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Abstract
Traction power networks can significantly influence a country's national grid due to their
significant power consumption and numerous coupling points. To modernise the ageing
Dutch traction power networks and enhance their impact on the utility grid, this study
explores practical and cost‐effective approaches for upgrading existing 1.5 kV DC
traction substations (TS) in the Netherlands into 3 kV bi‐directional DC TS. After
evaluating the benefits of a 3 kV bi‐directional DC, two novel topologies are proposed
that re‐use the existing substation's components and reduce the need for higher in-
vestments. These topologies incorporate parallel voltage source converters (VSCs) to
recuperate braking energy from the DC grid and transfer it back to the AC grid.
Furthermore, the study investigates additional use cases for the VSCs, including
improving DC TS's reliability during faults, reducing harmonics through active power
filtering, compensating for reactive power, and supporting the integration of renewable
energy sources into the DC grid. A comprehensive control strategy for the VSCs is also
proposed based on a thorough analysis of their working methodology and functional
modes. The feasibility and effectiveness of the proposed solutions are validated through
scenario analysis relevant to the Netherlands' traction network, utilising both a Simulink
model and an Opal‐RT real‐time simulator. This study serves as a starting point for the
various stakeholders of the Dutch traction network in their journey towards modernising
the current traction power supply. It has the potential to serve as a reference for reusing
existing railway infrastructures to provide ancillary services and support the energy
transition.
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1 | INTRODUCTION

The rail transportation is one of the most efficient means of
public transportation. Railway electrification in the 1800s was
an important step in decarbonising the transportation sector, as
electrification is crucial for the sustainability and efficiency of a

country's transportation system. It leads to lower operating
costs, reduced greenhouse gas emissions, and improved train
performance, contributing to a more sustainable future for the
transportation sector. In the future, electrified railways will be
the only viable option for sustainability, making the intercon-
nection between these systems and the national power grid

Abbreviations: APF, Active Power Filter; DRES, Distributed Renewable Energy Source; ESS, Energy Storage System; NS, Nederlandse Spoorwegen; PWM, Pulse Width Modulation;
THD, Total Harmonic Distortion; TPS, Traction Power System; TS, Traction Substation; VSC, Voltage Source Converter.
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crucial for the smooth operation of both the traction power
networks and the grid. DC traction systems are popular
throughout the European subcontinent, but the standard low
voltage (LV) of DC traction networks limits the acceleration
capabilities of locomotives and induces high line losses [1].

The Netherlands started its railways in 1908 using a 10 kV
AC system, which later transitioned into a 1.5 kV DC system in
1922. The light‐weighted and straightforward engines and in-
frastructures were the reasons for opting for a 1.5 kV traction
power network [2]. Being Europe's busiest railway, the Dutch
rail network is now operating at the top of its capacity. A
forecast of a 14% increase in passenger kilometres between
2017 and 2023 has put its stakeholders searching for ways to
upgrade the current railway networks [3]. Previous studies
analysed alternatives like 1.5 kV ECO, 3 kV DC, and 15/25 kV
AC systems to upgrade the existing rail network. For instance,
in the 1.5 kV ECO system, the catenaries' voltage remains the
same. Still, measures like optimising electrodynamic brakes and

lowering transport resistance using coupled overhead lines in
multi‐track lines are taken to reduce electricity transportation
losses and recover a larger part of the braking energy back to
the DC grid. On the other hand, a 3 kV network will be more
efficient due to lower line losses and the ability of trains to
accelerate faster.

As the benefits of a 3 kV bidirectional Traction Power
System (TPS) outweigh other methods, this paper proposes
topologies for 3 kV bi‐directional DC Traction Substation (TS)
that can refurbish the existing 1.5 kV diode rectifier‐based DC
TS [4, 5]. With bidirectionality added, the 3 kV bidirectional
TPS can increase the efficiency of braking energy recuperation
and allow the direct integration of Distributed Renewable
Energy Sources (DRESs) directly in the DC grid.

1.1 | Current system overview

The current Dutch railway traction system, used as a case study
for this paper, is based on a 1.5 kV DC network with overhead
connectors for catenary and rails for the return path, fed by
multiple DC TS. Each DC TS primarily consists of two groups
of transformer and diode‐rectifier pairs with a mutual phase
shift of 15°, connected to the medium voltage (MV) grid. The
two rectifier groups help divide the total load, naturally elim-
inating specific harmonics and decreasing the output voltage
ripple [6, 7]. Currently, two types of DC TS exist, which differ
in their capacity and the types of transformers and diode
rectifiers used. Figure 1 shows the schematic of the two
different configurations used with their technical details pro-
vided in Table 1. Generally, the ideal no‐load direct voltage and
no‐load phase‐phase voltage ratio for different configurations
of transformer and diode‐rectifiers can be found in [8]. The
current DC system is designed for a nominal voltage of 1.5 kV
with a maximum current rating of 2600 A.

