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Abstract — The paper describes the symmetrization method 

of power converter used in topology of AC traction substation 

with power balancer. This topology provides the three-phase 

current symmetrization and the reactive power compensation 

for AC traction substation feeding 25 kV / 50 Hz traction 

catenary. The described symmetrization method is based on 

principles of the Steinmetz symmetrizing circuit. The main 

paper contribution is a derivation and description of the 

symmetrization equations, which are used for the control 

algorithm of multilevel semiconductor converters in a delta 

connected circuit. 
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I. INTRODUCTION 

The AC traction grid in the Czech Republic (single phase 
25 kV / 50 Hz) is fully feed from a distribution power grid. 
This connection is provided through the traction substations, 
which are handled in open delta configuration, for particular 
symmetrization of consumed power from the distribution 
power grid. However, the open delta configuration does not 
ensure full symmetrization, for these reasons new advanced 
TSS topologies are being tested in the Czech Republic. One 
perspective topology is traction substation with electronic 
balancer introduced in [1] and [2].  

This paper deals with the AC TSS (traction substation) 
with electronic balancer. The main part of this paper is 
concern to derivation of the symmetrization method and 
equations required for the balancer unit. An extension of 
important knowledge for the already known topology and for 
the advanced topology, were presented in [1], [2], [3], [4], [5].  

The first part of the paper describes common 
symmetrization method (Steinmetz theory) and defines the 
way in which the method for a controlled electronic balancer 
can be used (introduced in [2]). The second part of the paper 
describes the derivation of equations used for symmetrization 
and compensating of single-phase reactive load. The resulting 
equations are used for the control algorithm of the traction 
substation with electronic balancer and were tested on 
simulation model. The results of the current behavior are listed 
in the last section of this article. They are used to verify the 
proposed method of symmetrization. 

The connection of introduced traction substation with the 
electronic balancer is shown in Fig. 1. This topology is 
perspective solution because it is in interest to major industrial 
manufacturers, as is shown in [3] and [4] (ABB and Siemens). 
The main advantage of this solution is the possibility of TSS 
working even in case of failure of balancer (of course without 
the symmetrization).  

 

 
Fig. 1. Ilustration of connected distribution grid and AC traction catenry 

via traction substation with electronic balancer 

 

II. STEINMETZ SYMMETRIZING CIRCUIT 

The power symmetrization derived for the traction 
substation is based on common principles of Steinmetz 
symmetrizing circuit. This circuit is shown in Fig. 2, which is 
the delta connection of circuit with single phase of active load 
(R) and symmetrizing reactive components (L, C) in other 
two. Power symmetrization is based on finding the correct 
values of the passive reactive components L and C. Balancing 
of input currents i1, i2, i3 is provided by oscillation of 
symmetrizing energy between reactive element L and reactive 
element C. [6] [7] These oscillating currents (iR, iL, iC) are 
called circulating currents and their value depends on the 
active power of the load (R). [8] 
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Fig. 2. General electrical circuit diagram for the Steinmetz symmetrizing 

method 

This principle can be conveniently viewed on the 
illustrative phasor diagram in Fig. 3. 

 

 

Fig. 3. The phasor diagram coresponding with the princeple of Steinmetz 
symmetrizing method 

 Steinmetz circuit is able to mitigate voltage unbalance as 
is described in [8]. 

 

III. SYMMETRIZING OF SIGLE PAHSE TRACTION 

CATENARY 

The principle of symmetrization described in chapter II is 
necessary to develop in case of reactive load of traction 
substation. For older locomotives, we assume the possibility 
of an RL load (thyristor converter at input side). For this case 
is possible to redraw the symmetrizing circuit into the form 
shown in Fig. 4. 

Inductor Lbal and Capacitor Cbal are used for symmetrizing 
and Capacitor CFKZ is used for handling of compensation of 
the reactive power of the load. 

 

 

Fig. 4. The modified electrical circuit diagram of symmetrizing method 
method used for AC traction substation with electronic balancer 

 

The power circuit of traction substation with electronic 
balancer is shown in Fig. 5. The electronic balancer is realized 
by multilevel converter based on CHB (Cascade H-Bridge) 
technology. The currents for symmetrization and 
compensation are ibal12, ibal23 ibal31. These currents are the most 
important for us, because there are used as the referential 
currents for the control algorithm. By controlling of these 
currents, we are therefore influencing the currents drawn from 
the distribution power grid. 

