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ABSTRACT As electric power systems increasingly integrate Renewable Energy Sources (RESs), the
consequent reduction in system inertia has heightened their sensitivity to disturbances, such as sudden
load changes. This issue is especially relevant in railway power supply systems, which are evolving to
be dominated by RESs. Traditional solutions, including Railway Power Conditioners (RPCs), primarily
address unbalanced loads and reactive power compensation but offer limited frequency support. This paper
introduces a Virtual Inertia-Integrated Railway Power Conditioner (VIIRPC), a novel solution that enhances
traditional RPCs with Energy Storage Systems (ESS) to provide critical virtual inertia support, thereby
addressing the critical gap in frequency stability amidst the evolving energy landscape of railway systems.
Utilizing a current source-based model, the VIIRPC effectively extends inertia support from two-phase
systems to balanced three-phase systems at the Point of Common Coupling (PCC). This achievement is
realized by dividing a virtual inertia signal and integrating it into both sides of the RPC control loop, while
respecting each side’s signal orientation. Simulations have been conducted to verify the operation under
different loading conditions, including a 4-minute headway train schedule, under both conventional and
low-inertia grid conditions. These results demonstrate that the VIIRPC outperforms traditional RPCs by
enhancing frequency stability andmaintaining conventional functionalities. This advancement is particularly
significant for modern, RES-dominated railway power supplies, especially in remote areas with RES-based
power sources and low short-circuit levels at the PCC.

INDEX TERMS Virtual inertia control, railway power conditioners, unbalanced power systems, Scott
transformers, renewable energy sources.

NOMENCLATURE
A. ABBREVIATIONS
arr. Arrive.
AT Autotransformers.

The associate editor coordinating the review of this manuscript and

approving it for publication was Ton Duc Do .

BI-phase Two-phase systems in PowerFactory.
DD mode Autotransformer mode in PowerFactory.
dep. Depart.
ESS Energy Storage System.
MVAsc Short-circuit level at the observed bus.
PCC Point of Common Coupling.
pf Power Factor.
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RES Renewable Energy Source.
RoCoF Rate of Change of Frequency.
RPC Railway Power Conditioner.
TPSS Traction Power Substation.
uk Transformer short-circuit impedance voltage.

VIIRPC Virtual Inertia-Integrated Railway Power
Conditioner.

VUF Voltage Unbalance Factor.

B. SYMBOLS
dik Length between conductor i-th to k-th.
d ′
ik Length between conductor i-th to equivalent

conductor i-th under earth’s surface.
D Damping coefficient.
DVI Virtual damping gain.
f Measured frequency.
f0 Reference frequency.
hi Length between conductor i-th to earth.
idyn Dynamic current.
iL Load current.
is Static current.
J Rotor’s moment of inertia.
K The compensation factor.
KVI Virtual inertia gain.
Pe Electrical power.
Pm Mechanical power.
Pα Active power load measured at the

α phase.
Pβ Active power load measured at the

β phase.
Qα Reactive power load measured at the α phase.
Qβ Reactive power load measured at the β phase.
ri Radius of conductor i-th.
RVI Virtual inertia droop gain.
S∗dyn Apparent power conjugate.
Te Electrical torque.
Tm Mechanical torque.
u∗ Voltage conjugate.
Y load Load admittance.
zEii Self-earth impedance.
zEij Mutual earth impedance.
zGii Self-geometrical impedance.
zGij Mutual geometrical impedance.
zii Self-impedance.
zij Mutual impedance.
zLii Internal impedance.
µ0 Vacuum magnetic permeability.
ωs The nominal angular speed.
1f Frequency different.
1PRPC RPC’s transferring active power
1PVI Virtual inertia power.
1Qα,out Reactive power injection of the α phase.
1Qβ,out Reactive power injection at the β phase.
1δm Rotor angle difference.
1ωm Angular speed difference.

