
1. Introduction 

Researches on measuring and simulating 
the frequency dependent network 
impedance and it’s elements were performed 
10…15 years ago. Their results were used in 
network simulations of current source 
inverters. Due to the new power electronic 
technologies, the voltage source inverters 
(VSI) became widely in operation. The 
harmonic generation of VSI’s depends on 
the harmonic content of the supply voltage 
as well. Therefore, a new simulation 
approach was developed, called the double 
domain simulation. [1] The difficulty of the 
method is the simulation of the frequency 
dependent by the supply network (Thèvenin) 
impedance. 

The goal of our research is the accurate 
simulation of the harmonic penetration and 
filtering effect of the high power electric 
traction. Because the interaction between 
the supply system and the traction system is 
simulated in frequency domain, an accurate 
simulation of the frequency dependence of 
the Thèvenin impedance became essential. 
To calculate the sophisticated model of the 
electric locomotive and active harmonic filter 
as non-linear loads a time dependent model 
must be used. The traction supply system 
together with the equivalent supply network 
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impedance could be calculated in the 
frequency domain. An iteration algorithm is 
developed (double domain simulation) 
converting the variables in every iteration 
step between the time and frequency 
domain. [1] 

To simulate the harmonic penetration and 
filtering effects of the power electric traction, 
the network should be calculated not only on 
the fundamental frequency; in this case the 
so-called harmonic driving point impedance 
should be used. [3] In case of the 25kV 
single phase of the railway systems, a 
single-phase model can be used. Thus we 
need to reduce the upstream network to the 
primary poles of the substation’s 
transformer. [4] The whole upstream network 
can be represented by its frequency 
dependent Thèvenin equivalent. [2] The 
conventional computer simulation of the 
frequency dependent Thèvenin impedance is 
not enough accurate on a wide frequency 
range. 

In our paper, a new approximation method 
is discussed for modeling the driving point 
impedance of the high voltage supply 
system. This model as a part of the traction 
system model was developed for studying 
the interaction between the high voltage 
supply and the electric traction supply 
network. In the chapters of the paper the 
brief summary of the applied model and the 
double domain simulation is presented, 
furthermore the detailed introduction of the 
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new approximation method will be reported. 
Finally some calculation results (harmonic 
currents and voltages) will be published by 
comparing the accurate new results to the 
older ones. 

2. Modeling the electric traction’s 
supply [1] 

The electric railway system is consisting 
of four main components (Figure 1.a): [1] 

1. the locomotives 
2. the contact line system 
3. the feeding transformer 
4. the high voltage supply network 

 

Figure 1. Simplified circuit for calculation of harmonic 
effect: a) general traction-current feeding 
arrangement; b) circuit representation of the 
traction supply system 

The traction supply system model can be 
made with these elements as discussed in 
reference [1]. The locomotive model might 
be studied in [5]. Because the voltage 
distortion is caused by the loco itself, an 
iteration algorithm was developed to convert 
the variables between the time and 
frequency domain vice and verse. This is the 
so called Double Domain Simulation 
developed by the authors [1]. It’s application 
possibilities are discussed in details in [6]. 

3. Development in the HV system 
representation 

Taking an overview on the network 
elements the contact line system, the HV/MV 
transformer and the locomotives can be 
calculated with well-known parameters. 
Representing the high voltage supply 
network the driving point impedance must be 
measured at the simulated substation 
(Figure 2.)  

 
Figure 2. The high voltage network impedance in 

function of the frequency (25 kV side) 

The parameters should be inserted to the 
Thèvenin-model of the supply network. 

Because of the difficulty of the measured 
impedance functions usually the HV network 
is represented as an infinite network or by 
the fundamental frequency impedance. In 
our paper a novel approximation method is 
discussed, where the impedance curve is 
separated to its real and imaginary parts as 
R and X. The independent R and X values 
are approximated with the combination of 
polynomial and trigonometrical functions in 
function of the frequency. 

3.1 Studied approximation methods 

3.1.1 Infinite network 

Usually, this is the first step for the 
calculations, if somebody likes to calculate 
some approximating voltages and currents 
along the network. If the task are to 
determine the current and voltage shape at 
the PCC, this model can’t be used. 

3.1.2 Constant R-L representation 

It is possible to use fundamental 
frequency values of R, L (or C) composing 
the network impedance in the frequency 
domain with these constant values, derived 
from the shortcut power or driving point 
impedance measurement. Because these 
parameters are frequency dependent, the 
resultant impedance function will be not 
accurate on the higher frequencies. 