1.2 | Related works

Rail transportation is important to public transportation sys-
tems due to its ease, speed, and cost‐effectiveness. DC railway
networks are a popular choice in many parts of the world as
their equipment is cheaper, lighter and more efficient than the
AC traction counterpart [9]. 3 kV DC traction systems can be
found in Belgium, Italy, Spain, Poland, Slovakia, South Africa,
and Chile. Most of these places power the traction system

F I GURE 1 Electrical system layout of existing DC TSs present in the
Netherlands highlighting the two different types of rectifier‐transformer
groups.

TABLE 1 Technical details of current DC traction substations configurations.

MV voltage

Transformer Diode rectifiers
DC outputType Configuration Capacity Turns ratio Configuration

10 kV Two‐winding Trf‐1 Δy11 2.5 MVA 10.6/1.376 kV Two 6‐pulse connected in parallel 12 pulse

Trf‐2 Yy0 2.5 MVA 11/1.326 kV

10.5 kV Three‐winding Trf‐1 Zy0d −7.5° 5.4 MVA 10.75/1.326 kV Two 12‐pulse connected in parallel 24 pulse

Trf‐2 Zy0d +7.5° 5.4 MVA 10.75/1.326 kV
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using uncontrolled diode‐rectifiers fed by transformers from
the MV grid [10–12]. Like the Dutch traction system, most of
the above TPSs contain either parallel 6‐pulse, 12‐pulse recti-
fiers, or series 12‐pulse rectifiers [13, 14].

Series connection of LV rectifiers to achieve a higher
output voltage has been seen to stabilise load voltage and
introduce lesser alternative distortion voltage at the load side
[15]. Series connected 6‐pulse rectifiers are used in the railway
lines east of Algeria [16]. To increase the distance between TS
and limit the fault current, the Dallas Area Rapid Transit first
introduced controlled rectifiers like reversible thyristor‐
controlled rectifiers in the early nineties [17]. TCRs can in-
crease the size of substations by 15% but can decrease the
payback time through savings from recuperation of the train's
braking energy [18]. Though TCRs can have a quicker payback
period of 2–2.5 years, improving overall efficiency by 60%
using existing infrastructure, a clear trade‐off must be made
between Pulse Width Modulation (PWM) rectifiers using
IGBTs and TCRs. Despite the higher cost and switching losses
in high‐power applications, IGBT‐based converters can pro-
vide better controllability and more efficient recovery of
braking energy [19, 20].

Efficiency in DC traction systems has always been a topic
of interest for industrial and academic researchers, especially
for unidirectional DC TSs, where the braking energy of trains is
circulated within the DC grid, as in the case of the Netherlands'
railway network [17]. Onboard or stationary wayside Energy
Storage Systems (ESSs) are growing popular in urban transit
systems to store the braking energy of vehicles using super-
capacitors, batteries, or flywheels. Supercapacitor‐type ESSs
can be found in Mannheim (Germany), Innsbruck (Austria),
Saragossa, Granada (Spain), and Paris (France), primarily for
light rail or tram rail transportation networks [21]. Onboard
ESS offer negligible line losses during braking energy recovery,
reduces power peaks during vehicle acceleration, and helps
stabilise supply voltage. Still, ESS need larger spaces in the
locomotives; hence are preferred for newly designed vehicles
rather than retrofitting them into existing locomotives [21].

Making DC TSs reversible has become one of the most
favourable ways to utilise braking energy efficiently. Allowing
excess energy from the DC grid to evacuate into the AC grid
gives the natural exchange of regenerated energy among trains
the highest priority level. In addition, certain reversible DC TSs
can improve power quality on the AC side and stabilise supply
voltage [17, 22].

1.3 | Research gaps and paper organisation

Researchers are focusing on developing future advanced and
efficient railway transportation systems; however, limited
research is being done to increase efficiency and convert
existing unidirectional diode‐based DC TS into reversible
substations. Improving the existing system is essential due to
the size, cost, and time requirements for constructing an entirely
new system. Refurbishing existing TS will save considerable

costs by reusing costly components like transformers and
diode‐rectifiers, also reducing the transition time to a new sys-
tem; this paper proposes topologies to upgrade the existing
1.5 kV DC TS into 3 kV bi‐directional TS. The upgraded
voltage reduces line losses and can support a high‐frequency
train timetable by improving the train's acceleration and
deceleration, while the bi‐directionality efficiently recuperates
braking energy. Particular attention has been given to exploring
new applications of parallel voltage source converters (VSCs)
that can offer ancillary services to the utility grid. This analysis
can potentially make the modernisation of the existing 1.5 kV
DC TS more attractive to the stakeholders of the traction power
supply by uncovering new revenue streams.

2 | PROPOSED TOPOLOGIES

Two different topologies have been proposed for the existing
DC traction systems. These topologies can be further divided
into two parts: one that upgrades the DC traction voltage and
another that makes the DC TS reversible. The proposed to-
pologies aim to increase the efficiency of the DC TS. Using a
higher 3 kV DC voltage, the copper loss on the catenaries is
reduced by 75% by decreasing the load current. Additionally,
making the system reversible allows for the recovery of unu-
tilised braking energy on the DC grid, which would otherwise
be lost as heat, by feeding it back into the AC grid.