I. INTRODUCTION
The integration of renewable energy sources is significantly
transforming railway power supply systems. This transforma-
tion involves a shift from traditional synchronous generators
to more inverter-based generations. This shift is signifi-
cant because traditional synchronous generators contribute to
the inertia of power system, which is crucial for maintain-
ing frequency stability [1]. The research challenge emerges
in scenarios where the traction power substation (TPSS)
predominantly relies on renewable energy sources (RESs).
Inverter-based generation systems are unable to provide as
much short-circuit current as synchronous generators. Con-
sequently, the short-circuit level at the point of common
coupling (PCC) of the TPSS, which is related to the source
impedance, becomes constrained and lower than in power
grids with a high presence of synchronous generators. The
reduction in short-circuit capacity, leading to an increase in
source impedance, can result in power quality challenges,
including voltage fluctuations, especially during fault condi-
tions or transient disturbances. Furthermore, in contemporary
power systems, the integration of inverter-based generation
sources, such as wind farms and solar farms, does not con-
tribute physical inertia that is characteristic of traditional
rotating synchronous generators. This shift leads to a reduc-
tion in the overall inertia of the power grid, necessitating
advanced control strategies to maintain system frequency
stability. To compensate for the absence of inertia, the intro-
duction of virtual inertia control has been made to enhance
the stability of the grid. The kinetic energy stored in rotat-
ing mass is emulated by this control technique through the
utilization of Energy Storage Systems (ESS). A comprehen-
sive review of virtual inertia control techniques has been
conducted in [2]. These methods often involve the use of
ESS, especially Battery Energy Storage Systems (BESS),
to emulate the kinetic energy of rotor systems traditionally
found in synchronous generators [3], [4]. The application of
BESS in modern power systems can be expanded to develop
Peer-to-Peer (P2P) markets, as reviewed in [5], [6], and [7].
Certain research suggests the implementation of virtual iner-
tia without depending on BESS. This approach involves using
a reduced generation margin for power reserves, offering a
cost-effective alternative [8], [9]. While most research has
focused on the generation side of inertia, there is an emerg-
ing interest in demand-side approaches. These approaches
involve smart load management, offering new perspectives
and solutions in the domain of power system stability [10].
In modern railway power supply systems, upon the arrival

of trains at the TPSS, unbalanced loads and frequency devia-
tions are inevitable. Therefore, the need for more intelligent,
flexible, and intricate systems to accommodate the dynamic
nature of railway operations [11]. Several studies propose
various methods to incorporate frequency control in railway
systems. These techniques are crucial for maintaining the sta-
bility and efficiency of railway operations, especially in high-
speed railways [12], [13], [14]. The coordination of electric
train operations for primary control is discussed in [12] and
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TABLE 1. Research gap demonstration.

[13]. Meanwhile, [14] proposes a feedback-linearized virtual
inertia control (VIC) strategy for the train’s traction converter,
based on a sliding mode observer (SMO), which is discussed
to mitigate low-frequency oscillation (LFO) in the system.
It has been observed that recent developments in frequency
control have emphasized virtual inertia techniques. Apart
from the virtual inertia techniques described in [12], [13], and
[14], the potential integration of virtual inertia control into
railway power conditioners is recognized.

Introduced in 1993, the Railway Power Conditioner (RPC)
has been principally designed to balance the secondary side of
traction transformers by regulating the power demand across
different load phases [15] and [16]. In addition to load balanc-
ing, RPC also improves power quality by providing reactive
power compensation and harmonic suppression [17]. Vari-
ous methodologies for reactive compensation, applicable to
different traction transformer configurations, have been intro-
duced in the literature. Specifically, a method for fractional
reactive power compensation tailored for V/V transformers
is proposed in [18]. Following this, strategies for reactive
power compensation in YNvd-connected balanced trans-
formers have been advanced, as detailed in [19] and [20]. The
active power quality compensator (APQC) system, which
compensates for reactive power, negative sequences, and har-
monics, is highlighted [21]. RPC topologies and operational
modes are detailed in [22]. Furthermore, heavy traction loads,
particularly from high-speed trains, can generate significant
reverse power during braking. In Japan, the installation of a
BESS at the DC link of the RPC at Ushiku Sectioning Post
on the Joban Line has been reported, facilitating the capture
of this excess power [23]. Alternatively, a Supercapacitor-
Based Energy Storage System (SCESS) can be incorporated
at theDC link of the RPC, serving to both recycle regenerative
braking energy and enhance power quality. Supercapacitors
provide benefits such as higher energy density and faster
response times [24]. A technical-economic model for design-
ing RPC-based ESS, focusing on regenerative braking energy
recycling applications, has also been developed [25].
While much of the existing literature focuses on energy

management and frequency regulation in railways through
train operation coordination or enhanced traction control
loops, the potential of using an RPC with ESS at TPSS for
frequency regulation has been less discussed in academic
research. To bridge this gap, this study proposes the inte-
gration of ESS with RPC to provide virtual inertia services
for frequency support. The virtual inertia-integrated railway

power conditioner (VIIRPC) developed in this study com-
bines the conventional RPC control loop with a virtual inertia
control loop. While the RPC loop balances active power
and compensates for the reactive power of traction loads at
the traction transformer’s secondary side, the virtual inertia
loop provides an inertial response to mitigate traction loads’
ramp rate. The VIIRPC’s capability to provide virtual inertia
services is promising for tackling challenges in TPSS in
remote areas, predominantly dependent on RESs, where load
frequency regulation and load balancing are crucial. This
integrated solution enhances frequency support and ensures
a more balanced power supply in such systems. The research
gap is summarized in Table 1.
In this study, simulations and their corresponding models

are developed using the PowerFactory software. A series of
simulation scenarios are presented to validate the VIIRPC’s
functionality and to demonstrate its performance under a train
schedule load characteristic. The significant contributions of
this paper are summarized as follows:

• This paper proposes a novel concept of utilizing RPC for
frequency support by integrating virtual inertia function-
ality.