3.1.3. Polynomial interpolation 

For more complicated functions, the 
different interpolation methods can be used. 
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If the known points are connected with lines, 
it would be possible to determine the values 
between our previously data points, also if 
we do not know the exact function. This is 
the so called linear interpolation method. [7] 
The accuracy of the calculation can be 
improved with increasing the order, as it is 
possible to find an (n-1)th order polynomial 
function over n data points. 

− The polynomial interpolation would 
have some problems regarding to 
accuracy: 

− The calculation power increases with 
the quadratic function of the order. 

− Cubic or higher order equations have 
just a limited solving possibility with 
real numbers. 

− The polynomial interpolation gives 
correct values: 
o if the data point density is high 

enough. [7] 
o if the increment of the function is 

proportional with the increment of 
the argument [7] 

The different approximation methods can 
be studied on Figure 3. 

 

Figure 3. Different approximation methods. 

3.2 The novel polynom-trigonometrical 
approximation method 

In our study, different approximating 
functions have been prepared for the real 
and imaginary part of the impedance. It is an 
advantageous choice, because we can use 
real numbers instead of complex ones. In 
this case, it is possible to take more care on 

the frequency dependency of the R and X 
values. 

3.2.1 Modeling the real part of the 
impedance (R) 

On Figure 4, the approximation of the R 
part could be studied.  

 
Figure 4. The polynomial and trigonometrical part of 

the resistance function (M: measured 
resistance, Pol: polynomial part, Trig: 
trigonometrical part) 

The M function represents the real part of 
the measured impedance. It is possible to 
conclude, that the polynomial trend line 
should be a biquadratic polynomial function, 
which is the Pol curve. The common 
equation of this part is: 

 (1) 

where  
 is the variable (now: the frequency)  
 is the factor. 

In this case the maximal difference 
between the M and Pol functions are 70 %. 
Reducing the difference, some 
trigonometrical functions should be used. 

This trigonometrical part could be divided 
into four parts: 

− In two sections of the function (below 
800 Hz and over 1900 Hz) 
compensation is not required. 

− Between 900 and 1200 Hz a smaller 
amplitude sinusoidal compensation is 
needed. 

− Between 1300 and 1800 Hz it is 
possible to use again a sinusoidal 
function, but with bigger amplitude and 
frequency. 

Separating the different sections window 
functions should be used, in this case we 
use arcus tangent functions. Each frequency 
period could be conpensated by the 
following form: 

 (2) 
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where  
,  and  are the factors,  
 is the frequency,  

 is the window function: 

 (3) 

where  and  are the lower and upper 
limits of the window. 

After calculating both the polynomial and 
trigonometrical parts the modeling function 
could be studied on Figure 5.  

 
Figure 5. The approximation of the resistance (M: 

measured resistance, A: Approximated 
function, U: Used in Calculations) 

For the calculations of the double domain 
simulation, the impedance should be known 
on the odd harmonic orders from 1st to 49th. 
On Figure 5, the function M shows the 
representation of the original measured 
resistance in function of the frequency. 
Function A is fitted on values received from 
measured data. The U function shows the 
modeled resistance values which should be 
used in the further calculations. It means 
resistance values for each odd harmonic 
orders from 1st to 49th. 

3.2.2 Modeling the imaginary part of the 
impedance (X) 

Regarding the ATP-EMTP modeling 
software it is better to calculate a “virtual 
inductance” value instead of the X. This 
value can be easily inserted to the L element 
of the Thèvenin-model. It should be 
mentioned, that there are some frequencies 
where the X has negative value. However, in 
this case the network is capacitive; we 
represent it with a virtual negative 
inductance. The resultant negative 
inductance gives correct X values on the 
characteristic frequencies, but it is not 
representing the real frequency function of a 
capacitive network. The L value is calculated 
as follows: 

 (4) 

The polynomial and trigonometrical parts 
can be studied on Fig. 5. In this case a cubic 
polynomial function can be used together 
with the composition of three trigonometrical 
functions. The approximation method is 
similar to that in Chapter 3.2, after 
calculating the Pol and Trig functions 
(Figure 6). 

 
Figure 6. The polynomial and trigonometrical part of 

the inductance function (M: measured 
resistance, Pol: polynomial part, Trig: 
trigonometrical part) 

Their sum can be composed which is 
possible to study on Figure 7. 

