
  
Abstract—To quantify effectively the electromagnetic interference 
levels in a motor drive system, we have to build up a precise high 
frequency model of the power cable between the converter and the 
motor. In this context, this paper proposes a model of three 
conductors shielded power cables in time and frequency domain. 
This model takes into account all electromagnetic phenomena that 
occur in the cable when it is under a rapid variation of current and 
voltage. The rotational symmetry of the cable has been exploited to 
decouple its admittance matrix. Then, the frequency evolution of the 
admittance matrix eigenvalues has been approximated by using the 
vector-fitting tool. Thus, we obtain a behavioral model of the cable 
that is easy to convert to the time domain. Our approach has been 
validated by comparing the frequency and time responses of our 
model with those of a cascaded cell model, which is widely used in 
the literature.  
 
Keywords—Time domain model, shielded power cables, per unit 
length parameters, admittance matrix, ANSYS Simplorer model. 

 

I. INTRODUCTION 
O reduce the maintenance cost, increase safety and protect 
the environment, industrial systems have become 
increasingly more electric. This transition has been 

accompanied by the increased use of static converters. These 
last characterized by their high-performances, cost-effective 
can control the speed of electric motors. These converters are 
formed by electronic switches, which operate in commutation 
mode. The voltage and current variation due to the switching 
of these power transistors causes many EMC (Electromagnetic 
Compatibility) problems. The high-frequency interference 
generated from the converter propagates through the cable in 
differential and common mode and can cause significant 
damage [1]. Indeed, we will have a reflection of the electric 
field at the end of the cable because of the impedances 
mismatch. This reflection leads to an overvoltage at the load 
terminals [2]. In order to estimate these voltage peaks or to 
propose a filtering solution one must first have a model, which  
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represents the cable under these conditions of use. In addition, 
this model must be precise and convergent. 

Several research works of modeling energy cables have 
been presented in the literature [3]-[4] and   [5]. The 
conventional method is to subdivide the cable into several 
parts. Each part is formed by a RLGC elementary cell [5]. The 
techniques for calculating the cable per unit length (p.u.l) 
parameters have been extensively discussed in the literature. 
The simplest and fastest technique is the analytical formulation 
[6]. However, it is limited to regular geometries and does not 
take into account the proximity effect. On the other hand, 
numerical methods treat the general case and are more reliable 
to determine these parameters [7]. Furthermore, finite element 
methods have grown considerably in recent decades because 
of their precision [8]. To model the frequency dependence of 
the p.u.l parameters, ladder networks have been widely used. 
Another technique that achieves this goal is to approximate the 
longitudinal impedance of the cable’s cell with the vector-
fitting tool [9]. 

The accuracy of the cascaded cell model depends strongly 
on the number of cells chosen per meter, and the fineness of 
the p.u.l parameters’ model. This model is incompatible with 
cables whose lengths exceed tens of meters. Indeed, the 
simulation time depends strongly on the number of nodes. 
Reference [10] proposes a solution based on the determination 
of the admittance matrix from the simulation of an equivalent 
cascaded cell model.  

In this context, the aim of this article is to propose a simple 
and efficient method of reduced modeling of power cables in 
the time domain. The developed method must respect the 
requirements of stability, speed and precision. 
Circuit type models are considered the most suitable for the 
study of conducted electromagnetic disturbances. To obtain a 
cable model of this type we have chosen the VHDL-AMS 
language. It allows to insert directly the differential equations 
and to manipulate quantities of different physical natures. In 
addition, it is a powerful means of modeling [11]. ANSYS 
Simplorer is the most suitable VHDL-AMS simulator. 
     The remainder of this article is organized as follows: 
Section II presents the three wire shielded energy cable that is 
the subject of this study. The third section describes the 
adopted modeling method. While Section IV demonstrates the 
validity of our approach in both frequency and time domains. 
After that, Section V gives a simulation example of a motor 
drive system fed by the proposed cable model. A filtering 
solution has been used to mitigate the level of overvoltage 
spikes. Finally, we end with a conclusion. 
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II. THREE-WIRE SHIELDED POWER CABLE 
The geometric characteristics of the cable under study are 

shown in Fig 1. The cable is assumed uniform. The self and 
mutual impedances of the shield and the coupling between the 
conductors have been taken into account. 
 

 
Fig. 1  Geometrical characteristics of the power cable. 

