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Abstract. Paper presents modified topology of the Vienna rectifier which has been applied in DC traction substation. Modification consists of 
replacing a pair of diodes with a pair of thyristors in each single-phase rectifier module. Fully-controlled rectifiers that consist of transistors are 
becoming more popular, also in traction applications. PWM rectifier, in comparison to the diode- or thyristor-based rectifiers, has higher power losses 
and its costs are higher. Proposed topology of the rectifier has got less number of transistors so the costs can be reduced. A 1,5 MW modified 
Vienna rectifier has been tested in computer simulation software. 
 
Streszczenie. Artykuł przedstawia zmodyfikowany prostownik Vienna, który został wykorzystany w podstacji sieci trakcyjnej prądu stałego. 
Modyfikacja polega na zastąpieniu pary diod parą tyrystorów w każdym z jednofazowych modułów prostownika. W pełni sterowane prostowniki są 
coraz częściej wykorzystywane również w aplikacjach trakcyjnych. W porównaniu do prostowników diodowych lub tyrystorowych, prostownik PWM 
charakteryzuje się większymi stratami mocy oraz kosztami. Przedstawiona topologia prostownika składa się z mniejszej liczby tranzystorów co 
umożliwia zmniejszenie kosztów. Zmodyfikowany prostownik Vienna o mocy 1,5 MW został przetestowany z użyciem środowiska symulacyjnego. 
(Trójfazowy prostownik dedykowany do podstacji trakcyjnej sieci DC). 
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Introduction 
 Electric traction system in Poland is supplied with DC 
voltage. In case of a rail traction system, it is supplied from 
3 kV DC voltage [1]–[6]. Typical topology of the 3 kV DC 
voltage traction system is shown in Fig. 1 (a). 
Transformation from AC to DC voltage occurs in substation 
(SUB), that is equipped in step-down transformer TR2 
(typically 15 kV / 2,56 kV), rectifier (RE) and output filter 
(FC). The substation (SUB) is supplied from 15 kV 50 Hz 
AC voltage. A 15 kV voltage level is obtained by 
transforming high voltage 110 kV through the 110 kV / 15 
kV transformer (TR1) [1, 2]. 

Electric traction substation is supplied from the 
three-phase AC voltage. Quality factors, like e.g. voltage 
distortion, current distortion, DC voltage stabilisation, 
depends on the rectifier that is applied in the substation. In 
most cases, substations are equipped in an uncontrolled 
6-pulse [4, 7], 12-pulse [1, 2, 4, 8] or even 24-pulse 
rectifiers [8]. Disadvantages of the uncontrolled rectifiers 
are voltage distortion on the AC side [9], non-unity power 
factor (depending on the load), no direct control of the 
output DC voltage [9, 10]. In electric traction systems there 
are also used thyristor-based rectifiers [11]. In order to 
overcome disadvantages of the uncontrolled and thyristor-
based rectifiers, transistor-based rectifiers can be used [11, 
12, 13]. The main disadvantages of such a solution are 
higher power losses and higher costs in comparison to the 
diode- and thyristor-based rectifiers [10].  
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Fig. 1. Topology of the: (a) typical 3 kV DC traction system (b) 
(proposed) modified 3 kV DC traction system 
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Fig. 2. Topology of the: (a) Vienna rectifier [15] (b) modified 
(proposed) Vienna rectifier 
 

This paper proposes topology of the rectifier that does 
not need as many transistors as in [10] and can be applied 
in electric traction substation. Proposed topology of the 
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rectifier is a modification of the Vienna rectifier, as it is 
shown in Fig. 2. Modification of the rectifier consists of 
replacing pair of diodes (D11, D12 / D21, D22 / D31, D32) 
with the respective pair of thyristors (TH11, TH12 / TH21, 
TH22 / TH31, TH32), in each single-phase rectifier module. 
Rectifier topology change, in addition to the Vienna rectifier, 
also requires access to the neutral point of the transformer 
which is connected to the common point of the DC-link 
capacitors (V0). Different topology of the rectifier used in 
substation, will also require change in the substation 
transformer (TR2). Justification of such a modification will 
be described in the next chapter. 
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Fig. 3. Control system of the modified Vienna rectifier 
 

