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Integration of PV and Battery Storage for
Catenary Voltage Regulation and Stray
Current Mitigation in MVDC Railways

Salman Aatif, Xiaowei Yang, Hai Hu, Santa Kumar Maharjan, and Zhengyou He

Abstract—Innovative advancement in power electronics is re-
shaping the conventional high-voltage transmission systems and
has also opened a new paradigm for researchers to consider its
benefits in the railway electrification system (RES). In this re-
gard, the medium-voltage direct current RES (MVDC-RES) is
a key area of interest nowadays. In this paper, a secondary en-
ergy source (SES) consisting of renewable energies (REs) and
energy storage systems (ESSs) is proposed to solve the issues of
catenary voltage regulation, rail potential, and stray current in
the MVDC-RES. Some of the major integration topologies of
the SES are analyzed for MVDC-RES and the most effective
one is proposed and implemented. The voltage at the point of
connection (PoC) of the SES is used as a reference for control-
ling different operation modes of REs and ESSs. Moreover,
feedforward control is used at the ESS converter to attain the
quick response from the batteries for the desired operation. The
proposed scheme improves the catenary voltage, and reduces
the rail potential and stray current. Besides, the scheme pro-
vides higher energy density and reduces line losses. Simulation
results are provided to validate the operation modes and advan-
tages of the proposed scheme.

Index Terms—Medium-voltage direct current (MVDC) rail-
way, railway electrification system (RES), catenary voltage regu-
lation, stray current, photovoltaic (PV), energy storage.

[. INTRODUCTION

HE successful implementation of high-voltage direct

current (HVDC) technology in conventional power sys-
tem has enabled the researchers to explore the benefits of di-
rect current (DC) system in high-speed railways (HSRs). In
this regard, some researchers have described the basic archi-
tecture, advantages, and voltage control schemes for medium-
voltage direct current railway electrification system (MVDC-
RES) [1]-[4]. Contrary to the urban DC railway electrifica-
tion system (DC-RES), the MVDC-RES is considered for
long-distance HSR corridors. In the MVDC-RES, the catena-
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ry becomes a continuous traction line having no neutral sec-
tions. The DC technology brings the advantage of less reac-
tance constraints, which helps increase the distance between
voltage source converter (VSC) based traction substations
(TSSs). Furthermore, in case of a primary VSC-based TSS
failure, the power demands of the system can be shared by
other TSSs. The photovoltaic (PV) and battery storage con-
sist of DC system hence, can be easily integrated into
MVDC-RES without considering the constraints of frequen-
cy and phase angle matching as compared with the alternat-
ing current RES (AC-RES) [3], [4]. Train loads often gener-
ate harmonics, which can be minimized in the MVDC-RES
through smart control of VSC technology at TSSs [5].

Although less reactance and no neutral sections in the
MVDC-RES offer the advantage of the increased distance
between adjacent TSSs, the traction line resistance between
the train loads and TSSs is increased, which causes voltage
degradation; specifically, at mid-section between two adja-
cent TSSs [3], [4]. Moreover, the increased traction line re-
sistance also increases the rail potential and in turn increases
the stray current. A part of this stray current also flows
through the metallic structures embedded in the earth within
the vicinity of traction line and causes the corrosion [6].

Meanwhile, the higher penetration of renewable energies
(REs) in conventional power systems has transformed the
overall energy market. Decreasing the capital cost of REs
has enabled countries to set ambitious targets for increasing
the share of REs in their energy mix [7]. Besides bringing
down the overall carbon emissions, such resources subse-
quently provide the benefits of no carbon taxes, feed-in tar-
iffs, tax rebates, and the advantage of attaining the renew-
able portfolio standards [8]. Owing to numerous advantages,
efforts are being made for integrating REs and energy stor-
age systems (ESSs) into the RES. Due to dynamic load con-
ditions of the train loads, it is difficult to operate the traction
system only through REs and ESSs, but their integration
along with stiff grid-connected TSSs offers more choices of
resources along with the benefits of voltage regulation and
energy management mechanism [9], [10].

In general, the integration of REs or ESSs in railways is
mostly performed to solve the issues of RES. In this regard,
researchers have described different integration topologies
for urban DC and high-speed AC railways [11], [12]. Consid-

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



586

ering the prospects of the MVDC-RES in HSRs, it is needed
to find an effective integration scheme of REs and ESSs into
the MVDC-RES.

