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Power converter interface for urban DC traction substations - 
solutions and functionality 

 
 

Abstract. This paper focuses on extending an urban DC traction substation functionality by means of an additional power converter interface (PCI). 
In particular, by enabling bidirectional energy exchange between LV DC traction grid, AC grid and V2G chargers. Among other things, the presented 
material compares general attributes of the most promising DC/DC converters that can be used in a PCI, meet the requirements of galvanic isolation 
and can operate in a wide voltage range. Based on the literature, the application suitability of typical PCI structures and isolated DC/DC converters 
was made. In addition, the principles of power flow in the power converter interface that connects an AC grid, DC traction grid, V2G chargers and PV 
source are discussed. 
 

Streszczenie. Niniejszy artykuł koncentruje się na zagadnieniach związanych z rozszerzeniem funkcjonalności miejskich podstacji trakcyjnych 
prądu stałego za pomocą dodatkowych interfejsów energoelektronicznych, w szczególności umożliwiających dwukierunkową wymianę energii 
między trakcją, siecią i ładowarkami V2G. W prezentowanym materiale porównano między innymi ogólne atrybuty połączeń przetwornic DC/DC i 
aktywnych prostowników rewersyjnych, spełniających wymagania separacji galwanicznej i pracy w pełnym zakresie zmian napięcia trakcyjnego. Na 
podstawie literatury scharakteryzowano również przydatność typowych izolowanych przetwornic DC/DC. Ponadto omówiono zasady przepływu 
mocy w interfejsie łączącym sieć AC, trakcję DC, ładowarkę V2G i źródło PV. (Interfejs energoelektroniczny dla miejskich podstacji trakcyjnych 
DC - rozwiązania i funkcjonalność). 
 

Keywords: Power converter interface, EV charger, V2G EV charging, urban LV DC traction grid, renewable energy sources. 
Słowa kluczowe: Interfejs energoelektroniczny, ładowarka samochodu V2G, trakcja DC, odnawialne źródła energii. 
 
 

Introduction 
Public and personal electric transport development can 

help to reduce environmental pollution in highly urbanized 
areas [1]. However, the rapid development of electric 
transport requires additional infrastructure installation, 
which is associated with additional economic expenses. To 
reduce the installation cost, different systems may be 
combined together, sharing the equipment. For example, 
EV charging stations can be connected to existing 
substations, sharing the same infrastructure with other 
consumers. Although this creates an additional load on the 
equipment, smart charging algorithms can be used, that 
adjust EV chargers power consumption depending on the 
substation load [2]. As a result, the existing electrical 
infrastructure can be utilized without any risk of overloading.  

This article discusses the connection of EV charging 
stations to the urban tram/trolleybus networks in proximity 
to traction substations. The choice of LV DC traction grids is 
associated with their high prevalence within cities and their 
potential expansion in the future. In addition, a connection 
of EV charging equipment to LV DC networks can 
potentially bring benefits for the traction transport and 
substation equipment, solving problems of traction vehicles 
braking energy recuperation, DC line voltage instability and 
substation peak load shaving [3].  

A typical structure of a substation, feeding a catenary 
section is shown in Fig. 1, which consists of a MV to LV 
transformer with a consequent 12-pulse rectifier. In a 
default case, when no additional equipment is installed, 
power consumption from the substation and voltage at the 
catenary directly depends on the tram movement profile 
(Fig. 2 (a)). Two particular moments are worth mentioning. 
The first one is the beginning of the movement with a high 
acceleration speed. It results in peak power consumption 
from the substation, which increases stress on the 
equipment and requires the installation of components with 
redundancy to withstand peak power loads [4]. The second 
one is a vehicle deceleration, which is accompanied by the 
release of vehicle braking energy to the LV DC line with a 
resulting voltage increase (Fig. 2 (b)). Usually, braking 
energy is dissipated in resistors, using braking choppers 
that are installed on the trams. However, it is associated 

with unwanted power loses and reduces transport efficiency 
by up to 30% [5, 6]. 

