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Abstract -- Increase of power demands of DC electric 
locomotives requires increasing catenaries voltage (which 
presently is 3 kV, 1.5 kV and 0.75 kV, respectively) 4, 6, 8, 10 
times and more. At the traction substation, the rectifier will be 
adapted. The existing traction contact network (catenaries) is 
kept for direct current, and the novel N-cell dc/dc bidirectional 
converter without transformer will be located on the electric 
locomotive. Each cell voltage is defined by the locomotive power 
train DC input level, thus balancing of capacitor voltages is not 
required. Simulation results of the proposed 6-cell converter 
have confirmed the validity of predicted properties of the 
converter. Realization of a 10 kW model unit has been already 
started. The proposed converter added with four alternating 
current valves and the reversible rectifier, allows implementing 
of the galvanic separation of the load by using the output 
transformer operating at raised frequency. 
 

Index Terms--High-voltage cell-topology dc-dc converter, 
high-voltage traction grid, railway locomotives, recuperation 
capability. 

INTRODUCTION 
Today, two basically different systems of electrification of 

railways co-exist in the world. We find direct voltage systems 
(mainly 3 kV (DC) and 1.5 kV (DC)) and single-phase 
alternate voltage systems (mainly 25 kV at 50 Hz or 60 Hz 
and 15 kV at 16 2/3 Hz). Electric locomotives for DC supply 
systems exhibit a simpler electric equipment using DC 
traction machines as well as three-phase AC traction 
machines (more often induction machines than synchronous 
machines). Such system do not have the AC feeding system 
problems through asymmetrical loading of the feeding three-
phase power supply system and inductive voltage drop at 
catenary but have obvious restrictions on power because of a 
low voltage at the catenaries. In the sixties of the last century, 

tests of thyristor-capacitor systems of electrification were 
carried out in Russia [1] and in the seventies in Italy [2] with 
6 kV DC. However, these experiences have not led to a new 
concept for DC electric locomotives due to the unavailability 
of powerful transistors and GTO-thyristors at that time. 

Consequently, the most powerful electric locomotives 
have been designed for single-phase AC electric supply 
systems with rated voltages of 25 kV and 15 kV (rms). A 
further increase in power is limited widely by growth of 
volume and weight of the single-phase transformer on such 
an electric locomotive and weight and volume of the standard 
AC unity power factor input converter. 

The availability of powerful high-voltage IGBT-transistors 
made it feasible to build an electric equipment of an AC 
electric locomotive without the low-frequency heavy 
transformer (50 or 16 2/3 Hz), having replaced it on 
transformers of medium frequency (400 Hz) [3] or 
(relatively) high frequency (18 kHz) [4]. Now the increase in 
power of a future electric locomotive is not limited to weight 
and dimensions of the transformer. 

New technical designs for transformerless step-up / step-
down dc-dc converters (also capable of handling opposite 
direction power flow for regenerative Braking, recuperation) 
allow an increase of power of electric locomotives using 
direct current supply by increasing the voltage in the contact 
network to a high extent above 3 kV. This paper proposes a 
favorable solution for the problem described. 

The need for electric locomotives with very high power 
ratings comes along with increase of freight traffic with 
railway transportation and increase in train speed. The 
operating stock of locomotives, passenger and freight wagons 
is displayed in Table I according to International Rail 
Statistics [5], [6].

 
TABLE I 

OPERATING STOCK OF LOCOMOTIVES, CARRIAGES AND FREIGHT CARS AT VARIOUS COUNTRIES 
Country Quantity of locomotives, 

thousand pieces 
Quantity of carriages, 
thousand pieces 

Quantity of freight cars, 
thousand pieces 

Quantity of locomotives 
per 1000 km track 

USA 19.7 (no data available) 500.0 2.1 
China 14.9 37.2 450.0 1.6 
Russia 12.0 41.5 540.5 2 
India 7.6 8.9 222.1 0.7 
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Given through an average service life of an electric 
locomotive with 25 - 30 years and a number of electric 
locomotives operating worldwide at more than one hundred 
thousand units, annual updating of locomotives should reach 
3,5 - 4 thousand units worldwide. According to Rail 
International the leading companies on release of locomotives 
are Bombardier (25%), Alstom (19%), Siemens (14%), 
General Electric (9%), Ansaldo Breda (6%). 