 
When the propagation of the electromagnetic waves in the 

cable is in TEM (Transverse Electromagnetic) or quasi-TEM 
mode, the frequency behavior of this one is governed by the 
equations of the telegraphists: 

( )( , ) ( ) . ( ) . ( , )U s x R s s L s I s x
x

∂
= − +

∂
         (1)                                       

( )( , ) ( ) . ( ) . ( , )I s x G s s C s U s x
x

∂
= − +

∂
         (2)                                    

With s  is the Laplace operator. R, L, G and C are 
respectively the p.u.l resistance, inductance, conductance and 
capacitance matrices. ( , )U x s  and ( , )I x s  are the voltage 
vector and the current vector at the position x . 
The resolution of these coupled equations (1) and (2) in the 
frequency domain makes it possible to find the relationship 
between the cable’s input and output parameters [6]: 
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Equation (3) is the multiport admittance model of the cable 
where: 

( )( ) 1
1. . sinh . .MY Y Z d Y Z

−
−= −


         (5)                                        

( ).cosh d. .s MY Y Y Z= −
 

                  (6)                                                

 
With Z R sL= + is the cable per unit length longitudinal 

impedance matrix while Y G sC= +  is the cable per unit 
length admittance matrix. The parameter d represents the 

cable length. eU , eI , sU  and sI respectively denote the 
voltage and current vectors at the cable input and output. The 
shield is chosen as a voltage reference. 

Given the configuration of the cable (Fig. 1), one can notice 
its rotational symmetry. This property simplifies the modeling 
procedure. The p.u.l admittance and impedance matrices are 
circulant and symmetric. These class of matrices in general 
have very interesting properties: 

- The product, the sum and the inverse of two symmetric 
circulant matrices is a symmetric circulant matrix. 

- The product is commutative. 
- Symmetric circulant matrices of order 3 are diagonalizable 

in the same base. In addition, the common diagonalization 
matrix is real. 

Consequently, sY


 the cable proper admittance and MY


 the 
cable mutual admittance are symmetric circulant matrices. 
Because of the last property, instead of modeling all 
admittance matrix coefficients, it is enough to focus on its 
eigenvalues. The p.u.l impedance matrix can be written in the 
following form: 

11 12 12

12 11 12

12 12 11

Z Z Z
Z Z Z Z

Z Z Z

 
 =  
 
 

                              (7)                                                        

 
With ijZ  are complex numbers. After diagonalization of the 

matrix Z we obtain: 
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Equation (9) gives a particular form of the eigenvectors’ 
matrix. Generally, the matrix V can have multiple forms. We 
proceed in the same way to diagonalize the p.u.l admittance 
matrix. 
Based on the diagonalization of a three-order symmetric 
circulant matrix and taking advantage of the admittance matrix 
form (4). One can deduce the following transformation matrix: 
 

V V
T

V V
 

=  − 
                             (11)     

                                                      
After replacement, (3) can be written as follows: 
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where 1 2 3 4 5 6( , , , , , )Y diag Y Y Y Y Y Y=       . With  

1 2Y Y=  and  5 4Y Y=  . 
From (11), we can deduce the expression of the inverse of T : 
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Replacing (13) in (12) leads to the following equation: 
 

.i i
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For i 1, 2,.....,6= , i

mI  and i
mV are respectively the modal 

current and the modal voltage. 
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Equation systems (15) and (16) can be implemented directly 

in the Simplorer software by using VHDL-AMS language. 
Thanks to these equations, we establish the connection block 
that connects the voltages and the currents at the cable input 
and the output with modal voltages and currents. The next step 
is to find a time domain representation of the admittance 
matrix eigenvalues in order to develop the overall cable model. 

III. VECTOR FITTING 
The vector fitting technique [12]-[13] and [14] has been 

widely used to model the frequency behavior of electrical 
systems [15]. It is a very attractive macro-modeling method. 

Among its advantages, we mention the simplicity of converting 
the frequency domain model into a time domain one by using 
differential equations or the convolution product. In addition, 
one can generate the equivalent electrical circuit based on 
RLC component. Because of the efficiency of this technique, 
we will apply it on our matrix. 

