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Abstract—Due to the widespread use of electronic power converters, low-voltage high-frequency cable 

models are being increasingly applied in industry, automobile or aeronautics applications among others. It 

is known that depending on switching frequency, cable configuration and length, transient overvoltage 

effects comprising a wide frequency range from dc up to several tens of MHz can appear. However, to 

accurately reproduce the wide-band frequency response, such models often require the use of ladder 

networks, thus being necessary to adjust the values of a relatively large number of R, L and C components, 

which is a complex task. This paper is focused to solve this problem, which is done by applying an iterative 

genetic algorithm (IGA) optimization approach. From a set of experimental short circuit and open circuit 

tests the high-frequency cable model of a given cable configuration is obtained, whose parameters are fitted 

by means of the proposed IGA-based method. Finally, the accuracy of the model obtained is validated 

experimentally by comparing the frequency-domain and time-domain responses through overvoltage 

predictions of different samples of the analyzed cable. 

 

Keywords—Model optimization, genetic algorithm, parameter estimation, cable model, frequency 

response. 

 

1. INTRODUCTION 

Conducted disturbances are boosted in power cable systems fed by switching PWM-modulated power 

electronic converters [1]. The uninterrupted and fast switching of PWM power converters tends to induce 

significant transient surges containing steep-fronted impulses that depend on the technology of the 

semiconductor switches of the electronic power converter. PWM-modulated power converters using IGBTs 

(insulated gate bipolar transistors) are characterized by short pulse rise times of 100–400 ns [2]  and fast 

switching frequencies in the 2–20 kHz frequency range [3]. Under high switching speed and having 

substantial distance between the drive and the load, significant voltage overshoot could happen on the load 

side. The high-frequency performance of power cables intended for PWM (pulse width modulation) 

 
 



 2 

applications is of a paramount importance due to the appearance of phenomena such as skin and proximity 

effects, transient overvoltage or conducted electromagnetic disturbances. To accurately predict such effects, 

a high-frequency cable model is required. Improved cable models must include low- and high-frequency 

effects, and must be able to reproduce fast overvoltage transients. Therefore, the development of power 

systems models to predict electromagnetic transients is gaining importance in view of the numerous studies 

for both ac and dc power systems [4–6]. The combined effect of fast rising and falling times of voltage 

pulses, high switching frequencies, and cable length may result in serious disturbances [7] that can 

overstress insulation systems at the load and inverter sides. Therefore, common-mode currents of high 

frequency are induced as well as dv/dt overvoltage transients at the load terminal, which are boosted by the 

impedance mismatch between cable and load, which can damage insulation systems and reduce cable-load 

performance. This effect has been studied by several authors, especially in induction motor drive systems 

fed by long cables [8–10]. The sudden overvoltage effects in PWM-modulated drive systems comprise a 

wide range of frequencies since they include the switching harmonics [11] and the resonance frequency of 

the cable [7]. Depending on cable length they can range from dc up to the MHz range [10,11]. Therefore 

high-frequency models of lengthy cables are appealing to accurately analyze these electromagnetic effects 

in systems fed by electronic power converters, since they allow reducing design time, costs [1] and failure 

occurrence. Such models must take into account both the distributed nature of the cable and the frequency 

dependence of the effects derived [11].  

Different cable models have been proposed to reproduce both the frequency and temporal behavior. The 

telegrapher’s equations, which are a set of partial differential equations that allow describing the current 

and voltage on a transmission line with respect to time and line distance, can be transformed into a set of 

difference equations [6, 8, 9, 12] or into a set of ordinary differential equations (macromodel) through some 

kind of discretization process [1, 7, 10, 11, 13, 14, 15]. The model dealt with in this work is based on the 

last transformation despite the inconvenience in computational burden, although this drawback is 

minimized thanks to the use of existing computers. 