2.1 | Upgrading of traction voltage to 3 kV

A DC TS is made up of various components, which can be
broadly grouped into four main categories: MV board which
includes switchgear and infrastructure on the AC side; traction
transformers, diode rectifiers and LV system, which includes
equipment such as a LV switchboard, auxiliary transformers,
voltage limiters, and control devices. In addition to these major
components, various digital and civil infrastructure elements
support the overall operations of the substation. The cost of
the traction transformers and diode rectifiers can account for
up to 23% of the total capital costs of a DC traction substation
[23]. With an increase in voltage, the substation's LV side
equipment needs to be replaced with newer rated equipment,
whereas the MV side equipment can still be reused. If the
existing transformer‐rectifier groups can be reconfigured, it
could result in significant cost savings and a faster transition
time. Hence, this paper proposes topologies that can upgrade
the substations' DC voltage by reconfiguring the transformer‐
rectifier groups instead of changing them for new ones.

The configuration shown in Figure 2 is proposed for three‐
winding transformer‐based DC TSs, where a 3 kV output is
achieved by changing the internal configuration of each 12‐
pulse parallel rectifier into the 12‐pulse series rectifier. For
the case of two‐winding transformer‐based substations, the
two 6‐pulse parallel rectifier groups can be connected in series
to achieve a 12‐pulse 3 kV DC output as shown in Figure 3.
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Both proposed topologies use the modularity of individual 6‐
pulse rectifiers, potentially saving capital costs and expediting
the transition.

2.2 | Topologies for converting uni‐
directional substations into reversible
substations

Reversible energy flow is achieved through parallel VSC oper-
ated in inverter mode. The main advantages of parallel VSCs
include minimal modification of the current system, which
helps save high‐cost equipment like rectifiers and transformers.
As shown in Figure 4, the parallel inverters can be attached in
several arrangements. Options 1–3 uses the existing rectifier

transformers' secondary winding. Option‐2 uses a DC‐DC
converter on the DC side of the VSC, while Option‐3 uses an
auto‐transformer on the AC side of the VSC to better correlate
the voltage levels between DC and AC sides. In contrast, these
arrangements do not need an additional transformer to connect
with the grid but use complex control systems. To keep the
VSCs independent of the existing network, which allows
isolating it when required (for maintenance/faults), the authors
propose Option‐4, which uses a dedicated transformer to
directly connect with the MV grid. Moreover, an independent
transformer can also help evacuate DRES’ power into the utility
grid, offering better controllability of parallel VSCs in inverter
mode. Using a Δ − Yg configuration, the number of turns in the
primary can be reduced, hence the cost. Also, the delta winding
prevents the leakage of zero sequence current into the utility
grid, while grounded secondary star winding quickly detects
asymmetrical faults.

The VSC's ratings can be much smaller than that of the
actual DC TS, as the sizing of the VSC only depends on the
maximum braking energy available at any given time. As
the reuse of braking energy is given a higher priority, the excess
braking energy in the DC grid is always less than the sub-
station's capacity. This will enable us to customise the VSCs size
for each DC TS based on historical loading values and save
installation costs. For example, a regenerative inverter of only
1.5 MVA must be installed in a DC TS with a 4.8 MVA,
covering a 12 km double‐track section used by approximately
nine trains per hour [24]. This shows that the capacity of parallel
VSCs needs to be 30% of the TS's capacity. To use the oper-
ational versatility of the VSCs to make the DC TS flexible,
different operational modes are modelled and tested as shown
in Table 2.

Proper correlation between an inverter's AC and DC side
voltages must be done to ensure proper functioning. Especially
with PWM inverters, the DC side voltage needs to be above a
certain threshold for pushing DC power into the AC grid.
Calculations explaining this aspect in detail can be found in
Appendix A.

F I GURE 2 Stepping up of voltage by reconfiguring 12‐pulse parallel
rectifier into 12‐pulse series rectifier for DC traction substations (TS) with a
three‐winding transformer.

F I GURE 3 Stepping up of voltage by reconfiguring 6‐pulse parallel
rectifiers output for DC traction substations (TS) with a two‐winding
transformer.

F I GURE 4 Different options for connecting voltage source converters
(VSCs) in parallel with the diode rectifiers.
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3 | MODELLING OF COMPONENTS

3.1 | Modelling of DC traction network

A part of the DC traction network is modelled using two DC
TS connected through a single line, travelled by a single train.
Electrically the two substation model can be represented by a
fixed DC voltage source representing diode‐rectifier groups,
DC current sources (VSCs operating in inverter mode), DC
voltage source (VSCs operating in rectification mode),
controlled current source representing a train and variable
resistances representing tracks and return rails as shown in
Figure 5. The equivalent series resistance (Req) of each DC TS
is calculated from the slope of its current (i) v/s voltage (v)
droop characteristics equation (cf. EN 50328:2003) as given in
Equation (1).

v − Vnom
DC ¼

Ud0 − Vnom
DC

−Ib
i − Ibð Þ ð1Þ

Vnom
DC is the nominal voltage, Ud0 is the no‐load voltage, and Ib

is the base current calculated assuming a base power of 2 � 5.4
MVA and a nominal voltage of 3 kV.