The result obtained by applying this method must verify the 
criteria of causality, stability and passivity [16]-[17]. The 
estimated admittance matrix satisfies these criteria if its 
eigenvalues have a positive real part and their poles are in the 
left part of the complex plane.  The eigenvalues of the 
admittance matrix are approximated as follows: 
 

1
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The coefficients i

kr  and i
kp  are respectively the residues and 

the poles of the ith  eigenvalue, and id is a real coefficient 
while i

aN  is the approximation order. Replacing (17) in (14) 
yields: 
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In the case where i
kr  and i

kp are complex numbers we 
obtain: 

i i
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With the coefficients i

rN  and i
cN  denotes respectively 

the number of real poles and the number of complex 
poles. iY may be implemented in the Simplorer software by 
paralleling iN 1+  dipoles such as: 
- A dipole described as follows: 
 

.iI d U=                               (22) 
 

- i
rN  dipoles characterized by the following differential 

equation: 

. .i i
k k

dI p I r U
dt

− =                     (23) 

 
- /i

cN 2  dipoles described in the time domain by the 
following second-order differential equation: 
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With U is the voltage across the dipole terminals while 

I is the current flowing through it. Thus, the cable macro-
model is obtained by connecting these dipoles with the 
connection block terminals, which correspond to the modal 
parameters (current and voltage). Whenever the cable length is 
changed the modeling procedure must be run again. It should 
be noted that the longer the cable is, the more the number of 
dipoles would increase. 

IV. SIMULATION AND VALIDATION 
In this section, by applying the proposed modeling 

procedure, we simulate the cable described in figure 1, in both 
the time and the frequency domains.  We validate our proposal 
against the responses of the well-established cascaded cell 
model. These are the steps to build up the reduced cable 
model: 
 
- Computation of the per unit length parameters. 
- Extraction of the cable admittance matrix. 
- Diagonalization of the admittance matrix. 
- Vector fitting of the admittance matrix eigenvalues. 
- Passivity enforcement of the rational model. 
- Construction of dipoles and connection block. 
 

A. The cable p.u.l parameters. 
The p.u.l impedance matrix has two distinct coefficients: the 

self-impedance of each conductor and the mutual impedance 
between two conductors. We used ANSYS Q3D Extractor to 
estimate the frequency domain evolution of the cable p.u.l 
parameters in the frequency range [100 KHz, 30 MHz]. These 
will help us to calculate the equivalent admittance matrix of 
the cable. 

 Fig. 2 shows the evolution of the self-resistance 11R  and the 
mutual resistance 12R  over the frequency range under 
consideration. On the other hand, Fig. 3 describes the variation 
of the p.u.l inductances. This variation is due to the skin and 
proximity effects. In most cases, the p.u.l capacitances are 
considered constant [5, 17], and the p.u.l conductances are 
neglected. Considering these parameters will slightly 
influences the model’s results. Generally, the procedure 
described above still applies. Because we are interested in the 
equivalent admittance matrix. 
Tab. 1 summarizes the values adopted in this simulation. 
 

TABLE I 
VALUES OF THE PUL ADMITTANCE MATRIX COEFFICIENTS 

Coefficients Values Coefficients  Values 

11G  1,9. 10-05 S 11C  1,85554.10-10 F 

12G  5. 10-06 S 12C  3,7804. 10-11 F 

 
Fig. 2.  The frequency evolution of the cable PUL resistances 
 

 
 

(a) 

 
 

(b) 

Fig. 3.  The frequency evolution of the cable PUL: (a) self-
inductance, (b) mutual inductance. 

 
Once these curves are obtained (Fig. 2 and Fig. 3), we proceed 
as described in section III. Rational models can be computed 
under MATLAB by using the Matrix fitting toolbox.  

B. Vector fitting of the admittance matrix eigenvalues. 
      In this subsection, we establish a comparison between the 
original model and the passive one. The later has been 
obtained after the enforcement of the passivity of the rational 
model computed by vector fitting technique. Fig. 4 and Fig. 5 
show that the two models are in good agreement and fit each 
other accordingly in the selected frequency range. This results 
demonstrates the high performances and precision of the 
vector fitting technique. 
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(a) 
 

 
 

(b) 
 

Fig.4 Comparison between the original and the passive model of 
1Y and 4Y : (a) module, (b) phase. 
 