Properties of the modified Vienna rectifier 
 Modified Vienna rectifier is a boost-type rectifier – it 
means that the output voltage is higher than the input 
voltage, which for diode or thyristor rectifier is not available. 
Diode or thyristor rectifier is supplied from three-phase 
three-wire system, thus the maximum DC output voltage 
depends on the amplitude of the AC line-to-line voltage. 
Assuming symmetrical, three-phase AC voltage, the 
maximum DC output voltage for diode or thyristor rectifier 
can be described as: 

(1)  lllldc VVv   41,12  
 

where: Vl-l – line-to-line RMS voltage, Vm – phase voltage 
amplitude. 
 On the other hand, proposed rectifier (boost-type 
rectifier) is supplied from the three-phase four-wire system 
(Fig. 2 (b)) and it operates as a three, independent, 
single-phase rectifiers, with minimum DC voltage: 

(2)  llllmdc VVVv   63,1
3

2
22  

 Voltage across the primary and secondary windings of 
the substation transformer TR2 that are shown in Fig. 1 are 
a line-to-line RMS values. Proposed rectifier operates as a 
boost-type converter, thus the output DC voltage should be 
higher than the AC input phase voltage amplitude. If the 
secondary winding line-to-line RMS voltage was 2,56 kV 
(Fig. 1(a)), boost operation would not be possible (3). 

(3)  kVkVVkVv lldc 17,456,263,163,13    

 On the other hand, if the secondary winding line-to-line 
RMS voltage was two times lower (1,28 kV; Fig. 1(b)), boost 
operation would be available (4). 

(4)  kVkVVkVv lldc 09,228,163,163,13    

 Consequently, the change of the turns ratio (voltage 
ratio) is needed so the boosting voltage operation could be 
realised by the modified Vienna rectifier. Consequently, 
voltage ratio of the substation transformer (TR2), shown in 
Fig. 1(b), has been multiplied by two, in comparison to the 
voltage ratio shown in Fig. 1(a). 
 Both Vienna and modified Vienna rectifier are three-
level converters – they produce DC three voltage levels 
Vdc1, V0 and -Vdc2. In case of DC traction system, two-wire 
output is used – from Vdc1 and -Vdc2 voltage level. 
Consequently, the DC output voltage (vdc) is a sum of 
voltages across capacitors C1 and C2. For modified Vienna 
rectifier, a boost factor can be defined as a ratio between 
rectifier’s output and input voltages, and its minimum value 
(MBF) can be calculated as: 

(5)  44,1
09,2
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 From control point of view, modified Vienna rectifier 
should provide: 

 stable output DC voltage at the reference level, 
 sinusoidal input phase currents, 
 unity power factor, 
 protection against overload (current limit) and 

short-circuit, 
 pre-charge operation. 