This paper proposes an effective secondary energy source
(SES) integration topology and its operation control scheme
in the MVDC-RES. The proposed scheme improves the cate-
nary voltage and mitigates the rail potential and stray current
at most significant places along the traction line. Further-
more, feedforward control (FFC) is proposed at ESS convert-
er, which ensures a more rapid response from the batteries
in attaining the desired operation mode. The major contribu-
tions of this paper are as follows.

1) The issues of catenary voltage sag, rail potential, and
stray current in the MVDC-RES are elaborated.

2) The topologies used for the integration of ESS in con-
ventional (urban) DC-RES and AC-RES are analyzed and an
effective placement scheme of SES in the MVDC-RES is
proposed.

3) The control methodology for the proposed scheme of
SES is implemented.

4) The improvement in the catenary voltage and an effec-
tive decrease in the rail potential and stray current is validat-
ed through simulations. The improved performance of the
MVDC-RES in case of loss of a primary VSC-based TSS is
also validated.

II. CATENARY VOLTAGE, RAIL POTENTIAL, AND STRAY
CURRENT IN MVDC-RES

Considering the resistance of wires and rails from [4], the
resistance of catenary system (contact wire and messenger
wire) is considered as 0.104 Q/km, and that of the rail is
0.01365 Q/km.

A. MVDC Voltage Level

Researchers have suggested different voltage levels for
MVDC-RES. References [1], [3], [4] have suggested 24 kV
in their simulations, while [2] has suggested 11 kV as the
maximum voltage. Most of the conventional HSRs use 25
kV AC voltage as the rated voltage [1]. In order to get the
real benefits of the MVDC technology in HSRs, the selected
DC voltage must be around 25 kV. It ensures approximately
the same currents in the catenary system as in the 25 kV AC-
RES, along with the benefits of MVDC technology. More-
over, IEEE 1709-2010 standard describes the 24 kV MVDC
voltage level as a future design class for the MVDC sys-
tems, which provides the basis for the attainment of protec-
tion and other related technologies for 24 kV DC systems in
the future [13].

In order to consider a voltage level close to the current
AC-RES standard, and to follow the future designated
MVDC voltage standard, a 24 kV MVDC-RES is considered
for the simulations throughout this paper.

B. Catenary Voltage Degradation in MVDC-RES

The increased distance between the adjacent TSSs in the
MVDC-RES results in increased traction line resistance,
which causes voltage degradation or sag, specifically, at mid-
section between the adjacent TSSs [3], [4]. The issue is vali-
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dated through the simulations by considering the complete
journey of a single moving train on a considered 310 km
traction line shown in Fig. 1, where HVAC stands for high-
voltage alternating current. Four VSC-based TSSs, 92 km
apart from each other, feed the MVDC-RES system. The
first and last TSSs also feed the end sections of 17 km. The
load voltage profile for a single moving train along the con-
sidered traction line is given in Fig. 2. All the simulations
are performed in MATLAB/Simulink. The moving train sce-
nario is obtained by varying the traction line resistance at
both sides of the train load. The train load is assumed as a
constant power load with uniform tractive effort/speed, and
reaches its destination without stopping at any station [1],
[2], [14], [15]. It can be observed that, as the train reaches
the mid-section, the voltage drops below 23 kV. This is
mainly because the traction line resistance between the TSSs
and train load becomes the maximum.

HVAC feeder 220 kV
T T T T
220 kV/110 kV
transformer
[ssi|  [mss2|  [7ss3| [ Tss4]
Catenary ‘
+
Rail [ 24_k v
<17 km 92 km~+—92 km —+—92 km*'FW km-~>|
310 km
Fig. 1. Layout of considered MVDC traction line.
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Fig. 2.
tion line.

Load voltage profile of a single moving train along considered trac-

In [4], the mid-section catenary voltage is adjusted
through adaptive droop method at primary VSC-based TSS,
which requires a fast and reliable communication link to
send the voltage information to the VSC-based TSSs. Differ-
ent studies about catenary voltage regulation in conventional
DC- and AC-RESs are highlighted in Section III.

