MT4090 LCR meter was used to obtain the windings 

resistance Rd. Model parameters have been estimated 

using a procedure described in the section III.B. Next, the 

developed model has been designed using the SABER 

Sketch scheme editor and  embedded into the library of 

the SABER simulator. Parameters for 1.5kW and 7.5kW 

induction machines are shown in Tab.I.  

        Table 1 

An induction machine common- and differential- mode impedance 

model parameters 

Parameter 
Value 

Unit 
1.5kW 7.5kW 

Cp1 0.750 1.31 nF 

Cp2 141 64 pF 

Cp3 500 0.102 nF 

Cp4 4.3 255 pF 

Ld 3 7.2 mH 

Lg 309 250 nH 

Lp1 1.86 23.9 µH 

Ls 3.88 7.6 mH 

M 1.3 2.4 mH 

Rd 2.9 1.77 Ω 

Rd1 4000 5230 Ω 

Rg 22 5 Ω 

Rps 4700 6250 Ω 

Rp1 2.5 100 Ω 

Rp2 0.33 2.86 kΩ 

 

      

   

Fig.5.   Measurement and simulation for the 1.5kW induction machine: a) common-mode impedance, b) differential-mode impedance. 
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Cpx is defined by (10) and impedances Z1, Z2, Z3, and Z4 are 
described by (15). Similarly to the method of parameter ex-
traction in equations (18–20), inductances Ld, M, and resis-
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tance Rd1 in (15) and (26–28) have been evaluated using a fit-
ting method based on the fminsearch function of MATLAB/
OCTAVE programs and measured points of the experimental 
Zd(f) characteristic in sections V and W (Fig. 3). The value of 
winding resistance Rd has been measured experimentally by 
a measurement bridge.

4.	 Simulation and experimental results

The considered model has been validated for an IM of dif-
ferent power – 1.5 kW and 7.5 kW. Measurement of imped-
ance characteristics was carried out using a Keysight E4990A 
(20 Hz–20 MHz) impedance analyzer. The MT4090 LCR meter 
was used to obtain the winding resistance Rd. Model parame-
ters have been estimated using the procedure described in Sec-
tion 3. Next, the developed model has been designed using the 
SABER Sketch scheme editor and embedded into the library 
of the SABER simulator. Parameters for 1.5 kW and 7.5 kW 
induction machines are shown in Table 1.

Simulated and measured frequency characteristics of IM 
common- and differential-mode impedance were presented in 
Figs. 5 and 6. Inductive or capacitive character of simulated 

Table 1 
An induction machine common- and differential- mode impedance 

model parameters

Parameter
Value

Unit
1.5 kW 7.5 kW

Cp1 0.750 1.31 nF
Cp2 141 64 pF
Cp3 500 0.102 nF
Cp4 4.3 255 pF
Ld 3 7.2 mH
Lg 309 250 nH
Lp1 1.86 23.9 μH
Ls 3.88 7.6 mH
M 1.3 2.4 mH
Rd 2.9 1.77 Ω
Rd1 4000 5230 Ω
Rg 22 5 Ω
Rps 4700 6250 Ω
Rp1 2.5 100 Ω
Rp2 0.33 2.86 kΩ

Fig. 5. Measurement and simulation of the 1.5 kW induction machine: a) common-mode impedance, b) differential-mode impedance
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impedance characteristics in the indicated sections in Figs. 2 
and 3 is confirmed by the measurements. Resonance frequencies 
and their corresponding values of impedance Zc and Zd from the 
simulation are also close to measured results. It should be noted 
that good coherence between the simulation and experimental re-
sults is observed for frequencies up to 10 MHz. At a higher range 
of frequency, an influence of additional components, which are 
identified for each machine separately, is visible. It causes sig-
nificant differences of analyzed impedance characteristics, even 
between machines of the same type [14]. Hence, the proposed 

Fig. 7. Laboratory setup for experimental tests

Fig. 6. Measurement and simulation of the 7.5 kW induction machine: a) common-mode impedance, b) differential-mode impedance
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model can be used as a unified model for any IM at a frequency 
range of analysis lower than 10 MHz. In order to increase the 
frequency range, the topology of the model must be extended.

In the following experiment, EMI common-mode and dif-
ferential-mode current spectra of inverter-fed IM drives were 
compared. Disturbance currents were measured according to the 
method presented in [17] using a laboratory setup as shown in 
Fig. 7. The measuring equipment consisted of a Tektronix DPO 
4034 100 MHz oscilloscope and a TCP2020 current probe (20 
ARMS, 100 APeak/DC 50 MHz).

The simulation test circuit was composed of a model of the 
inverter and a model of the induction machine (Fig. 8). Sinu-
soidal voltage sources were connected in series between models 
of the induction machine and of the inverter to simulate the 
impact of the rotational electromotive force of the machine. The 
model of the inverter consisted of wideband models of IGBT 
modules [10, 22] and simplified models of paths, conductors, 
and passive elements (e.g. the skin effect was not considered). 
The parasitic capacitances were considered in the most important 
nodes, e.g. output terminals of power supply units, or input and 
output terminals of the inverter. Values of parasitic components 
were obtained using a Keysight E4990A impedance analyzer.
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Fig. 8. Saber Sketch scheme of test bench

Fig. 10. Spectra of the differential mode current IDM measured between 
7.5 kW induction machine and inverter; measurement and simulation

Fig. 9. Spectra of the common mode current ICM measured between 
1.5 kW induction machine and inverter; measurement and simulation
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A good agreement between simulated and experimental spectra 
of the common-mode current ICM is reported in Fig. 9. The shape 
of the simulated spectrum as well as its main levels and most 
important resonant frequencies are also distinguishable in exper-
imental results, especially for frequencies up to 1 MHz. At a higher 
range of frequency, significant peaks in experimental ICM spectrum 
at 3 MHz and 6.8 MHz are also noted for the simulated results. 

However, the shape of the simulated spectrum around these peaks 
is fuzzy and peak frequencies are shifted about 0.5 MHz relative 
to the experimental values. Nevertheless, the maximum values of 
peaks in simulated ICM spectrum are close to the results of the 
measurement. In the case of the differential-mode current IDM spec-
trum, a satisfactory correlation between simulated and measured 
results is observed for frequencies lower than 600kHz (Fig. 10). 
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A significant peak around 5 MHz is clearly distinguishable in the 
experimental spectrum of the differential mode current, but it is 
not reported for the simulated results. However, the levels of the 
simulated spectra are close to those measured. It should be noted 
that the impact of other parasitic components causes a slight dif-
ference between simulated and measured results for frequencies 
higher than 1 MHz.

5.	 Conclusions

In this paper, the wideband behavioral model of IM has been 
introduced. The model has been implemented and evaluated in 
the SABER circuit simulator for induction machines of 1.5 kW 
and 7.5 kW. The desired accuracy has been validated by sim-
ulation and experimental results and is comparable with other, 
more complex solutions. The proposed model can be applied to 
other simulators without significant modifications. In relation 
to compared solutions, the presented model is less complicated 
and its analytical description is simpler, which also results from 
the elimination of mutual inductances between the windings of 
different phases. It may have an important role when advanced 
topologies of converters are simulated. Then, a level of com-
putational loads incorporated by wideband models affects the 
numerical stability and the total time of calculation.

Model parameter extraction method is based on the mea-
surable impedance characteristics and available optimization 
algorithms. This model can be effectively applied for simulation 
and assessment of IM-conducted EMI propagation in the form 
of common- and differential-mode currents.
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