In order to assure above requirements, the control system 
has been proposed (Fig. 3). 
 Firstly, control of the thyristors will be described 
THCTRL (Fig. 3). When the DC output voltage is low, the 
pre-charge procedure is applied. It can be achieved simply 
by providing two signals to the comparator – ramp signal 
(vramp) and phase voltage angle (anga, angb, angc). Ramp 
signal vramp determines the speed of charging output 
capacitors (C1, C2). Charging of the output capacitors 
should not be done rapidly because of higher inrush 
current. Phase voltage angles are synchronised with the 
respective phase voltages (va, vb, vc) in the phase-locked 
loop block (PLL), so the appropriate thyristors would be 
fired (STH11, STH12 / STH21, STH22 / STH31, STH32). What is 
more, firing signals of the thyristors can be reseted because 
of fault condition, like e.g. short-circuit. Additional AND gate 
has been applied to the thyristor control system (THCTRL), 
so in case of fault condition, disconnection of the supplying 
AC voltage (grid) will occur. Information about abnormal 
operation is provided by logic signal SD. This signal (SD) can 
disable operation of thyristors if one of the phase currents 
(ia, ib, ic) is higher than the maximum rectifier current (Imax). 
During pre-charge operation, the firing angle rises with time 
and finally each thyristor becomes fully-latched – thyristor 
operates like a diode. Then, the transistor control system 
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(TRCTRL) that stabilises DC output voltage (vdc) and 
controls the phase currents (ia, ib, ic) can be applied. 
 Control of the DC output voltage (vdc) and phase 
currents (ia, ib, ic) is shown in Fig. 3. Control system of the 
modified Vienna rectifier consists of outer loop control that 
controls DC voltage and inner control loop that controls 
phase currents. Firstly, measured DC voltage (vdc) is filtered 
through the low-pass filter (LPF) to obtain only average 
value of the DC voltage (vdcf). Measured and filtered DC 
voltage (vdcf) is compared with the reference value of the 
DC voltage (Vdcr). Voltage controller Rvdc assures zero 
steady-state error between the measured (vdcf) and 
reference (Vdcr) value. Output signal of the voltage controller 
is the reference amplitude of the phase current which might 
be limited by the block LIM if the signal exceeds maximum 
transistor current (ITmax). Reference amplitude of the phase 
current (Irm) is multiplied to by the unity sinusoidal signals 
(sina, sinb, sinc) which are synchronised with the respective 
phase voltages (va, vb, vc) to obtain unity power factor. 
Afterwards, reference phase currents (iar, ibr, icr) are 
compared with the measured phase currents (ia, ib, ic) and 
the respective phase current controllers (Ria, Rib, Ric) 
ensures good reference signal tracking. Output signals of 
the phase current controllers (Ria, Rib, Ric) are the duty cycle 
values (da, db, dc) which are compared with triangular signal 
(vtri) in the pulse width modulator. 
 
Simulation results 
 Performance of the modified Vienna rectifier has been 
tested under various conditions which are presented in 
Fig.4. Basic simulation parameters, that were applied in 
PSIM® software, are listed in Table 1. Operation of the 
modified Vienna rectifier, shown in  Fig. 4 can be divided 
into several parts: 
- precharge operation (Fig. 5) 
- applying previously presented control idea (Fig. 3) 
- performance of the rectifier during step load change 
(Fig.6) 

- performance of the rectifier when a single transistor is 
faulted (Fig. 7) 
- performance of the rectifier under short-circuit fault 
condition (Fig. 8). 
 

Table 1. Simulation parameters of the modified Vienna rectifier 
Parameter Value 

PN 1,5 MW 
Vl-l 1280 V 
fac 50 Hz 

Vdcr 3000 V 
Ra, Rb, Rc 0,5 Ω 
La, Lb, Lc 0,5 mH 
C1, C2 5 mF 
fPWM 2 kHz 

where: PN – nominal power; Vl-l– line-to-line RMS voltage; fac – 
voltage frequency Vdcr – reference value of the output DC voltage; 
Ra, Rb, Rc – phase resistances; La, Lb, Lc – phase inductances; C1, 
C2 – output filter capacitances; fPWM – switching frequency 
 

Table 2. Performance of the modified Vienna rectifier – quality 
factors 

Quality factor 
Input power Pac 

1,5 MW 2 MW 
THDI 4,7 % 5,2 % 
PF 0,99 0,99 

where: THDI – current total harmonic distortion; PF – power factor 
 

 Firstly (0 s < t < 0,1 s), modified Vienna rectifier applies 
pre-charge procedure (Fig. 5). Such an operating state is 
desired when the output DC voltage is low, so the inrush 
current caused by the charged capacitors (C1, C2) is 
limited. It is achieved by a change of the thyristor’s firing 
angle. 
 Secondly (at the time t = 0,1 s), the control idea of the 
modified Vienna rectifier is applied. Control system assures 
sinusoidally shaped current with low total harmonic 
distortions (THDI), unity power factor (PF) and stable output 
DC  voltage  (vdc).  Aforementioned  values are listed in 
table 2. 
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Fig. 4. Analysed operating states of the modified Vienna rectifier: (a) rectifier’s output DC voltage vdc (b) phase currents drawn from the AC 
grid ia, ib, ic  
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 Later, the modified Vienna rectifier was tested during 
step load change. Average power taken from the grid 
changes from 1,5 MW to 2 MW (at t = 0,2 s), and then 
(at t = 0,25 s) it comes back to the 1,5 MW. For both power 

values, phase currents are sinusoidal (Fig. 6 (b)) and their 
total harmonic distortions (THDI) are at acceptable levels 
(Table 2). Small power fluctuations are caused by the 
switching frequency harmonics. 