C. Rail Potential and Stray Current in MVDC-RES

The rail is used as a return path for the load current in
DC railways. The return current passing through the rail cre-
ates a potential difference between the rail and ground and
is generally known as rail potential. The rail potential causes
a portion of rail current to leak into the earth, which is
known as stray current. A part of this stray current also
flows through the metallic structures embedded in the earth,
within the vicinity of traction line, and causes the corrosion
[6]. For an ideal grounded traction model of DC-RES given
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in Fig. 3, the total stray current leaking into the earth at any
location can be calculated using (1) [16], [17]. In Fig. 3, I,
(i=1,2, ..., n)is the stray current at the i" location; V,, is
the voltage developed in the rail at the i" location due to the
return current /,; R, is the resistance of rails per km; R, is
the rail to ground resistance per km; and R, is the train load.

(M

The stray current and rail to ground voltage at any loca-
tion along the traction line can be obtained by putting an am-
meter in series with R, and a voltmeter across R,, respec-
tively. Considering safety requirements from the electric
shock, the rail potential must be less than the maximum per-
missible values given in EN-50122-1. Moreover, to avoid
the corrosion due to the stray current in the embedded metal-
lic structures, within the vicinity of traction line, as given in
EN-50122-2, the average value of the stray current in DC-
RES must not exceed 2.5 mA/m [6]. Figure 4 shows the
equivalent circuit of an ideal grounded traction line with two
TSSs 92 km apart from each other. The maximum stray cur-
rent occurs when the train reaches the mid-section (i.e.,
46™ km) between the TSSs.

46 km ——

‘ 92 km |

Fig. 4. Equivalent circuit of an ideal grounded traction line in DC-RES.

Considering the rail to ground conductance of 0.01 S/km
[18], [19], Figs. 5 and 6 provide the simulation results of
rail potential and stray current along the train location for a
single moving train, respectively.
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Fig. 5. Rail potential profile of train load for a single moving train.
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Fig. 6. Stray current profile of train load for a single moving train.

The stray current mentioned in Fig. 6 is the total stray cur-
rent leaking at the train load. This stray current will be divid-
ed into two parts and flow towards TSSs within the earth.
The division of the amount of stray current is generally in in-
verse proportionality to the distance between the considered
point and TSS. Simulation results are obtained through the
proper switching of resistance modules for catenary resis-
tance, rail resistance, and grounding resistance. Each module
has a set of 92 fixed resistances, hence each one represents
1 km section of the traction line.

It is noteworthy that the rail potential and stray current
along the train location must always be greater than the aver-
age value along the whole rail. The rail potential in Fig. 5
reaches the maximum allowable limit due to the increased
traction line distance between the adjacent TSSs. In Fig. 6,
the stray current for a single moving train is less than the
maximum limit. However, two or more trains on the same
rail can increase the current to its maximum allowable limits
given in EN-50122-2. Considering the adverse effects of
stray current, many techniques have been proposed for its
mitigation, which mainly includes decreasing the TSS spac-
ing, increasing the rail to earth resistance, considering the
floating scheme, and placing the insulation mats and stray
current collection mats [17]-[19]. Most of the proposed tech-
niques are infrastructure-based and are considered for new
urban rail transportation projects. The idea of integrating
REs and ESSs to mitigate stray current and rail potential
would be a new paradigm for futuristic and existing railway
systems.

III. ESS INTERCONNECTION SCHEME FOR MVDC-RES

The integration of ESSs in electrified railways is generally
performed to solve the system issues. Moreover, major as-
pects regarding the selection of ESSs in the RES are its size
(capacity), location, and control scheme [11]. In order to
find a potential SES integration scheme to solve the issues
of MVDC-RES, a comparative analysis of major existing
schemes is made.