Cable models may be roughly classified into different categories, that is, lumped parameter or distributed 

parameter models [1, 5, 6, 7, 12, 14, 15] and constant parameter or by frequency-dependent parameter 

models. Cable models with distributed parameters can be more accurate than lumped parameter models 

depending on cable length and signal frequency, although the later ones allow a better physical 

interpretation of the problem while simplifying the mathematical complexity, so they can be easily 

integrated in any electromagnetic transients program [12]. Constant-parameter cable models [5] are less 

accurate than cable models taking into account frequency-dependent features [1, 6, 7, 8, 9, 10, 11, 12, 13, 

14, 15] to simulate transient effects, however they are computationally faster, although CPU requirements 
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of the last models are not excessive for current computers. Frequency-dependent cable models are usually 

developed in the frequency-domain, so time-domain results are obtained by applying numerical 

transformations. Cable models based on lumped parameters are developed in the time domain, but the 

frequency-dependent features can be included in the model by using cascade of cells with lumped 

parameters [8, 9, 10, 11, 13, 15], the accuracy of the equivalent circuit depending on the number of 

elements (R, L and C) in each cell, the number of cells, the length of the cable and the analyzed frequency 

range [13]. Lumped parameter cable models can be developed directly in the time-domain for transient 

simulations. This is an advantage of such cable models since most power components are modeled in the 

time domain, so a cable model based on the electric circuit approach, using cascade of cells with lumped 

parameters is applied in this work. 

Parametric cable models can be based on measurements [1, 5, 7, 8, 9, 13, 14, 15, 23, 32] or can be 

calculated as a function of the cable structure and the physical characteristics of the cables by finite-

element analysis [2, 14] or by applying specific equations [10, 11, 13]. The last approach results in certain 

inaccuracies because of the applied approximations whereas parametric models adjusted by means of finite-

element analysis require large preparation and simulation times, so measurement-based parametric models 

outperform the other options. However, cable parameters estimation from measurements is not a simple 

task, but the models can be accurate for a wide frequency range even under the presence of resonance 

phenomena, so this option is applied in this work. Models with a limited number of elements facilitate their 

fitting [8, 9, 15], but in this work a methodology is established for any number of elements in each cell and 

for a wide frequency range and under resonance effects. Parameters estimation usually requires the use of 

complex algorithms [1, 10, 13], so from a practical standpoint this paper proposes to use a GA-based 

approach to simplify the parameter estimation and fitting process [7].  

To accurately reproduce transient overvoltage effects, a high-frequency model of both, the cable and the 

load is required. The high-frequency cable model must include effects such as the eddy currents (skin and 

proximity effects) and dielectric losses. To this end, lumped parameter models are appealing since they 

allow replicating the temporal and frequency response of spatially distributed physical systems such as 

cables by constructing a topology composed of different discrete entities or cells connected in series [11]. It 

is a recognized fact that such models can accurately predict the overvoltage transients when selecting an 

appropriate number of cells [14]. These models can include R-L ladder networks to simulate high-

frequency eddy currents effects [7] and G-C ladder networks to model capacitive effects to ground [5]. 

High-frequency lumped parameter models have also been successfully applied to other electrical systems 

such as to simulate the high-frequency behavior of power transformers [15,16], ac electrical motors [14,17] 

or servo drives [18], sometimes in combination with finite element models to determine the values of the 
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constitutive parameters [19]. A possible approach to solve the whole electrical network composed of the 

discrete cells, is the transmission-line modelling (TLM) technique [8] which uses discrete models of the 

components involved and allows accurately reproduce the overvoltage transients. The TLM approach 

provides an accurate alternative to the state equation formulation while avoiding to solve the associated 

differential equations [20,21].  

This paper focuses on the optimal fitting of the parameters included in wide-band low-voltage cable models 

fed by switching power converters, which are of very interest in industry, automobile or aeronautics 

applications among others. Therefore the high frequency effects due to the switching power converter are 

dominant and greatly influence cable behavior and response.  

This paper is focused to accurately adjust the parameters involved in an improved lumped cable model for 

multi-conductor cables of arbitrary length. This model is intended to estimate overvoltage transients by 

taking into account frequency effects when the cable system is fed by a PWM-modulated switching power 

converter. The cable model applied in this paper is similar to that proposed in [22] but using only one cell 

per meter of cable length instead of 32, thus greatly reducing the computational requirements and the 

simulation time without any significant effect on model accuracy, as proved in Section IV. Each single cell 

includes a longitudinal and a transversal impedance in a ladder circuit configuration. The ladder equivalent 

circuit of the longitudinal impedance allows taking into account both the skin and proximity effects, 

whereas the ladder equivalent circuit of the transversal impedance allows considering the dielectric losses. 