 

 
Fig.1. Typical substation reversible converter connection scheme. 
 

 
 

Fig.2. Power consumed by tram from substation PSUB, which 
depends on its speed profile UTRAM a); and voltage at LV DC 
catenary in proximity to the substation VLVDC b). 
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 One possible solution that allows transferring braking 
energy from the DC line back to the AC grid is an Active 
Rectifier (AR), installed in parallel with the substation diode 
bridge (fig. 1) [7]. Using such a reversible DC/AC converter 
allows to stabilize the voltage at the LV DC line as well as 
increases the efficiency of all traction vehicles in proximity 
to the substation. However, conventional AR has several 
problems: 
 Low utilization; 
 The functions of AR are limited to braking energy 
recuperation, which occurs only for some time during the 
day. All other times, when there is no public transport 
nearby (which is the case at night) AR does not provide any 
significant functions. 

 Due to the absence of energy accumulators, AR cannot 
provide peak power shaving. 
 As a result, this article proposes and analyses power 
converter interface structures and their functionality, which 
provides energy exchange between LV DC grid, AC grid 
and connected EVs. Proposed PCI: increases AR 
functionality and utilization; provides DC line voltage 
stabilization and transport braking energy recuperation (PREC 

in fig. 2); reduces substation peak power load during 
traction transport rapid acceleration by providing peak 
power shaving (PSHAVE in fig. 2). 
 

Proposed PCI structures 

In order to expand AR converter functions without 
introducing changes to its structure, it is possible to use it 
as an AC port in a power converter interface (Fig. 3). PCI is 
required in order to ensure all the requirements needed for 
normal system operation, such as: 

 

 Isolated DC port for the EVs connection [8]; 
 EV charging station standards require galvanic isolation 
from energy sources. Thus, isolation must be provided both 
from the MV AC network and from the LV DC grid. 

 Galvanic isolation between AR and LV DC grid; 
 Usually, AR does not have galvanic isolation [9]. Thus, 
in a conventional connection (Fig. 1) its operation is 
possible only when the voltage at the LV DC line is higher 
than at the AC side (during transport braking), i.e., when a 
diode bridge is not in a conductive state. Galvanic isolation 
allows it to operate independently from a 12-pulse rectifier. 

 AR DC side voltage must be constantly higher than AC 
side voltage for active rectifier operation; 

Procuring the abovementioned functions is possible by 
applying various connection schemes with the formation of 
different numbers of DC-buses, using different converter 
topologies. The schemes considered in this article are 
presented in Fig. 3.  

As a result, in addition to braking energy recuperation, 
usage of one of the proposed PCI structures allows AR to 
provide next functions: 
 Work regardless of the voltage on the LV DC line; 
 Active power filtering (APF) functions that improve the 

quality of electricity consumed from the AC network. 
(From this point of the article AR is going to be called 
APF); 

 Provide energy exchange between the AC network and 
the DC loads/sources (during day and night) that are 
connected to the DC-bus (bidirectional EVs, renewable 
energy sources, storage batteries etc.), which is 
particularly important in V2G applications; 

  

 
Fig.3. Possible connection schemes of power converter interface, connected to LV DC traction grid. 
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Table 1. Connection scheme comparison. 

Name Description 
a. DC/DC converter 
with isolated APF  

- Single isolated DC bus for EV chargers, 
PV generation and batteries connection; 
- Transformer has high efficiency and 
relatively low price; 
- 3-phase low-frequency transformer has 
low power density; 

b. Triple Active 
Bridge converter 
(TAB) 

- Single magnetic core used to connect all 
sources; 
- Two DC busses - non-isolated DC bus 
and isolated DC/AC output for EV chargers, 
PV generation and batteries connection; 
- Complicated control; 

c. Two series 
DC/DC converters 

- Two DC busses - non-isolated DC bus 
and isolated DC/AC output for EV chargers, 
PV generation and batteries connection; 
- Voltage of DC busses can have different 
values, which adds versatility to the circuit; 
- Two DC buses require more DC-bus 
capacitors installed. 

d. Two isolated 
DC/DC converters 

- Two DC buses - non-isolated DC bus and 
isolated DC/AC output for EV chargers, PV 
generation and batteries connection; 

Additionally, the abovementioned PCI schemes, due to 
the presence of bidirectional EV chargers, connected to the 
system DC-bus, provide substation peak power shaving 

[10]. A comparison of described solutions together with their 
main characteristics is provided in Table 1. 