In the onboard ESS scheme shown in Fig. 7(a), the ESS,
i.e., battery storage or ultra-capacitor, is incorporated into
the trains. The control mechanism is usually designed to sup-
port the catenary voltage [20]-[22]. This scheme is mostly
considered for the DC urban transportation, where the pas-
senger stations are closer, hence there are more regenerative-
braking intervals. The MVDC-RES is considered as an alter-
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native to the AC high-speed RES, where the passenger sta-
tions are far away from each other and the regenerative-
breaking intervals are not frequent. Moreover, the train load
is heavier compared with that of the conventional DC-RES.
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Fig. 7.
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Due to the sizing constraints and less availability of regener-
ative-breaking intervals, the contributions of the onboard
scheme are very limited in terms of catenary voltage support
and stray current mitigation in the MVDC-RES.
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Major schemes of battery storage in RES. (a) Onboard ESS. (b) ESS at primary VSC-based TSSs. (¢) ESS at mid-section between two primary

VSC-based TSSs. (d) ESS along with PV at mid-section between two primary VSC-based TSSs.

Figure 7(b) shows the layout of ESS at the primary VSC-
based TSSs [23], [24]. A moderate amount of energy can be
stored because of no sizing constraints. Also, the integration
of REs is possible in this scheme to enhance the energy mix
options [25]. The scheme can provide a moderate amount of
energy to heavy loads of the MVDC-RES in accelerating
mode. Meanwhile, it has no effect on stray current and rail
potential mitigation as well as on the catenary voltage regula-
tion at mid-sections. This is mainly because the location and
the point of connection (PoC) of the ESS are the same as
those of the primary VSC-based TSSs.

Figure 7(c) shows the topology of wayside ESS placed at
the mid-section between two primary VSC-based TSSs [11].
Such scheme is mostly used for voltage stabilization along
the catenary system in conventional DC-RES or AC-RES
[26], [27]. As the power is provided at the mid-section, the
length of the traction line between the train loads and TSS
decreases, hence the stray current as well as the rail poten-
tial decreases. The scheme provides the optimized operation
which leads to the minimization of line losses. Moreover,
the scheme is free of the sizing constraints of ESS. Despite
all the stated advantages, an important challenge related to
this scheme is the non-availability of sufficient energy for
the ESSs in the MVDC-RES.

The challenge can be resolved by integrating REs such as
PVs at these wayside ESSs, as shown in Fig. 7(d). The com-
bination of PVs and ESSs at the mid-section between the pri-
mary VSC-based TSSs can serve as an SES in the MVDC-
RES. All the discussed schemes are summarized in Table 1.

In conclusion, considering the MVDC-RES, on-board ESS
scheme has the shortcomings of small capacity, less recharg-

ing intervals, and less opportunity for the direct integration
of REs with ESS. Similarly, the scheme of ESS at primary
VSC-based TSSs has limited voltage regulation ability and
has no contribution in the reduction of the rail potential and
stray current. In the case of ESS along with PV at the mid-
sections, there will be no sizing constraints for ESS and PV
units. The PV plant can share its power to the catenary sys-
tem through converters and can also charge ESS in the case
of less demand from train loads. Moreover, the voltage regu-
lation and stray current mitigation can be effectively per-
formed at the most critical locations (mid-sections) along the
traction line.

TABLE I
EFFECTIVENESS OF DIFFERENT SCHEMES OF ESS ON CATENARY VOLTAGE
REGULATION AND STRAY CURRENT MITIGATION IN MVDC-RES

Energy Ease of RE Catenary Rail potential
Scheme densi : . voltage and stray current
ensity  integration e o DR
stabilization mitigation
Onboard ESS Low Low Low Low
ESS at primary . .

VSC-based TSSs High High Low None

Wayglde ES.S at Low High Low Low
mid-section
Wayside ESS

along with PV High High High High

at mid-section

Considering the importance of SES in solving the issues
of MVDC-RES, there is a great need of implementing an ef-
fective control scheme for the operation of SES in the
MVDC-RES. Therefore, a control scheme is implemented
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and simulations are performed in the following sections.

IV. CONTROL SCHEME

The layout of MVDC-RES along with SES is given in
Fig. 8. The SES consists of PVs and batteries, which is in-
corporated at mid-section between the primary VSC-based
TSSs. Energy exchange is performed by monitoring the volt-
age at the PoC between the catenary system and SES.

HVAC feeder 220 kV
T T T
VSC-based VSC-based VSC-based
=l TSS1 = TSS2 =l TSS3
Catenary ~
PoCl PoC2 +
Rail 24kv

Fig. 8. Layout of SESs at mid-section between primary VSC-based TSSs
in MVDC-RES.