Genetic algorithms (GA) have been widely applied in optimization problems in many disciplines [23,24] 

including the optimal estimation of transmission line parameters [25], transformers parameters [16,26] or 

impulse generators [27] among others. In [28] nonlinear transfer functions were approximated by applying 

a GA approach, by which the optimal values of the expansion coefficients were found, thus providing more 

accurate results than the classical Chebyshev polynomial approximation. Sales et al. [29] developed a 

multi-objective GA-based method for line topology identification, using either one-port or two-port 

experimental data. In [7] a frequency-domain cable model was adjusted by applying a GA optimization 

procedure to determine the parameters of the impulse propagation function in the Laplace domain.  

This paper proposes a new fitting procedure to determine the optimal values of the parameters constituting 

each single cell of the ladder network used to model the cable. This is a nonlinear optimization problem 

with a large search space [30] that requires the use of efficient search algorithms to reach an accurate 

solution while maintaining the computational burden as low as possible. The proposed fitting method is 

based on a genetic algorithm (GA) approach to select the optimal values of such parameters to accurately 

reproduce both the frequency-domain and time-domain response of the whole cable. In this paper an 

interactive GA algorithm to determine the optimal values of the parameters of a single cell is presented. 
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The suggested method is straightforward and does not require additional simulation or learning software 

tools such as FEM (finite element method) or APLAC, as required by other approaches [22].  

It must be pointed out that although the IGA-based approach proposed in this paper has been applied to 

adjust the values of the parameters of the cable model, it can be applied to many other problems such as 

fitting of parameters in filters or in high-frequency models of electrical machines such as transformers, 

motors and generators among others. 

2. THE CABLE MODEL 

The cable model detailed in this paper tries to balance two compromises, that is, model accuracy and 

complexity, the last one being directly related to the computational burden. To achieve these goals, some 

assumptions have been done. For example the distances among the three cables are assumed to be identical 

(the symmetry simplifies cable modeling) and the screen has been modelled as a perfect conductor.  

To accurately reproduce the transient behavior of multi-wire screened cables fed by switching power 

converters, they must be represented by complex electric models taking into account different capacitive 

and inductive effects that arise at high frequency operation [31].  

In this paper it is assumed that the lossy aspect of insulators presenting charge flow can be modelled by a 

conductance G and the effects of the displacement current are assumed to be very small [32]. 

This work deals with the screened three-wire Exzhellent RC4Z1-K (AS) 0.6/1.0 kV cable from 

GeneralCable, which is schematically represented in Fig. 1. 

1

Outer sheath (LSF-OH)

Copper screen

32

XLPE insulation

Copper conductor

Filler

r1

r2

r3

e

S

 

Fig. 1. Geometry of the three-wire screened cable analyzed in this work. 

The cable model assumes complete symmetry, and the screen is modeled as an ideal conductor. The 

comparison between simulation results and experimental measurements will prove that these assumptions 

are justified. Main parameters of the analyzed cable are summarized in Table I. 

TABLE I. PARAMETERS OF THE  RC4Z1-K 

(AS) THREE-WIRE SCREENED CABLE 

Cable parameter Value 

r1 1.5 mm 
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r2 2.2 mm 

r3 7.1 mm 

e 0.16 mm 

ρ 1.98·10
-8

 Ω/m 

2.1 High-frequency multi-cell cable model  

This paper assumes a high-frequency multi-cell cable model composed of n identical cells connected in 

series, each cell representing a length of 1 meter, as shown in Fig. 2.  

Zl

Zt,cc
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3

Zt,cc Zt,cc
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Zl
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Zt,cs Zt,cs

Zt,cs

CELL i-th

1

2

3

S

CELL 1 CELL 2 CELL n

...

...

...

...