Converters topology selection 
In addition to the system features described in Table 1, 

PCI converter topologies play an important role in the 
system design, as they directly affect PCI installation cost, 
efficiency and size. In this chapter, promising and popular 
isolated DC/DC converters, such as Dual Active Bridge 
(DAB), Semi-DAB, Three-Phase DAB (TP-DAB), Tripple 
Active Bridge (TAB), Series Resonant Converter (SRC), 
High-Frequency Inverting Converter (HFIC) are compared 
in terms of price, efficiency, frequency and semiconductors 
used. Because of the standard structure of the APF (Typical 
3-Phase VSI), and its market availability, its topology is not 
considered in the comparison.  
 According to current trends in power electronics, the 
efficiency and price of the converter are the decisive criteria 
when choosing converters. It is clear, that high efficiencies 
can be achieved using more advanced components and 
topologies (for example interleaved topologies are widely 
used to increase efficiency). As a result, high-efficiency 
topologies usually have higher costs. Thus, in order to 
define cost-effective solutions, converters comparison 
should be done in two planes simultaneously - price and 
efficiency plane. 

 
Fig.4. Comparison of converters price per kW / efficiency relation. 

 
 

Fig.5. Comparison of converters switching frequencies.
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 Figure 4 shows that the most effective solutions (>97%) 
are SRC [44, 47-51, 53], DAB [15-17] and TP-DAB [38, 39]. 
Their high efficiency can be explained by the utilization of 
ZVS (Zero Voltage Switching) and ZCS (Zero Current 
Switching), as well as active bridges at the input and output. 
The next in terms of efficiency are Semi-DAB [27, 28] and 
HFIC [58] with an efficiency of more than 96%. Semi-DAB 
shows lower efficiency due to the use of two diodes at the 
output bridge, which, although lowers the cost of the 
converter, reduces its efficiency and allows only 
unidirectional power flow. The HFIC, in its part, utilizes a full 
bridge diode rectifier at the output, which does not allow 
high-efficiency values to be achieved. Among all converters, 
TAB has the lowest efficiency. This can be explained by the 
converter circulating powers from port to port through a 
magnetic core in terms of unequal ports load. However, an 
important advantage of TAB is that it does not need an 
additional converter in order to provide galvanic isolation 
between 3 ports. It also isolates all sources using only one 
magnetic core. When it comes to a converters price, 
solutions like SRC [44, 47-51, 53] and DAB [15, 16] have 
the lowest prices. Worth noting that in order to reduce the 
cost of converters, SRC solutions in [48, 50] use both 
relatively cheap IGBT transistors and Si/SiC, which allows 
them to achieve acceptable efficiency at a lower cost. As a 
result, the most cost-effective solutions, with efficiency 
>97% and price per kW < 50 €  are most SRC converters 
and some DABs. 

Another important parameter to consider, comparing 
converter topologies, is their operating switching frequency, 
since it directly affects converter efficiency, power density, 
and cost. Fig. 5 shows that converters with efficiency over 
97% use mainly SiC components. At high frequencies, GaN 
transistors are also used. However, in general, the use of 
GaN transistors is not currently a common practice. Also, 
some solutions like DAB (150kHz) [48] and SRC (50kHz) 
[50], which have high efficiency and high switching 
frequency use a combination of high-frequency IGBT and 
SiC/Si transistors. In converters such as HFIC [55, 58], the 
lower frequency is used in order to increase efficiency, 
which is a trade-off, that leads to an increased size of the 
converter. 