With reference to Russia it means that at least 100 to 200 
powerful locomotives for cargo trains should be put into 
service per year. The strategy of development of a railway 
transportation in the Russian Federation up to year 2030 [7] 
emphasizes that Russia wins first place in the world on extent 
of the electrified railways by managing more than 20 % of 
turnover of goods of all railways of the world. Obviously, an 
increase of catenaries voltage for DC up to a level 12-18 kV 
is forecasted by general necessity of higher levels of DC 
voltage [8]. Today, the traction catenaries network of 
railways in Russia runs on 3 kV (DC) but exhibits isolation 
for 20 kV (DC). That allows easily to perform a voltage 
increase at the catenaries to 12 kV (DC). 

NOVEL DC POWER TRAIN CONCEPT BASIC DATA AND 
BOUNDARIES 

The necessary increase in catenaries voltage raises the task 
for development of new designs and types of rolling stock 
(locomotives) and elements of a suitable high-power supply 
infrastructure. We propose a special concept for designing the 
electric equipment for future electric locomotives at DC 
traction network operating at 12-18 kV or even above [9]-
[11]. 

A new high-voltage bidirectional network at direct voltage 
level of 12 - 18 kV is combined with the existing power train 
system of electric locomotives at 3 kV level equipped with 
direct current traction engines (electric locomotives of type 
EP1, EP2k), and with asynchronous traction engines (electric 
locomotives of type EN3, EP10, look at Fig. 1). 
 

 
 

Fig. 1.  Electric double-system (AC and DC) locomotive EP10 
The same converter with IGBT-transistors with twice 

smaller voltage can be used for electric locomotives operating 

at a constant voltage of 1.5 kV. In the scheme considered 
with four capacitor-transistor cells and with IGBT-transistors 
of 3.3 kV, a contact network of 6 kV will be connected to an 
existing drive equipment of an electric locomotive on 1.5 kV. 
In addition, a converter composed of two, four, six, etc. cells 
can work at a contact network voltage level of 9 kV, 12 kV, 
15 kV, etc. 

CIRCUIT SCHEMATIC AND OPERATION PRINCIPLE OF PROPOSED 
DC-DC CONVERTER 

For dc-dc step-down operation using turn-off devices like 
GTO thyristors or IGBTs, the converter can be designed 
based on single-phase multilevel inverters with neutral-point 
clamping diodes (NPC) or with cells using floating capacitors 
(FCC). However, the voltages at the extreme clamping diodes 
and extreme floating capacitors are equal or comparable with 
the pretty high converter input voltage. In our case this 
amount of voltage will be 6 times the target voltage (at a 6-
cell dc-dc converter), or even 8 or 10 times higher for 
excessively high catenaries voltage. That means a 
corresponding constructive increase of peak voltage stress on 
certain elements of the converter. 

The proposed new dc-dc converter overcomes this basic 
problem. The voltage at any element of the converter 
practically does not exceed the output voltage of the 
converter at any number of the factor of voltage 
transformation. It is based on the concept of the “Marx 
Converter” by operating all capacitors of the converter at 
series connection when switched to the voltage of catenaries 
network uhigh and their subsequent parallel connection at their 
discharge state supplying the load at ulow. Control of the duty 
cycle of charge / discharge allows adjusting the average value 
of output voltage of this dc-dc converter. 

With reference to the electric drive power train of electric 
locomotive EP2k all existing relay-rheostat systems 
providing discrete voltage steps to traction engines are 
eliminated. Now a smooth regulation of the direct voltage at 
the traction engines is realized by means of PWM. The 
converter integrates a switched capacitor voltage divider unit 
and a dc-dc-step-down chopper. The scheme of the proposed 
simplified basic six-stage converter circuit is displayed in 
Fig. 2. 