Several onboard and wayside ESS schemes discussed in
Section III also use the voltage at PoC as a reference to per-
form the operation of ESS [11], [20], [28]. The control
mechanisms for different blocks of the proposed scheme and
their operation are discussed as follows.

A. TSS Control

The primary VSC-based TSSs are considered to be the re-
versible ones, which ensures to feed excess power in the cat-
enary system back to the power grid. Various droop control
schemes have been utilized for voltage control of VSC-
based TSSs in the MVDC-RES [1], [3], [4]. The main objec-
tive of this paper is to propose a placement and control
scheme of SES in the MVDC-RES. A conventional droop
control scheme with fixed droop value is used for the con-
trol of primary VSC-based TSS, as shown in Fig. 9, where
PLL stands for phase locked loop, PI stands for proportional-
integral, PWM stands for pulse width modulation; v,,,, is the
reference voltage given to the VSC-based TSS; i, is the
output current; v, is the output voltage; R is the droop val-
ue; v, is the reference voltage for which the TSS is de-
signed (24 kV); E,, E, 1, 1, are the dg reference frame volt-
ages and currents, respectively; and wt is the phase angle.

Three-phase
voltage

Three-phase E,
PLL

Three-phase
current PWM of |»
coneeennseeene Vare VSC-based[”
inss: Y @D-{PI TS |
+i -
Vref ; Vrssi

: Droop control :

Fig. 9. Control mechanism for primary VSC-based TSS.

Equation (2) represents the conventional droop control
scheme [29].

@)

Varer =Vier = Ri g

B. Integration and Control of PV System

In order to get the maximum power from the PV system,
the maximum power point tracking (MPPT) control strategy
is used to control the output power of the PV system, as
shown in Fig. 10. The MPPT control strategy is achieved by
utilizing the famous perturb and observe algorithm [30]. For
the smooth operation of this strategy, the load must always
be greater than the maximum power generated by the PV sys-
tem; otherwise, the output voltage increases suddenly [31].

In RES, a number of trains always exist on the traction
line during day time. Besides, extra power can be shared
with the power grid through the primary reversible VSC-
based TSSs. Furthermore, constant voltage control is also in-
tegrated at the boost converter to ensure the safe operation if
the voltage at the PoC increases beyond the maximum allow-
able limit. In that case, the output voltage becomes constant.
However, the maximum output power of the PV system will
be compromised. Equation (3) represents the mathematical
expression for the constant voltage control scheme given in
Fig. 10, where v, is the reference voltage given to the con-
verter for the constant voltage boost operation through the
switch control module; v, is the maximum permitted volt-
age for the MVDC catenary system; and v, is the voltage
at the PoC between the PV and catenary.

V; = kp (qu/fmax - Vpac) + ki I(vr‘e/jmax - Vpuc)dt (3)

where k, and k; are the proportional and integral coefficients,
respectively. It is noteworthy that the traction line always
has a number of trains and hence, the PV system will gener-
ally follow the MPPT mode. The switch control block moni-
tors v,,. and allows the constant voltage mode only if v, in-

creases beyond v

Irradiance F

Temperature

ref.max*

PV Boost converter

MPPT PWM T Lo
i v | N
Switch P 3 + vref,maxi

Vpoe——— | control

: Constant voltage !
control

Fig. 10. MPPT control along with constant voltage control for PV system.

C. Integration and Control of ESS

The considered ESS consists of a Li-ion battery set along
with bi-directional DC-DC converter. In [23], a simple two-
level control is defined either for charging ESS or for sup-
porting catenary voltage. In [31], a variable reference is in-
troduced for different operation modes to achieve an opti-
mized operation in the conventional power system. A similar
approach with dynamic reference voltages is applied for the
RES in [11]. To effectively solve the issues of MVDC-RES,
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four-mode control is considered for the battery charging and
discharging operation. The selection of each mode depends up-
on the catenary voltage at PoC and the state of charge (SoC) of
the battery set. The operation modes of the battery set against
the considered voltage level are given in Table II. The mini-
mum and maximum voltage levels for the safe operation of 24
kV MVDC-RES are 0.76 to 1.1 p.u., i.e., 18.24 t0 26.5 kV [1].