Considering the pros and cons of each converter 
described above, it can be concluded that the DAB 
converter is the most suitable for applications where 
bidirectional power flow together with high efficiency is 
required. In the presented PCI, it can be used both as a 
DC/DC(1) and DC/DC(2). TP-DAB bridge looks more 
suitable for high-power applications due to a power 
distribution between phases, which results in lower current 
stress on components. However, the increased number of 
transistors leads to an increased price and a more complex 
control system. TAB, due to its low efficiency at partial 
loads, looks suitable only for solutions, where ports are 
loaded equally, which allows achieving higher efficiency. 
SRC, because of its poor regulation characteristics is not 
suitable for LV DC grid interfaced converter DC/DC(1) due 
to significant DC catenary line voltage fluctuations, which 
leads to low SRC efficiency. However, in EV applications, 
SRC is widely used in two-stage topologies in combination 
with classical buck or buck/boost converters. Two stages 
allow to expand SRC regulation range in order to match 
different EV voltage levels (400V and 800V batteries). As a 
result, in the proposed PCI, SRC can be used to provide 
galvanic isolation between the DC bus and EVs with a 
consequent buck converter for EV charging. HFIC has the 
poorest functionality (not bidirectional, as a result, no peak 
shaving), lowest power density and relatively low efficiency. 

Thus, its usage in the PCI is not recommended. All of the 
above can be summarized in Table 2. 

 
Table 2. DC/DC topologies comparison. 

Name Features 
DAB - Medium price 

- High efficiency 
- High efficiency/price ratio 

Semi-DAB - Medium price (Lower than DAB) 
- High efficiency (Lower than DAB) 
- Unidirectional energy flow 

TP-DAB - High price (Higher than DAB) 
- High efficiency (Higher than DAB) 
- Preferable for high-power applications 
(Power splits between phases) 

TAB - Low efficiency (when ports are loaded 
unequally) 
- Higher power density than two separate 
DABs 

SRC - Low price 
- High efficiency 
- High operation frequency leads to high 
power density 
- High efficiency/price ratio 
- Regulation range is low 

HFIC 
 

- Cheap 
- Relatively low efficiency 
- Low operation frequency leads to low 
power density 
- Unidirectional energy flow 

 
PCI power flow 
 Power flow management plays a crucial role in a PCI 
operation. Due to the existence of different elements of a 
system like MV grid, LV DC grids and EV chargers (fig. 6), 
optimal control of such system is a separate research task 
and widely discussed in the literature [60-62, 63]. However, 
in [60-62] energy exchange only between batteries and the 
AC grid takes place. In [63] optimal control of reversible 
substations and wayside storage devices is considered for 
a metro DC line. Nevertheless, the authors do not take into 
account renewable energy sources.  In contrary to 
mentioned researches, this section discusses the basic 
power exchange principle between all system elements - 
MV AC grid, LV DC traction grid, EV batteries and 
renewables. The integration of renewable sources into such 
a system seems reasonable, as it follows the green energy 
development trend and potentially reduces the load on a 
substation by partially powering the line. In addition, when 
there is no transport operating on the traction line, 
generated energy is stored in EV batteries or transmitted 
back to the AC grid, which creates different options for 
renewables management. 
 

 

 
 
Fig.6. Power converter interface power flow. 
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 PCI system power flow in a simplified form is described 
using formula (1). Positive power flows are considered in 
the direction of the isolated DC port. 