C. Validation of the reduced cable model in the frequency 
domain. 

To validate our method in the frequency domain. We proceed 
by a simulation of the proposed model and the cascaded cells 
one in common mode for both short-circuit and open-circuit 
tests. The chosen cable length is equal to 10m and the 
frequency band is from 100 KHz to 30MHz. Fig. 6 compares 
the simulated values of the two models. The curves obtained 
coincide perfectly over the entire predefined frequency range. 
This attests the validity of our approach. In addition, our 
model is simpler. 
 

D. Validation of the cable model in the time domain   
Fig. 7 shows the simulation setup used to validate the 

reduced cable model in the time domain. The generator 
delivers a trapezoidal signal, the signal’s rise and fall time are 
equal ( r ft t 20ns= = ). 
Fig. 8 shows the comparison of the time response of the 
reduced cable model with that of the cascaded cell model. The 
results of this simulation are very satisfactory. Our model is 
both simple and precise. In addition, the simulation time is  

 
 

(a) 
 

 
 

(b) 
 
Fig.5 Comparison between the original and the passive model of 

3Y and 6Y : (a) module, (b) phase. 
 
very short. Indeed, the simulation time is 4 seconds while that 
of the cascaded cell model is 5 minutes and 44 seconds. This 
simulation was done on a PC with 2.4 GHz CPU and 4GB of 
RAM. 
 

 
 

Fig. 6.  The frequency evolution of the cable impedance module in 
common mode for Short Circuit (SC) and Open Circuit (OC) tests. 
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Fig. 7.  The simulation setup for time domain analysis. 

 

 
 

Fig. 8.  The voltage across the resistor Rs. 
 

 
 

Fig. 9.  The waveform of the voltage at cable input. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

           Fig. 10. Circuit schematic of the simulation setup. 

V. APPLICATION EXAMPLE 
    In this section of this work, an application example that 
consists of a motor drive system fed by a long power cable is 
handled in ANSYS Simplorer software. Two simulations have 
been performed. The first one considers the system without 
any filtering solution. While the second introduces a passive 
filter to suppress the overvoltage spikes.   
    The simulation setup is described in Fig. 10. The design 
methodology of the filter RL-plus-C used during the second 
simulation has been explained in detail in [18]. Tab. 2 
summarizes the components values of the filter. 
 

TABLE II 
VALUES OF THE FILTER PARAMETERS 

Parameters Values 

fR  49 Ω 
fL  670 µH 
fC  7.5 nF 

 
 
The input voltage DCV is 300 V and the switching frequency of 
the inverter sf is set 10 KHz. Moreover, we used 50 meters 
cable length modeled as described in the previous sections. 
    Fig. 9 shows the voltage waveform at the cable inputs 
terminals. When the cable effect is neglected, the voltage at 
the motor terminals will be approximately the same. Fig. 11(a) 
depicts the overvoltage spikes that occurs when the cable 
model is inserted between the inverter and the motor. It is 
noticed that the magnitude of the voltage peaks at the cable 
outputs reaches 506 V (Fig. 12(a)). The increasing of the cable 
length will considerably increase these peaks.  
    Fig. 11(b) shows the waveform of the voltage at the motor 
terminals after the use of the filter mentioned before. It is 
noticed that the overvoltage spikes have been mitigated. The 
magnitude of the voltage peaks at the cable outputs does not 
exceed 358 V (Fig. 12(b)). 
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(a) 
 

 
 

(b) 
 

Fig. 11.  The waveform of the voltage at cable output:  
(a) without filter, (b) with filter. 

 

VI. CONCLUSION 
In this paper, we propose a behavioral model of three-wire 

shielded power cables. Based on the results of the transmission 
line theory and calculating the cable p.u.l impedance and p.u.l 
admittance matrices, the equivalent admittance matrix can be 
derived for any cable length. Modal transformation reduces the 
complexity of the model. Indeed, instead of approximating a 
whole frequency dependent matrix, the problem remains to 
model the four distinct eigenvalues. Then, using the vector-
fitting tool, we obtain a model that is easy to implement in the 
Simplorer simulator. Finally, the simulations made for a length 
of 10 meters validate the proposed method in the frequency 
and time domains. Our method has several advantages among 
them: 

- Simple. 
- takes into account the frequency dependence of the cable 

parameters. 
- Treatment of long cables with a very low computational 

time. 
- This method can also model the four-wire shielded power 
cables. 

 
 

          (a) 
 

 
 

      (b) 
 

Fig. 12.  The peak of the voltage at the motor terminals:  
(a) without filter, (b) with filter. 
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