  

Fig. 2. Multi-cell model of the three-wire screened cable 

Since all cells are considered to be identical, the values of their constitutive R, L and C components must 

also be identical. Whereas Zl = Rl + j·Xl is the complex longitudinal impedance of a single wire, Zt,cc = Rt,cc 

- j·Xt,cc is the transversal impedance between conductor-conductor and Zt,cs = Rt,cs - j·Xt,cs is the complex 

transversal impedance between conductor-screen, these impedances being represented in Fig. 3. 
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R5,l

L2,l

R4,l

R3,l

R2,l

R1,l

L3,l

L5,lL1,l

R4,l

Equivalent impedance
Zl = Rl + j·2·p·Ll = Rl + j·Xl

 a) 

C1,t,cc

C4,t,cc

C2,t,cc C3,t,cc

R4,t,cc

R1,t,cc R2,t,cc R3,t,cc

Equivalent impedance

Zt,cc = Rt,cc – j/(2·p·Ct,cc) = Rt,cc - j·Xt,cc  b) 
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C1,t,cs

C4,t,cs

C2,t,cs C3,t,cs

R4,t,cs

R1,t,cs R2,t,cs R3,t,cs

Equivalent impedance

Zt,cs = Rt,cs – j/(2·p·Ct,cs) = Rt,cs - j·Xt,cs  c) 

Fig. 3. Longitudinal and transversal impedances of the single-cell model. a) Longitudinal impedance, Zl. b) 

Transversal impedance between two conductors, Zt,cc. c) Transversal impedance between conductor and 

screen Zt,cs. 

According to Fig. 3, the components of Zl = Rl +j·2·p·f·Ll, Zt,cc = Rt,cc - j/(2·p·f·Ct,cc) and Zt,cs = Rt,cs -

j/(2·p·f·Ct,cs) are,  
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where g1, g2 and g3 are different functions of the parameters between brackets, f is the electrical frequency 

and  Gt,cc = 1/Rt,cc and Gt,cs = 1/Rt,cs. 

To determine the R, L and C parameters of the cell model in Figs. 2 and 3, four experimental tests are 

required [33], that is two open circuit tests and two short circuit tests to determine the frequency response 

in the 40 Hz – 30 MHz interval of the cable by using a wide-band high-precision impedance analyzer. Such 

tests are summarized in Figs. 4. 

Four tests were applied to two cable samples of 0.1 meter and 1 m length, respectively, for determining the 

parameters and having satisfactory high frequency sensitivity. Therefore, two short circuit tests with 2 or 3 

conductors in short circuit (SC2 and SC3, respectively), and two open circuit tests, with 2 or 3 conductors 

in open circuit (OC2 and OC3). 
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Open circuit test bewteen 2 

conductors
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d) 

Fig. 4. Schematics of the fours tests conducted to determine the single-cell parameters using the impedance 

analyzer. a) Short circuit test between two conductors (SC2). b) Short circuit test among three conductors 

(SC3). c) Open circuit test between two conductors (OC2). d) Short circuit test among three conductors 

(OC3).  

From the equivalent circuits of the four tests, the following set of equations arise [33], from which the 

parameters required to generate the cell model in Fig. 3 are calculated by solving the equations system in 

(2), 
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where G = 1/R and subscript m means a measured value.  

Fig. 5 summarizes the methodology applied to determine the cell parameters Ll, Rl, Ct,cc, Ct,cs, Rt,cc and 

Rt,cs in the  40 Hz – 30 MHz frequency range. From the steps visualized in Fig. 5, the parameter values of 

the cell model shown in Fig. 3 are obtained to match the measured frequency response of the cable of 1m 

length. Finally, if a n-meter cable has to be simulated, the model reproducing the behavior of such a cable 

will require n identical cells connected in series as shown in Fig. 2. 
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Measure cable frequency response with a 
wide-band high-precision impedance analyzer

2.- Determine longitudinal and transversal parameters (Ll, 

Rl,Ct,cc,Ct,cs,Gt,cc and Gt,cs) at 500 kHz  from experimental 

short and open circuit tests made to a 1m length cable. 

Only one point corresponding to 500 kHz  is required.

1.- Perform experimental short circuit and open circuit 

tests (several tests, the number depending on cable type) 

with cable of 10 cm length in the range 40 Hz – 30 MHz 

to determine Lmeasured, Rmeasured, Cmeasured and Gmeasured.