The train's movement is modelled by utilising an effect‐
cause modelling technique, which takes the speed profile as an
input to the train model. The train's motion consisting of several
waggons can be well described by its position x(t), speed st(t)
and acceleration at(t), which can be derived from the forces
acting on the train using Newton's second law of motion [25].
The correlation between the train's current and forces acting on
it is done using Equations (2)–(6), where Ftrac is the total traction
force applied by the train motors responsible for the forward
movement of the train, Fres is the total resistive force experi-
enced by the train, λgear is gearbox ratio, τa and τm are the tor-
ques delivered by the axle and motor respectively, Itrac is the
total current absorbed or supplied (during braking) by the whole
train comprising of N waggons, ηconv and ηmotor are the
assumed efficiencies of converters and motors respectively. The
simulation parameters belong to the Nederlandse Spoorwegen
(NS) fleet's VIRM‐VI class train. Electrically, the train is simu-
lated as a controlled current source, whose current magnitude is
calculated from the speed profile using the flowchart of
Figure 6b.

FtracðtÞ − FresðtÞ ¼Mt
d stðtÞð Þ

dt
ð2Þ

FresðtÞ ¼ C1Mres þ C2MresstðtÞ

þ C3NstðtÞ þ C4 þ NC5ð Þs2t ðtÞ
ð3Þ

τaðtÞ ¼ rtFtracðtÞ and ωaðtÞ ¼
stðtÞ
rt

60
2π

ð4Þ

τmðtÞ ¼

τa
λgear
þ

τa 1 − ηgear
� �

λgear
; ∀

dstðtÞ
dt

≥ 0

τa
λgear

−
τa 1 − ηgear
� �

λgear
; ∀

dstðtÞ
dt

< 0

8
>>>>>><

>>>>>>:

ð5Þ

TABLE 2 Modes of operation for voltage source converter (VSC).

Operational modes Trigger Control strategy

Inversion DC energy recuperation (Automatically) when VDC > Vnom
DC Decoupled current based control

Var compensator Explicit request from DSOs

AC voltage support Only in case of weak MV grid

Rectification (Manually) when fault detected in diode rectifier groups Hysteresis current control

Active power filtration Manually only in case of 6‐pulse diode rectifiers Control using instantaneous reactive power

F I GURE 5 Schematic of the electrical equivalent model for the two
DC traction substations (TS) model used for simulation. The two
substations are connected through a single track used by a single train,
where Itrac represents a train load.

F I GURE 6 (a) Equivalent electrical circuit for calculating catenary and
rail resistances. (b) Flowchart for the calculation of the train's output
current.
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ItracðtÞ ¼
τmðtÞ ωaðtÞ

λgear

vcðtÞ
∗ ηconvηmotor ð6Þ

Modelling of tracks is done using variable resistances
modelled as variable voltage sources as shown in Figure 6a [26].
The required voltage is calculated from the train's position x(t)
w.r.t a substation. x1(t) and x2(t) are calculated using Equa-
tions (7) and (8), where t and ts are the current and end simu-
lation time.

x1ðtÞ ¼
Z t

0
stðtÞdt ∀ 0 ≤ t ≤ ts ð7Þ

x2ðtÞ ¼ L − x1ðtÞ ð8Þ

3.2 | Modelling of voltage source converter

In this paper, two VSCs are connected in parallel per DC TS,
each with a capacity of 500 kVA as shown in Figure 7. The
power of the VSCs is chosen by assuming the maximum
braking energy of a train not to exceed 2 MW between two
consecutive substations. A simple LCL filter is selected to
interface the VSC with the grid due to its higher filtering ca-
pacity, cost‐effectiveness and smaller size than other available
options. The LCL parameters used in this thesis are tuned,
considering the VSC side current ripple and grid side Total
Harmonic Distortion (THD) [27]. Control strategies for the
various operational modes listed in Table 2 are discussed
below. Refer to Figure 7 for the connection schematic and
control variables used in this section.

3.2.1 | Inverter operation

The primary use of parallel VSCs is feeding the excess train's
braking energy into the AC grid. The VSCs act as inverters
whenever the DC grid voltage exceeds the no‐load voltages
(Ud0). This keeps the DC current minimum, reducing line
losses and maintaining the overshoot voltage below 3900 V as
specified in EN 50163.