• It also presents a simplified and comprehensive model
for the VIIRPC. This model employs a current
source-based framework for the RPC, enhanced with an
integrated virtual inertia control mechanism, making it
particularly advantageous for conducting power system
stability studies in railway power supply systems.

• Additionally, this paper proposes integrating the
VIIRPC into TPSS. The VIIRPC introduces inertia
support, transitioning from two-phase systems using a
Scott transformer to balanced three-phase systems. This
integration enables more efficient deployment of TPSS
in remote areas that primarily rely on RESs.

The organization of this paper is outlined as follows:
Section II offers a detailed description of the system con-
figuration, focusing on the 2 × 25 kV autotransformer (AT)
feeding system and its components. Section III introduces the
proposed control strategy, VIIPRC, and evaluative criteria.
Section IV explains case studies, discusses the simulation
outcomes for each case study. Section V offers concluding
remarks and summarizes the findings.

II. SYSTEM OVERVIEW AND MODELING
The research challenge is defined by the situation in which
the TPSS is supplied by a 115 kV power grid dominated
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FIGURE 1. The system configuration.

by RESs. Since inverter-based generation cannot provide as
much short-circuit current as a synchronous generator, the
short-circuit level at the point of common coupling (PCC)
of this TPSS is limited and lower than that in power grids
dominated by synchronous generators. This leads to a reduc-
tion in the overall inertia of the power grid. Therefore, when
the train arrives at this TPSS, higher unbalanced loads and
frequency deviations become inevitable. The system config-
uration overview is shown in Fig. 1. The modeling of each
component is described in the following subsections.

A. THE LOW-INERTIA POWER SYSTEM MODEL
As the penetration of RESs disrupts electricity utilities, elec-
trified railway systems are also affected by this transition.
In the real world, the operating frequency of power systems
can vary within an acceptable range, as defined in the grid
code. Frequency deviation is caused by imbalances between
demand and supply, where changes in active power result in
proportional frequency variations, expressed in (1) and (2).
The moment of inertia (J ) plays a crucial role in frequency
regulation, reducing the rate of change of frequency (RoCoF)
during the initial seconds of a disturbance. Subsequently, the
control strategy takes charge of restoring the frequency to
its nominal value. The reduction in inertia leads to a rapid
frequency change during power mismatches, triggering under
or over-frequency relays that command protection devices to
trip out. This scenario can cause instability in a modern power
system due to RES domination.

Tm − Te = J ·
d21δm

dt
+ D ·

d1δm

dt
(1)

FIGURE 2. The 2 × 25 kV AT feeding systems.

Pm − Pe =
J
ωs

·
d1ωm

dt
+ D1ωm (2)

where Tm is the mechanical torque, Te is the electrical torque,
Pm is mechanical power, Pe is electrical power, J is the rotor’s
moment of inertia, D is a damping coefficient, 1δm is rotor
angle difference, ωs is the nominal angular speed, and 1ωm
is angular speed difference.

In this study, the 115-kV power supply of Fig. 1 is modeled
using the equivalent of a generator, based on (1) and (2).

B. THE 2 × 25 kV AT FEEDING SYSTEM AND
AUTOTRANSFORMER MODEL
In this study, the 2 × 25 kV AT feeding system is adopted,
as shown in Fig. 2, due to its significant advantages in modern
railway power supply systems. This system requires fewer
transformer installations, spaced 12.5 km apart, effectively
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TABLE 2. The parameters of autotransformer model.

FIGURE 3. Railway system models a) The autotransformer diagram b) The
traction load.

reducing construction costs and mitigating electromagnetic
interference. Additionally, this system improves efficiency by
halving the return current to the substation, leading to lower
voltage drop and power loss in the conductors.

Autotransformers are integrated by establishing connec-
tions to both +25 kV and -25 kV terminals. The center tab of
these transformers is linked to the railway tracks to enable the
conduction of return current. Fig. 3 (a) illustrates a diagram
of the autotransformer. A mathematical model of this trans-
former has been suggested in [26] and can be encapsulated
through (3) where zg is conductor’s impedance, and zm is
mutual impedance.

In this paper, autotransformers are modeled by using a
single-phase transformer in a DD mode (Autotransformer
connection in PowerFactory, [27]). The specification is
shown in Table 2, which is adapted from [28].

YAT =


1
2zg

+
1

zm+2zg
−1
zg

1
2zg

−
1

zm+2zg
−1
zg

2
zg

−1
zg

1
2zg

−
1

zm+2zg
−1
zg

1
2zg

+
1

zm+2zg

 (3)

C. THE TRACTION LOAD MODEL
A single-phase traction load can be considered as a
power-controlled current load. To connect with railway
systems, the BI-phase technology (Two-phase systems, in
PowerFactory) is necessary. The load model in dynamic sim-
ulations, as shown in Fig. 3 (b), comprises a static part and
a dynamic part, represented in (4) to (6) and documented
in [29].

iL=is+idyn (4)

FIGURE 4. The cross-section geometry of 2 × 25 kV catenary systems.

is=Y loadu (5)

idyn =
S∗dyn
u∗

(6)

where iL is load current, is is static current, idyn is dynamic
current, Y load is load admittance, S∗dyn is apparent power
conjugate, and u∗ is voltage conjugate.