3.- Data obtained from the 10 cm SC3 test is shifted to 

coincide at 500 kHz with data of 1 m cable.

4.- Create single-cell cable model including longitudinal 

and transversal impedances (Figs. 2 and 3)

5.- Apply the Iterative Genetic Algorithm (IGA) 

optimization to determine single-cell parameter values 

(Ri,l, Li,l, Ci,t,cc, Ci,t,sc, Ri,t,cc and RI,T,cs; i = 1,2,...,6) to match 

the frequency response of the single-cell model with the 

experimental one of a 1 m cable length. 

Same approach for Ll 

from SC3, and Gt,cc, 

Gt,cs, Ct,cc and Ct,cs from 

OC3 test 

500 kHz frequency

R

Rm,SC3 (10 cm)

Rl (1 m)

 

Fig. 5. Five-step methodology applied to determine the cell parameters Ll, Rl, Ct,cc, Ct,cs, Gt,cc and Gt,cs in the  

40 Hz – 30 MHz frequency range. 

As shown in Fig. 5, the frequency response of parameters Rl, Ll obtained from the experimental short circuit 

test SC3, and Gt,cc, Gt,cs, Ct,cc and Ct,cs obtained from the experimental open circuit test OC3 are generated 

for both 10 cm and 1 m cable lengths. The shape of the measured frequency response Rm,SC3(10 cm) 

determined from the 10 cm length is considered to be the correct one since the resonance peaks are located 

beyond the analyzed frequency range. Therefore the frequency response curve of the 10 cm cable length 

Rm,SC3(10 cm)  is shifted to coincide with the 500 kHz point of the 1 m curve Rm,SC3(1 m) since the point of 

500 kHz is far from the resonance peaks, thus obtaining Rl (1 m)  as displayed in step 3. Although this 

explanation refers to Rl it also applies to the other parameters Ll, Gt,cc, Gt,cs, Ct,cc and Ct,cs. 

3. THE ITERATIVE GENETIC ALGORITHM (IGA) APPROACH 

Genetic algorithms (GAs) are recognized as an effective tool to solve a wide diversity of optimization 

problems. These mathematical methods are suitable to solve both unconstrained and constrained 
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optimization problems [34] in which the objective function to be minimized can be either single- or multi-

objective. GAs offer several advantages compared to other optimization methods, since they do not require 

an initial approximation of the solution, can deal with non-linear and discontinuous objective functions and 

allow seeking for globally optimal solutions [30]. GAs apply the natural selection concept, that is, the 

survival of the most adapted or fitted specimens. The specimens generating a most fitted outcome have a 

high reproduction likelihood but those generating least fitted solutions have a lower chance [34]. GAs 

perform a heuristic iterative search so that at each iteration step they randomly select a set of specimens or 

individuals from the existing population, representing the chromosomes. After some iterations, that is, 

several generations later, the solution is supposed evolving towards an optimum. The individuals producing 

a local optimal are chosen at each step and become the parents of the next generation of offspring 

specimens. This process is repeated until achieving the best fitted individuals’ population, that is, the 

population producing the optimal solution.  

GAs apply different mathematical operations to emulate the mechanisms of genetic reproduction such as 

the selection of the fittest individuals, which are the parents of the next generation of offspring individuals, 

the crossover operation that merges the solutions corresponding to two parents to create the next generation 

of children solutions, and the mutation operation that produces random modifications to children and 

parents solutions to evolve towards an optimal solution. 

In this paper a single-objective GA approach is proposed, in which the objective function to be minimized 

is the per unit error calculated as, 

2

20

1

2

20

1

]1)(/)([]1)(/)([  


iXiXiRiR
m

i
calm

i
cal

   (3) 

the subscript cal denoting the parameter value calculated at each optimization step and the subscript m 

corresponding to the measured or experimental value of the parameter. Since the impedance analyzer 

provides pairs of Rm-f and Xm-f vectors with hundreds of components, f being the electrical frequency, it is 

compulsory to reduce the size of these vectors to minimize the computational burden of the problem while 

maintaining accuracy. To this end only 20 components of such vectors were retained, a number that was 

found to satisfy both suitable accuracy and limited computational burden. Index i = 1, 2,…, 20 refers to the 

20 discretized frequency points used to reproduce the frequency response of each impedance (see the red 

points in Fig. 7). Note that X is the reactance, X = 2·p·f·L (longitudinal impedance) or X = 1/(2·p·f·C) 

(transversal impedance).   