TABLE 11
OPERATION MODES OF BATTERY SET

Mode Voltage level (kV)
Charging mode Voo > 24
No-operation mode 23<v,,.<24

20<v,,, <23 (SoC>33%)

Contingency mode Vo <20 (S0C>5%)

Voltage enhancement (VE) mode

1) Charging Mode Control

Charging sources for the battery storage system are PVs
and braking energy from locomotives. Batteries will be
charged when the catenary voltage at PoC increases above
24 kV. To avoid sudden overloading of the catenary system,
the charging operation at the battery converter is performed
through constant current buck control. For simulations, a
simple bi-directional DC-DC converter is used to exchange
the power between battery storage system and catenary sys-
tem. However, for practical analysis, an output-series multi-
level dual active bridge (DAB) DC-DC converter must be re-
quired in the MVDC-RES. The layout of the control scheme
for battery charging mode control of bi-directional DC-DC
converter is given in Fig. 11, where i, is the reference cur-
rent set for the charging current; i7,, is the battery input cur-
rent; v, is the battery voltage; and v, is the reference cate-
nary voltage for the buck operation. The mathematical ex-
pression for the operation of constant current buck control is
given as:

T R RS o [T

“4)
If the voltage at PoC v, becomes greater than the refer-
ence voltage v, (24 kV), the switch control block will pass
on the PWM switching signal to perform the switching for
constant current buck operation. The second control mode
is the no-operation or idle one. If the voltage is between
23 kV to 24 kV, the batteries will neither charge nor dis-
charge. A similar no-operation mode is also used in [32]. This
makes a barrier and helps to avoid a sudden transition between

charging and discharging modes caused by heavy train loads.

i

Batte I o

stora;}e, v Bi-directional @
U DC-DC converter

system i

Switch
control

. Ipe '
:Constant current buck control

Fig. 11.
converter.

Charging mode control (buck operation) of bi-directional DC-DC
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2) Discharging Mode with FFC

The discharging mode is divided into the VE mode and
contingency mode. The layout of the control scheme for
battery discharging mode control of bi-directional DC-DC
converter for is given in Fig. 12, where v, (i = 1, 2) is the
reference voltage for the boost operation; and i, is the con-
verter output current. Unlike the charging mode, the dis-
charging mode is determined by two parameters, namely v,
and battery SoC.

Battery o T ‘o

storage ; Bi-directional @
b DC-DC converter

system l

Voref

' ia l/Vb, Vpuc
© Feedforward control :

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 12. Battery discharging mode control (boost operation) of bi-directional
DC-DC converter.

The VE mode is performed if v, becomes less than 23
kV and the battery SoC is above 33%. The contingency
mode is operated if the voltage goes below 20 kV. Such the
control ensures one-third of the battery capacity always re-
mains reserved for contingency situations. The contingency
mode of battery storage system greatly improves the perfor-
mance of RES if a primary TSS is lost (simulated in Section
V). The relation for the reference voltage for boost operation

is given as:

vb[ = kp (vbire/' - vpoc)+ ki f(vbire/ - vpoc)dt + in Vpoc/ vb/
—_———
FFC

Depending upon the catenary voltage at PoC, the boost
converter either operates in VE mode or contingency mode.

The train load is a dynamic load and demands a quick re-
sponse from the sources feeding it. In order to make a fast
response of the boost operation, FFC is incorporated in the
control block of boost operation. A similar control scheme
has been used in [3] for the primary VSC-based TSSs in
the MVDC-RES. The feedforward greatly improves the re-
sponse time of the battery storage system (simulated in Sec-
tion V).

©)

Voltage control

V. SIMULATION

In order to validate the effectiveness of the proposed
scheme in solving the issues of MVDC-RES, simulations are
performed on a 310 km traction line, as shown in Fig. 13.
The SESs are incorporated at the mid-section between the
primary VSC-based TSSs. The step-down transformers are
considered to be included within the TSS block. The parame-
ters of different entities in the system are given in Table III.
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All the simulations are performed in MATLAB/ Simulink.

HVAC feeder 220 kV
% n T %
[tsst | [7ss2| [Tss3| [ Tss4 ]
SEst]| | SEs?] | SES3]
Catenary 4\ «l\ “L

- %POCI PoC2 PoC3 24}\,

17 kise— 92 km—f—92 km 92 km—}+17 k|
310 km

Fig. 13. A 310 km line with four primary TSSs and three SESs.