D. THE MULTI-CONDUCTOR MODEL
The self and mutual coupling of each conductor can be mod-
eled using the ‘‘Line Constants or Line Couplings Model’’ in
PowerFactory. This model encompasses three components:
internal impedance, geometrical impedance, and an earth
correction term. The geometrical term can be described by
equations (7) through (11), which apply the catenary geom-
etry as shown in Fig. 4. Additional details regarding the
other components can be found in [30]. The geometry of
the catenary system and the impedance matrices, which are
expressed in meters and ohms per kilometer respectively for
this model, are shown in the Appendix.

Zline =



z11 z12 · · · · · · z1n

z21
. . . · · · · · · z2n

...
... zii zik

...
...

... zki zkk
...

zn1 zn2 · · · · · · znn


n×n

(7)

zii = zLii + zGii + zEii (8)

zij = zGij + zEij (9)

zGii = jω ·
µ0

2π
· ln

2hi
ri

(10)

zGik = jω ·
µ0

2π
· ln

d ′
ik

dik
(11)

From (7)-(11), zii is self-impedance, zij is mutual
impedance, zLii is internal impedance, zGii is self-geometrical
impedance, zEii is self-earth impedance, zGij is mutual geo-
metrical impedance, zEij is mutual earth impedance, ω is
angular speed, µ0 is vacuum magnetic permeability, hi is
length between conductor i-th to earth, ri is radius of con-
ductor i-th, d ′

ik is length between conductor i-th to equivalent
conductor i-th under earth’s surface, and dik is length between
conductor i-th to k-th.
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E. THE SCOTT TRANSFORMER MODEL
A traction transformer is necessary to convert the three-phase
system to two single-phase systems, which can then supply
the traction loads for each supply feeder. Scott transformers
are one of the well-known transformer types for this applica-
tion in electrified railway systems. The diagram of the Scott
transformer is illustrated in Fig. 5.

Consider the α phase corresponding to the teaser winding,
and the β phase corresponding to the main winding. The
turn ratios of the Scott connection for the α phase and β

phase are
√
3/2 : 2 and k:2, respectively. The model for the

Scott transformer, as described in [31], can be expressed (12)
to (19).[
IP
IS

]
=

[
YPP YPS
YT
PS YSS

]
= Yscott

[
VP
VS

]
(12)

IP =
[
IA IB IC

]
(13)

VP =
[
VA VB VC

]
(14)

IS =

[
Iα
T Iα

F IR Iβ
T Iβ

F

]
(15)

VS =

[
Vα
T Vα

F VR Vβ
T Vβ

F

]
(16)

YPP =


1
Zα

−1
2Zα

−1
2Zα

−1
2Zα

1
4Zα

+
1
Zβ

1
4Zα

−
1
Zβ

−1
2Zα

1
4Zα

−
1
Zβ

1
4Zα

+
1
Zβ

 (17)

YPS = YT
SP =


−kα

2Zα

kα
2Zα

0 0 0
kα
4Zα

−kα

4Zα
0 −kβ

2Zβ

kβ
2Zβ

kα
4Zα

−kα

4Zα
0 kβ

2Zβ

−kβ

2Zβ

 (18)

YSS

=



Zα
1+k2αZ

α
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2Zα

Zα
1
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2

0 0
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2

Zβ
1+k2βZ

β
2

2Zβ
2Zβ

Zβ
1

2Zβ
2Zβ

0 0 −1
Zβ
2

Zβ
1

2Zβ
2Zβ

Zβ
1+k2βZ

β
2

2Zβ
2Zβ


(19)

In this study, the Scott transformer is modeled using
multiple single-phase transformers, connected as represented
in [32], through the PowerFactory software. The parameters
of the Scott transformer model used in this paper are shown
in Table 3, adapted from [28].

III. THE VIRTUAL INERTIA-INTEGRATED RAILWAY
POWER CONDITIONER
The conventional RPC control strategy balances the load
between both phases by transferring half of the difference
in load power (1PRPC ) from the lower-demand phase to the

FIGURE 5. The scott transformer diagram.

TABLE 3. The parameters of Scott transformer model.

higher-demand one, as indicated in (20). [16]

1PRPC =
Pα − Pβ

2
(20)

where Pα and Pβ represent the active power loads measured
at the α and β phases, respectively. The RPC can also com-
pensate for the reactive power load using (21).

1Qα/β,out = K · Qα/β (21)

where 1Qα/β,out refers to 1Qα,out and 1Qβ,out , which are
reactive power injection based on reactive loads measured at
the α and β phases (Qα and Qβ ), respectively, and K is the
compensation factor ranging from 0 to 1.