 

 

Fig. 5. Practical realisation of proposed TSS topology 



Equation (1) describes the incoming power, from the 
distribution power grid (Pinput_grid), by phase voltage uL and 
current iL. The output power from TSS for catenary (Pinput_cat) 
is given by (2). 

( )( )LLLLgridinput iuiuP .3..3..3_ ==  (1) 

catLcatcatcatinput iuiuP ..3._ ==  (2) 

 

 If are the equation (1) and (2) equals (i.e. Pinput_grid = 
Pinput_cat), for ideal power factor PF=1 (only active power of 
the load or compensated load) then apply: 

Lrailcat
i3ii .=−=  (3) 

 

In case branch 12 only takes care of compensation of 
reactive power in catenary (a large number of older 
locomotives are still operating with a diode rectifier or with a 
controlled thyristor rectifier in the Czech Republic), it is 
possible to describe active current by equation (4), resp. 
reactive current by equation (5) and by actual phase shift of 
catenary voltage (ϑ = ωt): 
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 It is possible to compute input currents of the balancer as 
difference of wanted current and catenary current (ibal = iw_L-
icat_activ-icat_reactiv). First branch of balancer (branch 12) 
compensate the reactive power of current. 

 

reactivcatactivcatLwbal iiii __1_1 −−=  

( )( ) 















−−−
















−=

2
cos.cos.

6
cos.

3

1
______1

π
ϑϑ

π
ϑ reactivcatmactivcatmactivcatmbal IIIi

  (6) 

2__2__2_2__2__2_2 LreactivcatLactivcatLwLreactivcatLactivcatLwbal iiiiiii ++=−−=

 

( )( ) 















−++
















−=

2
cos.cos.

6

5
cos.

3

1
______2

π
ϑϑ

π
ϑ reactivcatmactivcatmactivcatmbal IIIi

 

  (7) 

003_3__3__3_3 −−=−−= LwLreactivcatLactivcatLwbal iiiii  

















+=

2
cos.

3

1
__3

π
ϑactivcatmbal Ii

 (8) 

 

 The derivation of resulting equations for the balancer 
branches (12, 23, 31) is based on Kirchhoff’s law and on the 
assumption, that branch 12 compensate the reactive power 
only: 
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 First Kirchhof’s law applied for node 2 (i.e. equation for 
currents ibal23= ibal12 + ibal2) brings the equation (10): 
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 Node 1 yields the equations ibal31= ibal12 - ibal1 from which 
can be formulate: 
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The results derived from the equations (9) (10) (11) 
intended for balancer control were tested in simulation model. 
The load nominal value was 10.8 MW of the active power and 
6,25 MVAr of the reactive power. The steady state of catenary 
current is captured in Fig. 6. where the current is lagged by 
π/6 rad. 

 

 

Fig. 6. Simulation model output - Voltage and current at catenary side 
with rective power 

 



Symmetrical currents drawn from the distribution power 
grid are shown in Fig. 7. 

 

Fig. 7. Simulation model output - Currents at grid sidefully symetrized 

 

The currents of individual branches of the balancer unit are 
shown in Fig. 8. These currents are calculated by formulas (9), 
(10), (11). 

 

 

Fig. 8. Simulation model output – Electronic balancer currents at delta 
connected circuit 

IV. CONCLUSION 

The three phase symmetrization method for single phase 
load (AC traction substation feeding 25 kV / 50 Hz traction 
catenary) was derived. The symmetrization method is based 
on the Steinmetz’s symmetrizing circuit. This principle is 
extended for the electronic balancer in delta connection. The 
resulting equations (9), (10), (11) (final balancing equations) 
are important for using at control of symmetrization unit in 

delta connection as is a presented in [10]. However, there is 
also possible to find the other interesting solution without 
balancer unit, how is presented in [11]. The results are used 
for development work for the design of new a TSS topology, 
developed in collaboration with industrial partner, for use in 
new TSS in the Czech Republic. The symmetrization balancer 
is able to complemented by device used for the controlled 
cooperation of several TSSs to a common traction line. 
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