It is noted that when analyzing the curves defining the longitudinal parameters Rl(fi) and Ll(fi) with i = 

1,2,…20, the values of the ),,,,,,,,,(
,5,4,3,2,1,5,4,3,2,1 llllllllll

LLLLLRRRRR  parameters are changed at each internal 

iteration of the GA process to find out the optimal set of values minimizing the objective function defined 
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by (3). The values of these parameters are coded into binary strings constituting the chromosomes and are 

changed according to the GA rules so that Rl = Rcal and Xl = 2·p·f·Ll = Xcal are calculated according to the 

real and imaginary parts of the equivalent impedance of the ladder circuit shown in Fig. 3. The elitist 

scattered crossover operation is applied, producing a random binary vector at each generation from which 

the genes of the two parents are combined to generate an offspring. Next, the mutation operation is applied, 

by which the GA creates random variations in the chromosomes information, thus producing genetic 

diversity and enabling GA to search for wider spaces. The whole process is repeated until achieving a pre-

established tolerance threshold.  

However, after a thorough study, it was noticed that model performance can be further optimized by 

iteratively applying the above-explained process. To this end this paper proposes adding an additional 

iteration loop to the GA process which allows reducing the error in the objective function and thus model 

accuracy. In this iterative process, the GA solution attained at each iteration step is the initial condition or 

seed value for the initial population of the subsequent iteration as shown in Fig. 6.  
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 < Threshold ?
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Measure cable frequency response with 
wide-band impedance analyzer

Reduce number of data
points to 20

Define GA input variables
R1,l,…,R5,l,L1,l,…,L5,l

Define objective function


GA
Initialize initial population (R1,l,…,R5l,L1,l,…,L5,l)

Selection of the fittest individuals 
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Objective function evaluation
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Fig. 6. Proposed IGA-based approach to adjust the longitudinal (Ri,l,Li,l) parameters. The same process is 

applied to adjust the transversal conductor-conductor and conductors-screen parameters, (Gi,t,cc,Ci,t,cc) and 

(Gi,t,cs,Ci,t,cs), respectively. 

The same process is applied to impedances Zt,cc and Zt,cs to determine, respectively, the optimal values of 

the parameters ),,,,,,,(
,,4,,3,,2,,1,,4,,3,,2,,1 cctcctcctcctcctcctcctcct

CCCCRRRR and ),,,,,,,(
,,4,,3,,2,,1,,4,,3,,2,,1 cstcstcstcstcstcstcstcst

CCCCRRRR  that 

minimize the objective function described by (3).  
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The optimization process carried out in this work has been implemented in the MATLAB R2014a 

Optimization Toolbox.  

4. EXPERIMENTAL RESULTS  

Different experimental results were carried out with the aim of adjusting the values of the parameters of the 

cell model and validating the cable model, as detailed in the following subsections. 

4.1 Adjusted parameter values of the identical cells 

A three-wire cable (3 x 6 mm
2
) with a copper braid with reference EXZHELLENT RC4Z1-K (AS) 0.6/1 

kV from GeneralCable® was used to experimentally validate the cable model. The experimental tests were 

carried at the facilities of the Universitat Politècnica de Catalunya (UPC), using an Agilent 4294A wide-

band high-precision impedance analyzer. The Agilent 4294A provides hundreds of parameter-frequency 

data points for a full scanning within the 40 Hz – 110 MHz frequency interval. 

Two cable samples of lengths 0.1 m and 1 m were used to generate the single-cell model (1 cell = 1 m of 

cable) from experimental data. With the aim of reducing the computational requirements and speeding up 

the IGA-based process to select the optimal parameters’ values of the longitudinal and transversal 

impedances shown in Figs. 3, only 20 points were retained as shown in Figs. 7. It is noted that data shown 

in Figs. 7 have been obtained by applying the Steps 1-3 in Fig. 5. 
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Fig. 7. Three-wire screened cable with a length of 1 m. Values from experimental data of the cell 

parameters Rl, Ll, Ct,cc, Ct,cs, Gt,cc and Gt,cs in the  40 Hz – 30 MHz frequency range obtained by solving (2) 

and applying the steps 1 – 3 in Fig. 5. The red points indicate the values retained in the curves for the 

posterior IGA process. a) Longitudinal parameters Rl and Ll. b) Conductor-conductor transversal 

parameters Gt,cc and Ct,cc. c) Conductor-screen transversal parameters Gt,cs and Ct,cs.  