vdc
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Fig. 5. Pre-charge operation of the modified Vienna rectifier: (a)
rectifier’s output DC voltage vdc (b) phase voltage va and current ia
drawn from the AC grid 
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Fig. 7. Operation of the modified Vienna rectifier under transistor
T1 fault condition: (a) rectifier’s output DC voltage vdc (b) phase
currents drawn from the AC grid ia, ib, ic 
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voltage vdc (b) phase currents drawn from the AC grid ia, ib, ic (c)
power taken from the AC grid Pac 
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 Operation of the modified Vienna rectifier was also 
tested when one of the transistors, i.e. T1, was faulted (Fig. 
7). Output voltage across one of the capacitors (C1, C2), 
during this fault condition, was higher than the rectifier’s 
input voltage, thus the affected phase current ia was not 
flowing – thyristors and diodes were blocked. Total power 
that was needed to supply the load, was delivered by the 
two, not affected phases. Periodic oscillation (100 Hz) of the 
output DC voltage occurs but its amplitude does not exceed 
6 % of the reference value Vdcr. 
 Finally, modified Vienna rectifier was tested under 
short-circuit fault condition (Fig. 8). During short-circuit, the 
phase current value, at some point, exceeded transistors 
current limitation (ITmax) and they are immediately turned-off. 
Consequently, current was flowing through the thyristors 
and diodes, which can withstand higher currents. Rising 
phase currents has also exceeded maximum current level 
(Imax), thus the thyristors’ firing signals were turned-off. As 
soon as the instantaneous phase currents values reached 
zero, the thyristors were not conducting. Output capacitors 
(C1, C2) were discharging through the load. 
 
Conclusions 
 The paper presented modification of the Vienna rectifier 
which provides new functionalities – pre-charge and circuit  
disconnection. The first one is useful when voltage across 
capacitors on the DC side is low, so controlled charging is 
available and results in reduction of inrush current. The 
second functionality – circuit disconnection on the AC side, 
can be used e.g. in case of short-circuit. Proposed topology 
of the three-phase modified Vienna rectifier consists of 
three transistors, whereas PWM rectifier consists of six 
transistors, thus the costs of the converter can be reduced. 
Applying presented topology of the rectifier in DC traction 
substation should also require slight modification in the 
substation transformer – change of turns ratio. Simulation 
results shows that proposed control system can be applied 
to the rectifier and resulted in stable output voltage, phase 
current with low total harmonic distortion and unity power 
factor. 
 
Praca została sfinansowana w 50% z grantu Narodowego 
Centrum Nauki DEC-2013/11/B/ST8/04420 „Teoria 
wytwarzania energii elektrycznej z generatorami o 
regulowanej prędkości” oraz w 50% z Grantu 
Dziekańskiego “Układy wielofazowych prostowników 
trakcyjnych” nr 504/02743/1044. 
 
Authors: mgr inż. Tomasz Bałkowiec, Politechnika Warszawska, 
Instytut Sterowania i Elektroniki Przemysłowej, ul. Koszykowa 75, 
00-662 Warszawa, E-mail: Tomasz.Balkowiec@ee.pw.edu.pl; 
prof. dr hab. inż. Włodzimierz Koczara, Politechnika Warszawska, 
Instytut Sterowania i Elektroniki Przemysłowej, ul. Koszykowa 75, 
00-662 Warszawa, E-mail: Wlodzimierz.Koczara@ee.pw.edu.pl. 
 