 (1)   
mod 0

( , )

e
TRAM MV EV PV

PV

P P P P

P f Irradiance Temperature

    


 

where: PTRAM – tram power consumption/recuperation, PMV – 
power consumed from grid/transferred back to grid, PEV

mode 
– EV charger power depending on mode, PPV – PV panels 
generation power. 
 In formula (1) “±” means bidirectional power flow 
possibility. Thus, when the energy generated by solar 
panels and consumed by EVs are both equal to zero (PPV 
=0,  Pmode

EV=0), power consumed from the MV grid during 
tram movement and recuperated during tram braking 
entirely depends on tram consumption and generation 
(PMV=PTRAM). In the case of non-zero EVs and PV powers, 
the AC port manages only the mismatch between Pmode

EV 
and PPV. That means, that when all generated by PV energy 
is used to charge EVs (PPV=Pmode

EV), the same PMV=PTRAM 
relation takes place.  In addition, it means that when EV 
chargers are consuming power from the DC port, but PV 
generation does not fully satisfy this demand (PPV <Pmode

EV), 
EV chargers consume missing power from the MV grid, 
creating additional load on an AC port and, consequently, 
on the substation. In particular, this is important during tram 
acceleration, when the substation is already significantly 
loaded. As a result, to reduce overload on an AC port and 
substation during peak load events, EV chargers should 
operate in smart charging mode. 

 Overall, there are several EV charger modes, which 
result in a different system behavior:  
 Mode 1. Non-intelligent unidirectional charging: 

max1: ,unidirectional
EV EVMode P P  

where PEV
unidirectional – power consumption during non-

intelligent charging, Pmax
EV – maximal power consumption of 

installed EV chargers.  

 Non-intelligent EV charging is a simple EV charging 
method that does not consider the substation load. This 
mode results in an increased load on a substation, which 
leads to faster equipment aging. Applying such mode with a 
high-power charging stations is not recommended. 

 Mode 2. Intelligent unidirectional charging: 
max

max

2 : ,

[0 ]

smart
EV MV TRAM PV

smart
EV EV

Mode P P P P

P P

  

 
 

where PEV
smart – power during smart EV charging, Pmax

MV – 
power limit, overcoming which, EV chargers reduce power. 

 Intelligent charging is an EV charging that is controlled 
correspondingly to the substation load. During peak 
consumption from the substation, EV chargers decrease 
charging power to reduce peak load. However, there is no 
peak shaving due to unidirectional power flow. That means 
that when power consumed by tram is higher than 
substation power limit (PTRAM > Pmax

MV) it is impossible to 
limit substation power at level of Pmax

MV using unidirectional 
smart charging. 

 Mode 3. Intelligent bidirectional charging: 
max

max max

3 : ,

[ ]

bidirectional
EV MV TRAM PV

bidirectional
EV EV EV

Mode P P P P

P P P

  

  
 

where PEV
bidirectional – power during bidirectional EV charging. 

 Bidirectional intelligent EV charging allows providing 
peak shaving to reduce maximum substation load, when 
PTRAM > Pmax

MV. Power deficit is supplied from EV batteries (if 
enough cars with bidirectional power flow are present).  

Conclusions 
The proposed PCI with a dedicated DC port can be 

beneficial for both electric transport and LV DC grids 
development due to a wide range of functions – LV DC grid 
voltage stabilization, traction transport braking energy 
recuperation, substation peak load shaving and APF 
functions. Additionally, a dedicated DC-bus with a stabilized 
voltage simplifies the integration of EV chargers and 
renewable energy sources into the urban grids. The review 
of possible PCI connection schemes and DC/DC converters 
shows that the solution in Fig. 3 (a), with two DAB 
converters, provides necessary functions and galvanic 
isolation with a relatively high efficiency of over 97%. Other 
connection schemes seem to be more complex and have 
drawbacks, which limit their efficiency and implementation. 
Described system power flow shows that in the case of 
proper EV chargers and PV generation management, 
increased load on a substation can be mitigated, and in the 
case of bidirectional EV chargers operation, peak power 
shaving can be achieved. 

Worth mentioning, that it is preliminary research, the aim 
of which is to define solutions and topologies that have 
practical potential. The further research task is to simulate 
described PCI work in real-time in order to investigate the 
dynamic behavior of the system and define system power 
levels using real tram parameters and behavior. The 
authors would be grateful for any comments and 
suggestions regarding this study. 
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