In this study, a full-bridge back-to-back RPC (FB-RPC)
equipped with an ESS is considered. The proposed VIIRPC
can be modeled as two dependent current sources that are
controlled by three signals, as depicted in Fig. 6 and through-
out (22)-(30). The VIIRPC can supply virtual inertia power
(1PVI ) by utilizing an ESS installed at the DC link of the
RPC, as shown in (22)-(24) and Fig. 1.

1f = f0 − f (22)

1PVI =
(sKVI + DVI )

RVI
· 1f (23)

1PVI = 1PESS (24)

where1f is frequency different, f0 is the reference frequency.
f is the measured frequency.1PVI is the virtual inertia power.
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KVI is the virtual inertia gain. DVI is virtual damping gain.
RVI is the virtual inertia droop gain. Since the ESS is located
on the secondary side of the Scott transformer, the virtual
inertia control signal needs to be shared across both phases
to maintain power balancing, similar to a conventional RPC,
as shown in (25), where1PVI ,h is half the value of the signal.

1PVI ,h = 0.5 · 1PVI (25)

These shared signals are combined with each RPC control
signal for the α and β phases, as shown in (26) and (27).
These equations are based on a generator-oriented approach,
in which a positive value indicates power supply, while a
negative value indicates power consumption.

1PVIRPC,α = 1PVI ,h + 1PRPC (26)

1PVIRPC,β = 1PVI ,h − 1PRPC (27)

The net active and reactive power can be calculated
using (28) - (30).

Pα,net = Pα − 1PVIRPC,α (28)

Pβ,net = Pβ + 1PVIRPC,β (29)

Qα/β,net = Qα/β − 1Q
α/β,out (30)

Two current sources shown in Fig. 6 are modeled using
two static generators in PowerFactory. The control of these
generators is achieved through 1idref ,α , 1idref ,β , 1iqref ,α ,
1iqref ,β , and voltage angle (θu,α and θu,β ) to inject 1i1,α and
1i1,β as represented in (31)-(40) [33]. The control of the α

phase side current source is achieved by using (31), in which
the real and imaginary parts of 1i1,α are illustrated in (32)
and (33), respectively.

1i1,α = 1i1,r,α + j1i1,i,α (31)

where

1i1,r,α = 1idref ,αcosθu,α − 1iqref ,αsinθu,α (32)

1i1,i,α = 1idref ,αsinθu,α + 1iqref ,αcosθu,α (33)

1idref ,α = Kid,α · 1PVIRPC,α (34)

1iqref ,α = Kiq,α · 1Q
α,out (35)

Similarly, the β phase side current source is controlled by
utilizing equation (36), with the real and imaginary parts of
1i1,β being depicted in equations (37) and (38).

1i1,β = 1i1,r,β + j1i1,i,β (36)

where

1i1,r,β = 1idref ,βcosθu,β − 1iqref ,βsinθu,β (37)

1i1,i,β = 1idref ,βsinθu,β + 1iqref ,βcosθu,β (38)

1idref ,β = Kid,β · 1PVIRPC,β (39)

1iqref ,β = Kiq,β · 1Q
β,out (40)

The power-based signals obtained from (20)-(27) are trans-
formed into current signals 1idref and 1iqref for each α and
β current source side. The control diagram of the VIIRPC is
shown in Fig. 7. The power-current conversion for the α side
is represented by (34) and (35), while the conversions for the
β side are given by (39) and (40).

FIGURE 6. The current source model-based RPC.

IV. SIMULATION RESULTS
A. CASE STUDY
The evaluation of the proposed VIIRPC follows specific
criteria outlined in Table 4, ensuring that frequency and
voltage stay within 0.5% and 10% of their nominal values,
respectively. Additionally, it ensures the voltage unbalance
factor (VUF) remains below 2%, and the power factor (pf) is
maintained close to unity. This evaluation encompasses two
primary aspects: assessing operations under unbalanced and
balanced loading conditions (CASE A1 and CASE A2), and
simulating train operations with a 4-minute headway (CASE
B1 to CASE B3).

For CASE 1 and CASE 2, the step load increases to 5 MW
with a power factor (pf) of 0.95 at 1 second and decreases to
zero at 61 seconds, as depicted in Fig 8. In the unbalanced
condition (CASE A1), a step load is applied only to the β

phase of the traction transformer. In contrast, for the balanced
condition (CASE A2), identical step loads are applied to both
α and β phases. These scenarios are examined under three
conditions: without an RPC, with a conventional RPC, and
with the VIIRPC, to compare their performances.