REFERENCES 
[1] Ryszard Pawełek, Oddziaływanie podstacji trakcyjnej na sieć 

elektroenergetyczną, Przegląd Elektrotechniczny, 90 (2014), nr 
7, 234-238 

[2] W. Brociek, R. Wilanowicz , S. Filipowicz, Cooperation of 
12-pulse converter with a power system in dynamic state, 
Przegląd Elektrotechniczny, 90 (2014), nr 5, 67-70 

[3] M. Aeberhard, C. Courtois and P. Ladoux, Railway traction 
power supply from the state of the art to future 
trends, SPEEDAM 2010, Pisa, 2010, 1350-1355 

[4] P. Pozzobon, Transient and steady-state short-circuit currents 
in rectifiers for DC traction supply, in IEEE Transactions on 
Vehicular Technology, vol. 47, no. 4, 1390-1404, Nov 1998 

[5] Gómez-Expósito, J. M. Mauricio and J. M. Maza-Ortega, VSC-
Based MVDC Railway Electrification System, in IEEE 
Transactions on Power Delivery, vol. 29, no. 1, 422-431, Feb. 
2014 

[6] Boora, F. Zare, A. Ghosh and G. Ledwich, Applications of 
power electronics in railway systems, 2007 Australasian 
Universities Power Engineering Conference, Perth, WA, 2007, 
1-9 

[7] C. Mayet, P. Delarue, A. Bouscayrol, E. Chattot and J. N. 
Verhille, Dynamic Model and Causal Description of a Traction 
Power Substation Based on 6-Pulse Diode Rectifier, 2014 
IEEE Vehicle Power and Propulsion Conference (VPPC), 
Coimbra, 2014, 1-6 

[8] Sikora and B. Kulesz, Properties of novel traction polyphase 
rectifier transformer, 2012 XXth International Conference on 
Electrical Machines, Marseille, 2012, 2139-2144 

[9] Lidiia Kovernikova, Some results of research into harmonics in 
the high voltage networks with distributed nonlinear loads, 
Przegląd Elektrotechniczny, 89 (2013), nr 11, 239-243 

[10] V. Gelman, Insulated-Gate Bipolar Transistor Rectifiers: Why 
They Are Not Used in Traction Power Substations, in IEEE 
Vehicular Technology Magazine, vol. 9, no. 3, 86-93, Sept. 
2014 

[11] V. Gelman, Thyristor Controlled Rectifiers (TCR) for traction - 
problems and solutions, 2013 3rd International Conference on 
Electric Power and Energy Conversion Systems, Istanbul, 
2013, 1-6 

[12] S. Wang, W. Song and X. Feng, A novel CBPWM strategy for 
single-phase three-level NPC rectifiers in electric railway 
traction, 2015 IEEE 2nd International Future Energy Electronics 
Conference (IFEEC), Taipei, 2015, 1-6 

[13] J. Ma, W. Song, S. Jiao, J. Zhao and X. Feng, Power 
Calculation for Direct Power Control of Single-Phase Three-
Level Rectifiers Without Phase-Locked Loop, in IEEE 
Transactions on Industrial Electronics, vol. 63, no. 5, 2871-
2882, May 2016 

[14] P. Lukasiak, P. Antoniewicz, D. Swierczynski and W. 
Kolomyjski, Technology comparison of energy recuperation 
systems for DC rail transportation, 2015 IEEE 5th International 
Conference on Power Engineering, Energy and Electrical 
Drives (POWERENG), Riga, 2015, 372-376 

[15] J. W. Kolar, Vorrichtung und Verfaren zur Umformung von 
Drehstrom in Gleichstrom, European Patent Office EP 0660498 
A2, 20.12.1994 

[16] Koczara W., Controlled Rectifier, Polish Patent PL 169874, 
Warsaw, 18.12.1992 

[17] W. Koczara, Unity factor three phase rectifier, Power Quality 
'92 Conf. Europe, Münich, 1992, 79-88 

[18] Koczara W., Bialoskorski P., Controllability of the Three Phase 
Rectifier Operating with Unity Power Factor, Fifth European 
Conference on Power Electronics and Application, Brighton, 
UK 13-16 September 1993, vol. 7, 183-187 

[19] W. Koczara, T. Balkowiec, Boost rectifier providing DC 
controlled voltage dedicated to AC traction auxiliary supply 
application, 2015 International Conference on Electrical 
Systems for Aircraft, Railway, Ship Propulsion and Road 
Vehicles (ESARS), Aachen, 2015, 1-6 

 
 