All the VSCs are controlled during inverter operation using
an inner and outer loop controller responsible for controlling
output current and DC‐link voltage, respectively, as shown in
Figure 8a. The inner current controller is realised using PI
blocks, which help separately control active and reactive cur-
rent, absorbed/supplied by the VSC using the current refer-
ence set‐points [28–30]. The voltage controller generates the
active current reference (cf. Figure 8a), while the reactive
current reference is generated depending on the VSC's sub‐
mode. A three‐phase locked loop (PLL) based on a synchro-
nous frame is used to synchronise all control operations [31].
Equations (9) and (10) shows the closed‐loop transfer function
of the PLL for a three‐phase balanced system used for calcu-
lating the gain KPLL

p and KPLL
i of the PI controller.

GPLLðsÞ ¼
KPLLðsÞ

sþ KPLLðsÞ ∗ Vf
ð9Þ

where : KPLL ¼ KPLL
p þ

KPLL
i
s

ð10Þ

Equations (11) and (12) decouples the d and q components
of the current using a PI controller having the gains Kc

p and Kc
i

respectively.

V ∗
d ¼ Kc

p þ
Kc

i
s

� �

Idref − Id
� �

þ Vd − ωLf Iq ð11Þ

V ∗
q ¼ Kc

p þ
Kc

i
s

� �

Iqref − Iq
� �

þ Vq − ωLf Id ð12Þ

Using the closed loop transfer function of the current con-

troller Equation (13), its denominator s2 þ
RfþKc

p
Lf

sþ Kc
i

Lf
¼ 0

is compared with the characteristic second order equation
s2 þ 2ζcωc

ns þ ωc
n

� �2, to get the desired gains as given in
Equation (14). The gains depend on the current controller's

performance parameters such as percentage overshoot Mc
p

� �
,

damping factor (ζc), steady‐state error percentage (ϵc), natural
frequency ωc

n
� �

, and settling time Tc
s

� �
.

GiðsÞ ¼
Kc

psþ Kc
i

Lf s2 þ Rf þ Kc
p

� �
sþ Kc

i

ð13Þ

Kc
p ¼ 2ζcωc

nLf − Rf and Kc
i ¼ Lf ωc

n
� �2

ð14Þ

F I GURE 7 Arrangement of parallel voltage source converters (VSCs)
in the DC traction substations (TS) and how it is connected to the medium
voltage (MV) grid using an LCL filter. The rectifier groups consist of both
the rectifier transformer and the diode rectifier.
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Assuming ideal converter switches, the AC and DC side power
is equal as given in Equation (15). Equations (16) and (17)
show that by regulating the d component of the AC side
current of the converter (Id), the DC voltage (VDC) can be
controlled.

PDC ¼ PAC ð15Þ

PAC ¼ V ∗
dId þ V ∗

qIq and PDC ¼ VDCIDC ð16Þ

V ∗
dId ¼ VDCIDC ; As Vq∗¼0 ð17Þ

Equations (18) and (19) are used to derive the closed loop
transfer function for the voltage controller as given in Equa-
tion (20), where Kv

p and Kv
i are the proportional and integral

gains respectively.

Ic ¼ CDC
dVDC

dt
ð18Þ

VDCðsÞ ¼
1

sCDC
IcðsÞ; laplace transformation ð19Þ

GvðsÞ ¼
Kv

psþ Kv
i

CDCs2 þ Kv
psþ Kv

i
ð20Þ

Kv
p ¼ 2ζvωv

nCDC ð21Þ

Kv
i ¼ CDC ωv

n
� �2

ð22Þ

The outer loop controller should be at least 10 times
slower to stabilise the VSC. [32, 33].

VAR compensator mode is activated manually when there
is an explicit demand for reactive power by the DSOs. The
converters operate in ‘mode‐2’ (cf. Figure 7) to generate

reactive current reference I1;2qref
� �

. The DC voltage controller

calculates the current reference I1;2dref
� �

. The superscripts on

the reference currents refer to the two VSC operating paral-
lelly. The parallel VSC supply an equal amount of active and
reactive reference current to make the control system robust
and simple. Reference currents (I1;2dref and I1;2qref ) are calculated
using instantaneous reactive power theory as shown in Equa-
tion (23), where Vf,d and Vf,q are the d and q components of
the measured bus voltage Vf,abc [34].

I1;2dref
I1;2qref

2

4

3

5¼
1

V 2
f ;d þ V 2

f ;q

Vf ;d −Vf ;q
Vf ;q Vf ;d

� �
Pref
Qref

� �

ð23Þ

As in this case, recuperation of regenerative power is of
higher priority, I1;2dref is known, and I1;2qref is calculated using
matrix manipulation. When there is no explicit demand for
reactive power, the reactive reference current is generated us-
ing ‘mode‐3’, where the objective is to maintain the MV grid
voltage at the rated value. In all other times, I1;2qref is kept at 0 to
make the VSC operate at unity power factor (‘mode‐1’).

3.2.2 | Active power filtration mode

The VSCs can actively compensate for the harmonic current
used by the traction rectifiers, reducing the THD in the voltage
and current at the PCC. The total compensation current from

the parallel VSCs (IVSC) is composed of I1f ;abc
� �

and I2f ;abc
� �

,

each compensating the harmonic current consumption of
rectifier group‐1 and group‐2 respectively. In this paper,
instantaneous p‐q theory is applied to detect the harmonic
content from the load current as shown in Figure 8b [35].
Using Equation (24), the abc component of current is trans-
formed into αβ components, which is then used to calculate

the active I1;2L;p
� �

and reactive currents I1;2L;q
� �

using

Equation (25).