The evaluation of the VIIRPC’s effectiveness is conducted
through simulations covering three scenarios (CASE B1 to
CASEB3). These simulations involve tracking the movement
of trains on parallel tracks over a period of 800 seconds,
utilizing the observed TPSS. The supply section’s length
for this TPSS has been established at 50 km, representing
an average distance for 2 × 25 kV AT feeding systems,
with the aim of maintaining the voltage level [34]. For this
study, the CRH380A has been selected; it operates at a speed
of 250 km/h, a velocity that is common in high-speed rail
systems, as demonstrated in [35]. In this operating condition,
the highest traffic density for a speed of 250 km/h in terms
of ‘‘minute- headway’’ is 4 minutes. This headway can be
calculated based on the proposal in [36], with a 20% safety
margin. This traffic is selected and represented by a timetable
diagram in Fig. 9, depicting two lines: the up-track (TU,
in blue) and the down-track (TD, in red). Each line operates
with a 4-minute headway for each train, and the up-track line
is scheduled 2 minutes ahead of the down-track line.

In CASE B1, the impacts of traction load on conventional
and low-inertia grids are compared in the study. In CASE
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FIGURE 7. The VIIRPC control scheme.

FIGURE 8. A 5 MW step-pulse load with 60 s width.

FIGURE 9. The 4-minute headway timetable at the observed TPSS.

B2, attention is given to the low-inertia power supply, and
comparisons are made among the following sub-cases: before

TABLE 4. Research criteria.

installation, with RPC installation, and with VIIRPC instal-
lation. CASE B3, which is similar to CASE B2, includes the
examination of varying power supply conditions. Key cases
and parameters are summarized in Tables 5 and 6. In Table 6,
KVI and DVI are obtained through manual tuning across a
range of load variations in time-domain simulations to guar-
antee the robustness of the controller. Firstly, the 1f signal is
scaled up by the adjustment of RVI to align the power output
from both current sources with the traction loads. Given
the presence of only two parameters within a narrow search
space, they can be adjusted to achieve the expected response.
Notably, Kα and Kβ in Table 6 are negative, reflecting the
inverse current injection directions of Iq (Q) and Id (P).

B. OPERATING MODE VERIFICATION
1) CASE A1: THE UNBALANCED CONDITION
The 5 MW step load with a 0.95 pf is connected to the β

phase side of the Scott transformer. Upon detecting a load
change, the VIIRPC responds by injecting active power into
the β phase and absorbing active power from the α phase,
as depicted in Fig. 10 (a). For a step-up change, the active
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FIGURE 10. The CASE A1 results: a) active power, b) reactive power injection from the VIIRPC, c) VUF, and
d) frequency deviation.

FIGURE 11. The load characteristics in CASE A1: without RPC, with RPC, and with VIIRPC installation
case where a) the active power the β phase, b). the active power of the α phase, c) the reactive power
load characteristic of the β phase, d) the reactive power of the α phase.
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FIGURE 12. The CASE A2 results: a) active power, b) reactive power injection from the VIIRPC, c) VUF, and
d) frequency deviation.

FIGURE 13. The load characteristics in CASE A2: without RPC, with RPC, and with VIIRPC installation
case where a) the active power the β phase, b). the active power of the α phase, c) the reactive power
load characteristic of the β phase, d) the reactive power of the α phase.
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TABLE 5. Case study.

TABLE 6. Parameters setting of the VIIRPC.

power injection at the β phase side consists of an inertial
power (spike) offset by half of the active power load, while
absorption at the α phase side is equal to half of the load
minus the inertial power. Conversely, a step-down change
triggers the absorption of inertial power (reversed spike) in
both phases. Subsequently, the reactive power of this load
is supplied by the β phase side of the VIIRPC, as shown
in Fig. 10 (b). These VIIRPC behaviors contribute to the
improvement of VUF and frequency deviation, illustrated in
Fig. 10 (c) and 10 (d), respectively. The improvement shown
in Fig. 10 (d), which includes RoCoF and frequency nadir,
is summarized in Table 7.
The results are influenced by the change in load ramp-

rate. In Fig. 11 (a) and (b), the active power characteristics
of the β and α phases are compared across three scenarios:
without RPC installation, with RPC installation, and with
VIIRPC installation. In the scenario without an RPC, the
β phase handles the entire 5 MW load, resulting in 1.97%

FIGURE 14. The comparison impacts from transitioning to a low-inertia
power supply where a) frequency, b) voltage, and c) VUF.

TABLE 7. The comparison between RPC and VIIRPC (CASE A1).

VUF. After RPC installation, this active power is equally
distributed to both phases, but frequency deviation issues
persist. The installation of the VIIRPC addresses both unbal-
anced and frequency issues simultaneously by sharing the
load equally and reducing the active power load ramp-rate.
In Fig. 11 (c) and (d), the reactive power load is exclusively
supplied by the β phase side converter.
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FIGURE 15. The Scott transformer load characteristic a) active power at β, b) active power at α, c) active
power injection from the VIIRPC, and d) reactive power injection from the VIIRPC.

FIGURE 16. The VIIRPC results at PCC a) VUF b) bus frequency, c) power factor, and d) bus voltage.
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FIGURE 17. The fluctuating power supply characteristic without running
trans where a) frequency, b) voltage, and c) VUF.

TABLE 8. The comparison between RPC and VIIRPC (CASE A2).