TABLE III
SYSTEM PARAMETERS IN SIMULATIONS

Parameter Specification

Transformer at TSSs 220 kV/110 kV

TSS rating 24 kV, 30 MW
VSC topology 3 level
Inductance and capacitance of VSC 10 mH, 4400 pF
Catenary resistance 0.104 Q/km
Rail resistance 0.01365 Q/km
Train load 8§ MW
Droop value of the TSS 0.3
The maximum capacity of PV plant 8 MW
Total capacity of the Li-ion battery 7.7 MWh
Reference voltage (buck operation) 24 kV
Boost reference voltage for VE and contingency operations 20 kV, 23 kV

Besides the proper placement and control scheme, the oth-
er important aspects of designing wayside SESs are the size
(capacity) of the PV and battery storage system. The de-
tailed analysis of the SES size requires complete information
about the rail traffic timetable as well as the maximum load
[24], [33]. As our analysis is related to the placement and
control of SES, the maximum capacity of the PV is consid-
ered as 8 MW, similar to the load of a single train in the
simulations. The maximum size of the Li-ion battery storage
system is considered as 7.7 MWh.

A. Voltage Improvement

1) Load Voltage of Single Moving Train

Figure 14 shows the simulation results of load voltage for
the complete journey of a single moving train along the trac-
tion line. The voltage improvement is observed after the inte-
gration of SES into the traction line, which demonstrates the
effectiveness of the placement scheme of SES in VSC-based
MVDC-RES. The control applied for TSSs, PVs, and battery
storage system is the same as that given in Section IV.
2) Catenary Voltage Regulation

For the detailed analysis, 8 trains are randomly distributed
along the traction line, as shown in Fig. 15. The PV is an in-
termittent source of energy and the maximum power cannot
be guaranteed all the time. To get a more realistic analysis,
the irradiance in this simulation is considered to be 500 wb/

m?, which will make the PVs at all SESs to generate almost
half of the full capacity. In order to test all the control sce-
narios given in Section IV, the battery SoCs of SES1, SES2,
and SES3 are considered as 80%, 30%, and 50%, respective-

ly.

257 — Without SES
; 24+ — With SES
gu 23
g 22t
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: 21 |
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0 17 63 109 155 201 247 293310

Length of traction line (km)

Fig. 14. Load voltages of a single moving train along traction line.
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Fig. 15. Eight trains randomly distributed along traction line.

For the train locations mentioned in Fig. 15, the catenary
voltage is obtained by observing the voltage at different loca-
tions along the traction line, as shown in Fig. 16. The catena-
ry voltage is maintained at 23 kV at the PoC of SESI,
which is mainly because the battery set at SES1 has an SoC
of 80% and operates in VE mode. The voltage at PoC2 is ap-
proximately 22.2 kV. Although the voltage at PoC2 falls in
the range of VE mode, the SoC of the battery set at SES2 is
30%. Therefore, no boost operation will perform until the
voltage at PoC2 decreases to less than 20 kV.
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Fig. 16. Catenary voltages for train loads as located in Fig. 15.

The catenary voltage is approximately 23.7 kV at the PoC
of SES3. Hence, neither buck nor boost operation is per-
formed as the voltage falls in the range of no-operation
mode as discussed in Section IV.

In order to demonstrate the operation of the contingency
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mode of the battery storage system and observe the effective-
ness of FFC, the train locations are changed, as shown in
Fig. 17. Considering the batteries have the same SoC as that
in the previous case, the batteries at SES2 operate in the con-
tingency mode and keep the voltage at PoC2 above 20 kV,
as shown in Fig. 18.
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Fig. 17. New train locations along traction line.
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Fig. 18.
Fig. 17.

Catenary voltages after changing train locations as mentioned in

The catenary voltage at PoCl is in the range of no-opera-
tion mode and hence only PVs feed the power at PoC1. The
voltage at PoC3 falls in the range of VE mode and SES3
maintains the voltage at 23 kV.