F I GURE 8 Control schematics used for different modes of operation for parallel voltage source converters (VSCs). (a) Control strategies for the operation
of VSC as an inverter. (b) Control strategies for operating VSC as an active power filter (APF) and pulse width modulation (PWM) rectifier.

PANDA ET AL. - 7 of 13

 20429746, 2023, 2, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/els2.12084 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [31/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



I1;2L;αβ ¼ C 1I1;2L;abc and I1;2L;abc ¼ C−1
1 I1;2L;αβ

where : C 1 ¼

ffiffiffi
2
p

3

1 −0:5 −0:5

0
ffiffiffi
3
p

2
−
ffiffiffi
3
p

2

2

6
4

3

7
5

ð24Þ

I1;2L;pq ¼ C2I1;2L;αβ and I1;2L;αβ ¼ C−1
2 I1;2L;pq

where : C2 ¼ C−1
2 ¼

sin ωLð Þ −cos ωLð Þ

−cos ωLð Þ −sin ωLð Þ

� � ð25Þ

The active and reactive currents are composed of both

the fundamental I1;2L;p; I
1;2
L;qÞ

�
and harmonic components

~I
1;2
L;p;

~I
1;2
L;q

� �
as given in Equations (26) and (27), from which

the fundamental component is derived by passing the signals
through a low‐pass filter.

I1;2L;p ¼ I1;2L;p þ ~I
1;2
L;p ð26Þ

I1;2L;q ¼ I1;2L;q þ ~I
1;2
L;q ð27Þ

During active filtration mode, the DC link capacitors
operate in floating conditions. Hence, an additional amount of
current has to be added to the fundamental component of
active current to compensate for any loss in the converter and
maintain a constant voltage across the capacitors. Once the net
fundamental currents are detected, they are transformed back
to abc components and subtracted from the total current to
obtain only the harmonic part, which is a reference to the
hysteresis current controller to generate pulses for the
converters.

3.2.3 | Rectification mode

By using the VSCs as PWM rectifiers, the redundancy of DC
traction substations can be increased. Primarily this will help
avoid downtime during faults in diode‐rectifier groups. This
paper uses voltage‐oriented control of hysteresis band PWM
for the converter's pulse generation [36]. However, it should be
noted that the operation of VSCs as PWM rectifiers only
contributes to a part of the DC traction substation's capacity.
During PWM rectification, braking energy recuperation is no
longer possible by the same VSCs.

4 | RESULT ANALYSIS

Numerous computer‐aided simulations were carried out with
the Netherlands' case‐specific data to validate the proposed
topologies, whose results are presented below.

4.1 | Simulation of a single DC TS in an
open loop under no‐load conditions

The re‐configuration of transformer‐rectifier groups to step up
the voltage is simulated in Simulink for both two‐winding and
three‐winding‐based DC TS. The topologies discussed in
Section 2.1 were simulated in Simulink under no‐load condi-
tions for a single substation for both two‐winding and three‐
winding substations. Figure 9 illustrates the DC side voltage
waveform of the older and proposed configurations for both

F I GURE 9 DC voltage waveforms for old and reconfigured diode
rectifiers for both types of existing DC traction substations (TS). (a) Results
for two‐winding transformer‐based substations, where the existing 6‐pulse
rectifier's output is reconfigured from parallel to series connection.
(b) Results for three‐winding transformer‐based substations, where the
existing 12‐pulse parallel rectifiers are reconfigured into 12‐pulse series
rectifiers.
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types of existing DC substations. The figure shows the DC
voltage measured between the catenary and return rails (Vcat)
as well as the voltage at the terminals of individual 12‐pulse
diode rectifiers of the three‐winding based DC traction sub-
station (VR1 and VR2). Umax1 refers to the allowed highest
permanent voltage in the DC network according to the stan-
dard: NEN‐EN 50163 (Railway applications—Supply voltages
of traction systems).

For the re‐configured three‐winding transformer‐based
DC TS, the combined output of both the new (12‐pulse se-
ries) and the old (12‐pulse parallel) configuration is a 24‐pulsed
DC. In the case of a two‐winding transformer‐based substat-
ion, the new configuration produces a 24‐pulsed DC output in
contrast to the 12‐pulsed DC output produced by the original
configuration. These extra pulses will inherently decrease the
harmonic content on the DC side. It is important to note that
in the case of a two‐winding transformer‐based configuration,
the series connection of diode rectifiers reduces the redun-
dancy of the TS. However, with parallel VSC's ability to
operate as a rectifier (cf. Section 4.2), the original redundancy
can still be achieved.