The next step is to determine the parameters’ values of the single-cell model from the experimental 

frequency responses summarized in Fig. 7. The values obtained after applying the IGA optimization 

approach are summarized in Tables II, III and IV, which are used in the next sections to validate the cable 

model.  

TABLE II. PARAMETERS OF THE  LONGITUDINAL 

IMPEDANCE MODEL OBTAINED THROUGH IGA 

OPTIMIZATION (FIG. 3A) 

Cable parameter Value 

R1,l 3.30 m 

R2,l 35.96 m 

R3,l 252.7 m 

R4,l 981.0 m 

R5,l 5.180  

L1,l 13.88 nH 

L2,l 18.39 nH 

L3,l 15.72 nH 

L4,l 19.52 nH 

L5,l 210.70 nH 

 
TABLE III. PARAMETERS OF THE  CONDUCTOR-

CONDUCTOR TRANSVERSAL IMPEDANCE MODEL 

OBTAINED THROUGH IGA OPTIMIZATION (FIG. 3A) 

Cable parameter Value 

R1,t,cc 13.35 k 

R2,t,cc 3.531 M 

R3,t,cc 14.34  

R4,t,cc 1.630  

C1,t,cc 3.476 pF 

C2,t,cc 0.890 pF 

C3,t,cc 2.269 pF 

C4,t,cc 0.500 pF 
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TABLE IV. PARAMETERS OF THE  CONDUCTOR-

SCREEN TRANSVERSAL IMPEDANCE MODEL 

OBTAINED THROUGH IGA OPTIMIZATION (FIG. 3A) 

Cable parameter Value 

R1,t,cs 178.1 k 

R2,t,cs 1.175 k 

R3,t,cs 35.51 pΩ 

R4,t,cs 0.644 p 

C1,t,cs 123.90 nF 

C2,t,cs 7.327 pF 

C3,t,cs 1.083 pF 

C4,t,cs 6.956 pF 

 

4.2 Experimental validation of the frequency response of a 5 m length cable model  

A third cable sample of 5 m length was analyzed in order to validate the proposed system. A five-cell 

model was generated to simulate the frequency response of the 5 m cable from the single-cell model shown 

in Fig. 3 and the values of the cell parameters adjusted via IGA summarized in Tables II, III and IV. This 

model was exported to the EMTPWorks® 2015a(3.1.0) transients simulation software [35], which is shown 

in Fig. 8. 
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Fig. 8. a) Five-cells cable model to simulate the behavior of a 5m cable length. b) Conductor-conductor 

transversal impedance of each cell. c). d) Conductor-screen transversal impedance of each cell. 

The results of the four experimental tests performed to the 5 m cable (two short circuit tests SC2 and SC3 

and the two open circuit tests OC2 and OC3) using the Agilent 4294A impedance analyzer in the 40 Hz – 
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30 MHz frequency interval and results from simulations carried out with the EMTPWorks® 2015a(3.1.0) 

package according to the model presented in Figs. 8 are compared in Figs. 9. 
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Fig. 9. Comparison between simulated and experimental frequency responses of the four tests applied to 

the three-wire screened cable with a length of 5 m. a) Impedance-frequency graph corresponding to SC2. b) 

Impedance-frequency graph corresponding to SC3. c) Impedance-frequency graph corresponding to OC2. 

d) Impedance-frequency graph corresponding to OC3. 

Results presented in Figs. 9 show a good agreement between the measured frequency response and the 

simulated one according to the model whose parameters were adjusted by means of the IGA-based method 

presented in this work.  