By their consecutive inclusion through control of 
corresponding IGBT-transistors (6.5 kV voltage rating) these 
six capacitors Cp3-Cp2-Cp1-C1p-C2p-C3p are charged by 
uhigh at total contact network voltage rating equal 18 kV up to 
a voltage of 3 kV for every capacitor. The inductive load 
current at ulow becomes separated from charging circuit 
through inverse diodes of transistors Sl1, Sp1, Sh1 and S1l, 
S1p, S1h, respectively, carrying out the function of 
freewheeling diodes. The PWM zero interval of the load 
voltage is formed through this path.
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Fig. 3.  Converter voltages and currents at d
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Fig. 5.  Converter output voltage and vo
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Fig. 6.  The theoretical time dependence of the voltage across the 
capacitor 

 

 
 

Fig. 7.  The two-quadrant load characteristics of the converter 
 

The PSIM simulation under the 1 kHz output pulse 
repetition frequency has shown that the semiconductor 
switches power losses are about 5 to 6 % of active output 
power. 

IMPLEMENTATION OF THE GALVANIC SEPARATION OF THE 
LOAD 

The power circuit of the above described converter has 
no galvanic separation between a grid line voltage of 18 
kV and load where we form voltage up to 3 kV. The 
absence of a galvanic separation is dangerous as at 
occurrence of emergency mode at the converter operation 
when unlocking of all power switches will lead to hit 
loading under voltage of 18 kV, as from the point of view 
of safety of serving staff at carrying out of repair or service 
of motors at the lifted current collector. 

The galvanic separation of the load can be implemented 
by the adding of four alternating current valves Sf1-Sf4, 
the reversible rectifier R and the output transformer, 
operating at raised frequency, into the circuit of the 
proposed converter, as it is presented at the Fig. 8. 

The simulated plots of the voltages across the capacitors 
uC3p and uCp3, the voltage of the primary winding of the 
transformer u1 and the output voltage and current of the 
bidirectional six-stage dc-dc converter with galvanic 
separation of the load are shown at the Fig. 9.

 
 

Fig. 8.  Bidirectional six-stage dc-dc converter with galvanic separation of the load 
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Fig. 9.  Voltages across the capacitors, voltage of the primary winding of the transformer and output voltage and current of the bidirectional six-stage dc-dc 
converter with galvanic separation of the load 

 
The voltage across the primary winding of the transformer 

has an insignificant constant component, which in practice 
can lead to the magnetic bias of the transformer. The closed-
loop control with the tracking of the capacitors voltages is 
able to get rid of a constant component in target voltage. We 
can also reduce it by the tuning of duration of the discharge 
interval of the capacitors. 

CONCLUSION 
A special high-voltage bidirectional step-down dc-dc 

converter is proposed which is intended for connection of 
power trains of existing direct current electric locomotives (3 
kV, 1.5 kV, and 0.75 kV) with future traction networks 
running on much higher direct voltage at existing railways. 
We enable the system to handle a voltage in the catenaries 
which is n-times as much than the voltage of the machine 
drive circuit in the electric locomotive. Here, n is the number 
of cells in the converter. An increase of the direct voltage in a 
network up to 12 kV, 18 kV, maybe even 24 kV, or 30 kV, 
provides the same advantages to DC traction which AC high-
voltage traction (15, 25, or 50 kV) already has but without the 
specific AC disadvantages. 

With this proposed novel converter, the voltage at all 
components of the circuit is defined by the voltage of drive 
motor equipment of this locomotive avoiding any problem of 
balancing the voltage at capacitors. Further on, this proposed 
converter can be connected to a voltage source inverter 
driving three-phase traction induction motors. 

The other advantages of the proposed converter are the 
abilities of the two different control algorithms for the drive 
mode and the implementing of the load galvanic separation 
by using the raised frequency output transformer. 
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