 
Figure 7. The approximation of the inductance (M: 

measured resistance, A: Approximated 
function, U: Used in Calculations) 

4. Calculation results 

Some characteristic calculations should 
be taken to determine the accuracy of the 
novel approximation. In this chapter the 
comparison of two different calculations are 
presented. By both cases the double domain 
simulation is applied. In this chapter  the A 
functions and curves represents the 
calculations, where the HV system is 
represented by frequency independent R 
and L values, which are constant for every 
frequency component (originated from the 
50 Hz values, see in Chapter 3.1.2)). For the 



ELECTROTEHNICĂ, ELECTRONICĂ, AUTOMATICĂ, 59 (2011), nr. 2 101 

B’s the new approximation function is 
applied. All other parameters are the same in 
both cases. The calculations are made with 
V43 locomotives, the traction system length 
is 30 km, the engine is 10 km far from the 
substation. Some calculations with V63 type 
locomotives can be studied in more depth in 
[8]. 

The substation current and MV-side 
voltage time functions can be studied on 
Figure 8. 

 
Figure 8. Time functions at the substation 

As the constant R-L representation is 
accurate on the fundamental frequency, 
there is no significant different in the 
amplitude and phase of the fundamental 
frequency components. Thus, it is possible 
to conclude that the difference originates 
from the higher frequency components. 
Figure 9 represents the current and Figure 
10 the voltage spectra. 

 
Figure 9. Voltage spectra at the substation 

 
Figure 10. Current spectra at the substation 

The difference is the highest in the range 
650…1350 Hz, which is around the harmonic 
orders are the most characteristic ones by 

current amplification. [1] 
Near the same consequences can be 

concluded at the locomotive (Figure 11).  

 
Figure 11. Time functions at the locomotive 

There is no significant difference between 
the current shapes, as the locomotive is 
basically a harmonic current generator. [4] 

The highest affection can be studied on 
the voltage spectra on the PCC, which is the 
HV side of the feeding transformer. As the 
THD values are relatively low, the best 
comparison can be taken in the frequency 
domain (Figure 12.)  

 
Figure 12. Voltage spectra at the PCC (reduced to 25 

kV level) 

It is possible to see, that the envelope 
curve of function A is smooth, looks to be 
regular, can be represented by single 
functions. In function B the characters of the 
looped impedance curve can be seen. 

In Table 1, some characteristic 
differences could be studied for the network 
and locomotive currents.  

Table 1. Differences Between the Calculations 

 V120kV V0km V10km I0km I10km 
∆X50 -0,11 % -0,11 % -0,13 % 3,11 % 2,87 % 
∆X950 158,76 % 100,78 % 96,66 % 88,84 % 82,77 % 
∆X1050 35,16 % -31,44 % -33,23 % -34,28 % 117,47 % 
∆X1150 22,77 % -6,04 % 7,14 % 33,93 % 72,37 % 
∆XRMS -0,11 % -0,08 % -0,06 % 3,97 % 3,34 % 
∆THDX 0,48 % 0,69 % 1,08 % 2,78 % 1,76 % 

The percentage values are representing 
the difference between the calculation 
reported in this chapter. It is possible to 
conclude that however there are big changes 
on the 650…1350 Hz current components, 
this will not affect significantly the THD 
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values. There is a minimal change in the 
RMS values, where the percentages are 
near the same for the network and 
locomotive currents. 

The ∆X and ∆THD values are defined by 
the following expression: 

, (5) 

and 

, (6) 

where X should be replaced by V or I. 

Conclusion 

In this paper, a polynomial and 
trigonometrical approximation method was 
introduced for modeling the frequency 
dependent HV supply system impedance. 
The novelty of the application is that the 
accuracy of the polynomial approximation 
can be increased without drastic increase of 
calculation power (with increasing the 
polynomial order). In our study the frequency 
dependent impedance is separated to its real 
and imaginary parts, and the approximation 
is based on the composition of polynomial 
and trigonometrical functions. With this novel 
model the network current resonance and 
the harmonic voltage distortion can be 
studied with better accuracy. However we 
have introduced this method with a traction-
related problem, the polynomial and 
trigonometrical approximation can be used 
representing both single and three-phase 
upstream networks. 

Further conclusion is that together with 
the detailed new HV system representation, 
the double domain simulation method will 
help to select the most advantageous 
solution, regarding the most economical 
solution of reactive power compensation and 
harmonic filtering. 
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