4.3 Experimental validation of the temporal response of a 30 m length cable model  

To validate the accuracy of the proposed simulation method, a fourth cable sample of 30 m length was 

analyzed in order to magnify the magnitude of the overvoltage induced at the load side of the cables. In this 

case a similar model to that depicted in Figs. 8 but with 30 cells was built and simulated with the 

EMTPWorks® 2015a(3.1.0) package. 

A first open circuit test consisting in applying a 60 Vdc step voltage to conductor #1 (conductors #2, #3 and 

the screen are connected to the negative terminal of the DC voltage source) of the 30 m cable configuration, 

and measuring the voltage at the load side of conductor #1 as indicated in Fig. 9, was carried out, whose 

results are shown in Fig. 10. 
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Fig. 10. Open circuit test with a cable length of 30 m. Transient temporal response to a step voltage. a) 

Setup to determine the transient response to a 60 Vdc step voltage applied to conductor #1, whereas 

conductors #2, #3 and the screen are connected to the negative terminal of the DC voltage source. b) 

Simulated versus experimental voltages at the load side of the energized conductor (conductor #1). 

Results presented in Fig. 10b show a great similarity between experimental and simulated results, thus 

proving the accuracy and usefulness of the proposed approach. 

A second open circuit test was conducted by using a three-phase PWM-modulated inverter to feed the 

three-wire screened cable of 30 m length, as illustrated in Figs. 11. The input DC voltage was 360 V, the 

switching frequency 20 kHz, the AC output frequency 400 Hz and the modulation index 0.9. 
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Fig. 11. Open circuit test with a cable length of 30 m. Cable response to a three-phase PWM modulated 

400 Hz voltage signal. a) Experimental setup used to measure the output voltage at the load side of the 

energized conductor (conductor #1). b) Simulated versus experimental voltages at the load side of the 

energized conductor (conductor #1). 

 

It is worth noting that the errors between experimental and simulation results have different origins. There 

is an inherent error due to the assumptions and simplifications made in the lumped-parameter model dealt 

with which cannot be avoided by applying any fitting technique. Experimental data from the short circuit 

and open circuit tests may contain noise and interferences which also contribute to the model’s inaccuracy. 

And finally, the parameter fitting process itself may also contribute to the discrepancies between 

experimental and simulated results. 

The computational burden of the proposed model as a function of the number of series-connected cells 

once adjusted the cell parameters is summarized in Table V. 

TABLE V. COMPUTATIONAL TIME REQUIRED TO 

SIMULATE 1 MICRO-SECOND WITH A TIME-STEP 

OF 0.1 NANO-SECOND (30 METER CABLE) 

Cells number 

Computation 

time 

(seconds) 

Relative 

time 

1 0.56160 1.000 

5 0.79561 1.417 

10 0.90481 1.611 

20 1.18561 2.111 

30 1.60681 2.861 

50 2.35562 4.195 

100 4.57083 8.139 

Results summarized in Table V are based on an Intel® Core™ i7-2600 – 3.40GHz, 8.00 GBytes RAM 

computer. It is noted that the proposed modelling approach is much faster than the finite element method 

(FEM) alternative [36] since a 3D-FEM model is required because of the finite length of the cable and a 

very fine mesh is needed due to the analyzed frequency interval. 
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5. CONCLUSION  

Accurate high-frequency cable models are appealing due to the increasing use of electronic power 

converters in different areas including industry, aeronautics or automobile among others. It is well known 

that transient overvoltage phenomena can appear, whose impact depends on cable length and configuration 

and switching frequency. Ladder network models can be used to precisely replicate the wide-band 

frequency response of such a system. These models include a rather large number of R, L and C 

components, whose values have be adjusted to match the simulated response with the experimental one.  

This paper has presented an improved optimization GA-based method to fit the parameters of a ladder 

lumped parameter multi-cell high-frequency model of a multi-wire screened power cable. The iterative 

GA-based approach presented in this paper allows improving the accuracy of the solution attained while 

limiting the computational requirements. Experimental overvoltage data acquired from different cable 

samples have validated the usefulness of the proposed approach. Although the IGA-based approach has 

been applied to adjust the parameters of multi-wire cable models, it can also be extended to other 

applications such to determine the optimal parameter values of filters or high-frequency models of 

electrical machines such as motors, generators or transformers. 
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