2) CASE A2: THE BALANCED CONDITION
The balanced condition is created using two 5MW step loads
with a 0.95 pf, connected to both secondary phases of the
Scott transformer. In this scenario, as the load on the Scott
transformer is already balanced, both sides of the VIIRPC
provide only inertial power, as depicted in Fig. 12 (a). Each
converter side fully supplies the reactive power load, as shown
in Fig. 12 (b). Due to the balanced loading condition, the

TABLE 9. The comparison between conventional and low-inertia power
supply (CASE B1).

VUF is naturally eliminated, as indicated in Fig. 12 (c).
However, frequency issues remain, triggering the virtual iner-
tia control loop in the VIIRPC. The frequency deviation
improvement, including RoCoF and frequency nadir demon-
strations, is displayed in Fig. 12 (d) and summarized in
Table 8.
Similar to CASE A1, the load ramp-rate for both phases

is reduced during both step-up and step-down changes when
the VIIRPC is installed, as shown in Fig. 13 (a) and (b).
In these figures, the active power characteristics without RPC
installation and with RPC installation are identical, indicating
that the RPC control loop is not activated under balanced
conditions. The reactive power for both phases is supplied by
both sides, as demonstrated in Fig. 13 (c) and (d).

C. TRAIN RUNNING SIMULATION
In subsequent simulations, the highest traffic density sce-
nario is established as mentioned earlier. The analysis is
conducted in three parts: first, by comparing low-inertia and
conventional railway power supplies (CASE B1); second,
by evaluating the impact of the VIIRPC through a pre- and
post-installation analysis (CASE B2); and third, by replicat-
ing the second scenario while incorporating the effects of
power supply fluctuations (CASE B3).

1) CASE B1: LOW-INERTIA POWER SUPPLY IMPACTS
At the PCC of the TPSS, a comparison between con-
ventional grids and RES-dominated grids is conducted,
focusing on the impact of frequency, positive sequence volt-
age, and unbalance factor. These impacts are depicted in
Fig. 14 (a)-(c), and RoCoF and frequency nadir are sum-
marized in Table 9. During the simulation period, a total
of 6 trains arrive at this TPSS, followed by the departure
of TU1 at 730 seconds. Fig. 14 (c) shows a mix of unbal-
anced and balanced load conditions, with balanced conditions
occurring during two intervals: 130 - 250 seconds, and the
remainder being unbalanced. The results indicate that modern
grids face challenges in managing a standard train opera-
tion schedule, failing to meet the specified criteria for these
factors.
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FIGURE 18. The VIIRPC results at PCC with power source fluctuations a) VUF b) bus frequency, c) power
factor, and d) bus voltage.

TABLE 10. The comparison between RPC and VIIRPC (CASE B2).

2) CASE B2: A 4-MINUTE HEADWAY SCHEDULE CASE
In this study, the performance of the VIIRPC is com-
pared with scenarios before any device installation and
with a conventional RPC installation. The active power
load characteristics for the β and α phases are shown in
Fig. 15 (a) and (b). In Fig. 15 (a), the sequence of trains
running through the β phase over 800 seconds is as follows:
TU1 arrives at 10 seconds and departs at 370 seconds, TU2
arrives at 250 seconds and departs at 610 seconds, and TU3
and TD1 arrive at 490 seconds. In Fig. 15 (b), TD1 arrives at
130 seconds and departs at 370 seconds, TD2 and TU1 arrive
at 730 seconds, and TD3 and TU2 arrive at 610 seconds.
In both figures, the active power is a mix of unbalanced

TABLE 11. The comparison between RPC and VIIRPC (CASE B3).

and balanced periods before any device installation. After
the installation of RPC and VIIRPC, the active power is
equally distributed between each phase. The notable differ-
ence between RPC and VIIRPC installations is the lower load
ramp-rate in the VIIRPC case. For reactive power, each side
supplies its own load separately, as discussed in CASE A1
and A2. The active and reactive power injection from the
VIIRPC are shown in Fig. 15 (c) and (d).

The VIIRPC results, including VUF, frequency, power
factor, and positive sequence voltage for this case, are dis-
played in Fig. 16 (a)-(d). These results demonstrate that the
VIIRPC can eliminate VUF and maintain the power factor at
unity, similar to a conventional RPC, while also helping to
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TABLE 12. Geometry of the catenary system.

improve frequency deviation aspects, which are summarized
in Table 10.

3) CASE B3: A 4-MINUTE HEADWAY SCHEDULE WITH A
FLUCTUATED POWER SOURCE CASE
In CASE B2, it is found that the VIIRPC is capable of operat-
ing effectively with a 4-minute headway train schedule under
a consistent power supply. This section examines the impact
of power supply fluctuations on its performance. Frequency,
voltage, and VUF variations are shown in Figures 17 (a)-(c).
Despite maintaining the same simulation parameters as the
previous scenario, this iteration introduces a variable power
source. The simulation results, including frequency, voltage,
VUF, and pf, are depicted in Figures 18 (a)-(d). TheVIIRPC’s
performance under fluctuating power conditions is summa-
rized in Table 11, indicating effective operation even with
power source variability.