B. Effectiveness of FFC at ESS Converter

To demonstrate the effectiveness of FFC in enhancing the
response of the battery converter, simulations are performed
to observe the catenary voltages by changing the train loca-
tions from that in Fig. 15 to the one given in Fig. 17. Simu-
lation results for voltage change before the inclusion of the
FFC are presented in Fig. 19. Owing to slow response of the
PI control, the voltages at PoC2 and PoC3 get adjusted to
their respective operation modes after dropping to 19.7 kV
and 22.65 kV, respectively.

Figure 20 shows the shift in catenary voltage after the in-
clusion of FFC at the battery converter. The shift in the volt-
ages at PoC2 and PoC3 is attained quickly at their desired
levels without much decrease and delay as compared with
the results in Fig. 19.

Hence, the battery storage system with FFC at SESs plays
an important role in quickly attaining the desired voltage lev-
el for sensitive train loads in the MVDC-RES.
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Fig. 19. Shift in catenary voltages at PoC2 and PoC3 after changing train
locations (without FFC).
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Fig. 20. Shift in catenary voltages at PoC2 and PoC3 after changing train
locations (with FFC).

C. Catenary Voltages in the Case of Loss of a Primary VSC-
based TSS

The inclusion of SESs at the mid-section between the pri-
mary VSC-based TSSs provides considerable support to the
catenary voltage in case of loss of a primary VSC-based
TSS along the traction line. The worst-case scenario happens
when a TSS is lost at the end-section of a traction line [1].
Considering the same train locations as given in Fig. 15 and
the same battery SoC as that in Section V-A, Fig. 21 shows
the catenary voltages after the loss of TSS4. Without SESs,
the voltage at the end-section drops to 17.3 kV approximate-
ly. While with the SESs, the voltage at the end-section is
maintained at 19.8 kV approximately. In this case, the SES3
works in VE mode as the SoC is greater than 33%.
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Fig. 21. Catenary voltages with and without SES when a TSS is lost at

end-section.

According to Fig. 21, the proper integration of SESs not
only enhances the catenary voltage in the normal operation
modes but also maintains the minimum operation voltage in
the case of loss of a primary VSC-based TSS.
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D. Mitigation in Rail Potential and Stray Current

Considering the same traction line specifications as in Sec-
tion II, simulations are performed for the rail potential and
stray current for a single moving train along the traction line
between TSS1 and TSS2 in Fig. 4. The simulation results
for the rail potential are shown in Fig. 22. The SES is intro-
duced at the mid-section and contributes its share of power
to the train loads. The power shared by the SES encounters
less traction line resistance as the train moves toward the
mid-section. The rail potential is reduced to approximately
20 V at mid-section after the inclusion of SES into the
MVDC-RES system. The maximum value of the rail poten-
tial becomes 60 V approximately.
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Fig. 22. Rail potential profile at load for a single moving train along trac-

tion line between TSS1 and TSS2 in Fig. 4.

The simulation results for the stray current along the train
load with and without SES are given in Fig. 23. Considering
the same specifications of PVs and battery storage as in pre-
vious cases, the maximum value of the stray current for a
single moving train is reduced to 0.6 A/km approximately.
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Fig. 23. Stray current profile at load for a single moving train along trac-

tion line between TSS1 and TSS2 in Fig. 4.

In summary, the proposed scheme provides a significant
reduction in the rail potential and stray current in the
MVDC-RES.

VI. CONCLUSION

The integration of ESSs in electrified railways is generally
performed to solve the system issues. In this regard, this pa-
per proposes the topology and control of the SESs for solv-
ing the issues of voltage regulation, stray current, and rail
potential in the MVDC-RES. The SESs consisting of PV
and battery storage system are incorporated at mid-sections

between primary VSC-based TSSs. The PV is included to
support the essential energy needs of the catenary system
and to provide extra power to battery storage system.

Energy exchange is performed by monitoring the voltage
at the PoC between the catenary system and SES. The simu-
lations validate the significant improvement in the catenary
voltages and a considerable decrease in the stray current and
rail potential. Moreover, the proposed scheme also provides
a voltage support to the catenary system in the case of loss
of a primary VSC-based TSS.

The optimal utilization of the ESS in MVDC-RES is a dy-
namic problem and requires the information of catenary volt-
age, rail traffic density (train time table), battery SoC, and
weather condition. Considering all the dynamic parameters,
the optimal sizing and utilization of the SES (ESS and REs)
will be analyzed in the future.
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