4.2 | Software‐in‐the‐loop simulation of two
substation model

The functionalities of DC TS with parallel VSC are validated
using scenario‐based simulations considering a two‐substation
model (cf. Figure 10), with the help of OPAL‐RT software‐in‐
the‐loop simulator. A real‐time simulator is essential to
conduct long time‐period simulations and assess the func-
tionality of the controllers in real‐time. Analysis in this sub-
section is conducted only for three‐winding transformer‐based
DC TSs with the re‐configured 12‐pulse series rectifiers. Each
substation shown in Figure 10 contains two groups of three‐
winding transformers and 12‐pulse series rectifiers, and two
parallel converters. Both parallel converters have identical ca-
pacities enough to cater for a load of a single Verlengd Inter-
Regio Materieel class train, which is a series of six electric
multiple‐unit double‐deck compartments. The arrangement
of components in each substation for the two substation
model is shown in Figure 7.

4.3 | Normal operating conditions

To validate the proper functioning of the two‐substation
model of the Netherlands' traction network, first, the model
is simulated in real‐time for 470 s covering the acceleration,
coasting and braking operating regime of a single train journey
from one substation to another as shown in Figure 11. The DC
power supplied by substation‐1 is initially higher due to the
proximity of the train. Later, when the train is equidistant from
both substations, the two rectifier groups of these TS supply
equal power.

In reality, one or more trains could travel on a multi‐track
section powered by a DC traction substation. To simulate this

situation, a realistic loading profile comprising of voltage
(Vdata) and current (Idata) values from one of the existing
1.5 kV DC TS of the Dutch TPS is used. The current profile is
generated from these values by normalising them to 3 kV and
assuming the same power levels. The generated current profile
is used as an input of the controlled current source (Itrac)
behaving as a load to simulate the experimental setup shown in
Figure 12. The single substation model was able to maintain
the catenary voltage (Vcat) for the realistic load profile for the
entire duration, as shown in Figure 13. During the period of
negative load (Ptrac < 0), energy will be transferred from the
DC to the AC grid, which denotes excessive energy in the DC
grid due to more trains braking. During this period, parallel
VSCs are activated for energy recuperation back to the AC
grid.

F I GURE 1 0 Two substation model connected with single‐track used
for simulation of the upgraded DC traction substations with parallel voltage
source converters (VSCs).

F I GURE 1 1 AC current supplied by the diode‐rectifier groups of
both substations (above). The same diode‐rectifiers supply DC power in the
traction substations (below).

F I GURE 1 2 Experimental setup to validate the functionality of
proposed substations with actual loading levels.
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4.4 | VSC as VAR compensator

When few or no trains are braking, the capacity of the VSCs
can supply or absorb reactive power from the MV grid. In
addition, the extensive controllability of the PWM converters
can enable the train operators to support the grid operators
during voltage sag and swell in case of a weak MV grid.
Figure 14 shows the joint output power of the VSC of a single
TS when operated in the ‘Q‐VDC’ control mode. This simu-
lation makes the MV grid less stiff by reducing its short‐circuit
capacity and the X/R ratio. The MV grid voltages are plotted

as dq components per unit. During this scenario, the active
power is kept at 0, assuming no train braking.

4.5 | Active power filtration

DC traction substations are highly susceptible to harmonic
distortion due to considerable variation in loading levels,
voltage unbalance, or non‐linear loads [35, 37]. To keep the
THD of the MV grid's voltage and current within permissible
limits (as per IEC 61000), the current DC traction substations
employ two groups of parallel rectifiers (12‐pulse or 6‐pulse)
separated mutually by a phase difference of 15°, which gives an
output of either 12‐pulse or 24‐pulse DC respectively [38]. 24‐
pulse output requires two three‐winding transformers, and 12‐
pulse output requires two two‐winding transformers, incurring
additional cost and maintenance. On the other hand, a 6‐pulse
rectified output is the most cost‐effective arrangement but has
a considerable amount of 3rd and 5th harmonics compared to
12 or 24‐pulse rectifiers.

Shunt VSCs can operate as Active Power Filters (APFs)
and compensate for the load's harmonic current. Hence to test
the effectiveness of active power filtration capabilities of the
proposed VSCs, a single DC TS containing two groups of 6‐
pulse rectifiers is equipped with a set of parallel VSCs oper-
ating as APF. The setup is simulated for 10 cycles with a load
current of 0.5Ibase for the first cycles and then increased to Ibase
for the last five cycles. Figure 15 shows the load (Iload), source
(IS) and harmonic compensation (IVSC) currents. Iload consists
of both the fundamental and harmonic components, whereas
the compensated currents provided by the APF only contain
the harmonic currents. As a result, the current drawn from the
source has a very low THD, shown in the FFT analysis of all
the three current waveforms (Figure 15). The negative
magnitude of the VSC current's magnitude in the FFT analysis
is only for visualisation purposes. It can also be seen that the
active filter adapts itself to changing loads within one cycle.

4.6 | PWM rectification and inclusion of
RES

One of the significant advantages of the bi‐directional 3 kV
system is including DRES directly in the DC grid. A RES unit
modelled as a controlled current source is connected to the
two‐substation model for this case. The whole simulation is
then divided into three regions. In region‐1, all the rectifier
groups of both substations are active, and the power con-
sumption of the train is more than that of the power generated
by the RES; hence the diode‐rectifiers supply DC power to the
DC grid as shown in Figure 16. During region‐2, one of the
rectifier groups of substation‐1 is shut down due to mainte-
nance. Detecting the failure in the diode‐rectifier, the VSCs of
substation‐1 start operating as a PWM rectifier and supply the
required DC power to the train as shown in Figure 16. The last
region shows the transformation of the VSCs in both sub-
stations from ideal or PWM rectification modes into inverter

F I GURE 1 3 Simulation results for a single substation model
according to experimental setup of Figure 12 with actual current
measurements from existing 1.5 kV substations, normalised for 3 kV
voltage level.

F I GURE 1 4 Variation of the reactive power output of voltage source
converter (VSC) based on varying references (above). Effect of VSC's
reactive power absorption/consumption on the AC grid voltage (below).
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operating modes. This region is triggered by the loss of RES
power and braking of the train leading to a rise in DC grid
voltage.

5 | CONCLUSION

This paper presents innovative methods and topologies for
upgrading 1.5 kV unidirectional DC traction substations in the
Netherlands' railway network into 3 kV efficient and bi‐
directional substations using power electronics. The proposed
approach offers practical solutions for stepping up the system
voltage from 1.5 to 3 kV by modifying existing equipment

instead of replacing it completely. The two proposed topologies
cater to two‐winding and three‐winding transformer‐based
substations and meet EN standards while satisfying the oper-
ating requirements of the Dutch railways. The upgraded designs
not only raise the voltage of the traction power supply but also
integrate parallel VSCs, making the existing DC traction sub-
stations reversible. This improves traction power supply effi-
ciency by recuperating braking energy that would otherwise be
lost as heat and reduces catenary losses through higher voltage
and lower load current. The paper underscores the significance
of electrified public transportation networks, the need to
modernise older and less efficient traction power networks for
more efficient public transportation, and possible support to the
utility grid. The proposed topologies not only improve the
electrical efficiency (reducing copper losses) but also enhance
the non‐electrical efficiency of the system, resulting in faster
acceleration and deceleration of locomotives and aiding in the
maintenance of a busy train schedule. The suggested use cases of
VSC's functionalities, like reactive power compensation and
aiding the integration of DRESs, will not only add new revenue
streams to the railway operators but also aid in the energy
transition by supporting the utility grid.

This study presents a unique and practical solution tailored
to the traction power networks in the Netherlands. It advocates
a cost‐effective strategy that leverages existing substation
equipment, an under‐represented aspect in academic literature.
Transforming the Netherlands' 1.5 kV traction network into a
3 kV bi‐directional and controllable traction network is a
crucial long‐term objective for its stakeholders. The paper
compares the efficiency and cost‐effectiveness of various so-
lutions from the current literature and recommends the most
optimal approach. It is imperative to note that additional
research on digital and civil infrastructure compatibility with
the 3 kV voltage level solution is essential before embarking on
the actual transition.
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APPENDIX A

Cor relat ion between the inver ter 's DC side
voltage and AC side voltage at PCC
This section determines the lower threshold value for the
voltage of the DC grid formed by various rectifier configura-
tions to ensure proper operation of the proposed parallel VSCs.

The no‐load voltage (UDC0) can be related to its average
nominal voltage(UDCN) and the voltage drop across the power
supply(converter) unit (ΔU) using Equation (A1).

UDC0 ¼UDCN þ ΔU ðA1Þ

Equation (A2) expresses the voltage drop ΔU in the percent-
age of UDCN and is generally between 5% and 10% depending
on one of the regulation standards.

δU½%� ¼
ΔU
UDCN

∗ 100 ðA2Þ

Using Equations (A1) and (A2), UDC0 can be expressed as
follows:

UDC0 ¼ ð1þ δUÞ ∗ UDCN ðA3Þ

Again UDC0 can be related to the AC line r.m.s. voltage values
as follows:

UDC0 ¼ Kr ∗
ffiffiffi
2
p

∗ UAC;rms ðA4Þ

where:

UAC;rms is the r:m:s: line‐to‐line voltage of the AC grid;

Kr is a coefficient depending on the type of rectifier;

Kr ¼

3
π
¼ 0:955 for 12 pulse parallel rectifier

6
π
¼ 1:910 for 12 pulse series rectifier

8
>><

>>:

From Equations (A3) and (A4), the ratio of UDCN andffiffiffi
2
p

UAC;rms can be expressed using an additional variable Kp as
shown in Equation (A5).

Kp ¼
UDCN
ffiffiffi
2
p

∗ UAC;rms
¼

Kr

1þ δU
ðA5Þ

The values of Kp for 12 pulse parallel and 12 pulse series
rectifiers are calculated as 0.87 and 1.84 respectively.
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