V. CONCLUSION
In this paper, a novel VIIRPC control scheme is proposed, sig-
nificantly augmenting the capabilities of conventional RPCs
through the integration of virtual inertia support. A simplified
yet comprehensive model for the VIIRPC, utilizing a current
source-based framework, has been developed and presented.
The model has been verified under a variety of load con-
ditions, including both unbalanced and balanced conditions.
The verification outcomes have confirmed that the VIIRPC
effectively delivers inertia support, transitioning from an
unbalanced system configuration (found on the secondary
side of the Scott transformer) to a balanced three-phase

system at the PCC. Further testing under a 4-minute headway
train schedule, in both standard and low-inertia grid environ-
ments without initial RPC implementation, has underscored
the challenges presented by low-inertia power systems.
Following the installation of the VIIRPC, comparative sim-
ulations have been executed to assess scenarios with no
RPC, existing RPC, and the newly introduced VIIRPC. These
tests have demonstrated the VIIRPC’s superior capability in
enhancing the power system’s performance, particularly in
improving frequency stability, thereby surpassing traditional
RPC solutions.

The theoretical explanation for the performance of the
VIIRPC is that the acceleration of a frequency change, caused
by a lack of inertia, can be counteracted by adopting a reverse
perspective. This involves slowing the load change (load-
ramp rate) through the injection of virtual inertia power,
which is aimed at mitigating the frequency deviation, espe-
cially the RoCoF, and frequency nadir. While the primary
design focus was on frequency support, the VIIRPC has also
provided significant support in voltage stabilization, prov-
ing to be highly effective under the fluctuating conditions
typical of variable power sources. The VIIRPC significantly
benefits modern railway power supplies. Its value is crucial
for TPSS in remote areas with greater dependence on RES.
This paper demonstrates the application of VIIRPC to trac-
tion transformers, where the phasors on the secondary side
are perpendicular, as observed in Scott transformers. This
suggests the potential for broader adaptation across other
types of transformers. Further research should explore the
incorporation of railway systems to improve grid flexibility.

R =



4.26E − 01 4.92E − 02 4.89E − 02 4.89E − 02 4.88E − 02 4.92E − 02 4.92E − 02 4.88E − 02 4.89E − 02 4.88E − 02
4.92E − 02 4.26E − 01 4.89E − 02 4.89E − 02 4.88E − 02 4.92E − 02 4.92E − 02 4.89E − 02 4.89E − 02 4.88E − 02
4.89E − 02 4.89E − 02 6.09E − 01 4.86E − 02 4.84E − 02 4.89E − 02 4.88E − 02 4.85E − 02 4.86E − 02 4.84E − 02
4.89E − 02 4.89E − 02 4.86E − 02 2.28E − 01 4.85E − 02 4.89E − 02 4.89E − 02 4.86E − 02 4.86E − 02 4.85E − 02
4.88E − 02 4.88E − 02 4.84E − 02 4.85E − 02 1.67E − 01 4.88E − 02 4.88E − 02 4.84E − 02 4.85E − 02 4.84E − 02
4.92E − 02 4.92E − 02 4.89E − 02 4.89E − 02 4.88E − 02 4.26E − 01 4.92E − 02 4.89E − 02 4.89E − 02 4.88E − 02
4.92E − 02 4.92E − 02 4.88E − 02 4.89E − 02 4.88E − 02 4.92E − 02 4.26E − 01 4.89E − 02 4.89E − 02 4.88E − 02
4.88E − 02 4.89E − 02 4.85E − 02 4.86E − 02 4.84E − 02 4.89E − 02 4.89E − 02 6.09E − 01 4.86E − 02 4.84E − 02
4.89E − 02 4.89E − 02 4.86E − 02 4.86E − 02 4.85E − 02 4.89E − 02 4.89E − 02 4.86E − 02 2.28E − 01 4.85E − 02
4.88E − 02 4.88E − 02 4.84E − 02 4.85E − 02 4.84E − 02 4.88E − 02 4.88E − 02 4.84E − 02 4.85E − 02 1.67E − 01



X =



9.88E − 01 4.07E − 01 3.11E − 01 3.25E − 01 3.01E − 01 3.43E − 01 3.23E − 01 2.98E − 01 3.07E − 01 2.79E − 01
4.07E − 01 9.88E − 01 3.11E − 01 3.25E − 01 2.96E − 01 3.71E − 01 3.43E − 01 3.04E − 01 3.15E − 01 2.86E − 01
3.11E − 01 3.11E − 01 7.86E − 01 4.12E − 01 3.51E − 01 3.04E − 01 2.98E − 01 3.43E − 01 3.40E − 01 3.04E − 01
3.25E − 01 3.25E − 01 4.12E − 01 7.67E − 01 3.43E − 01 3.15E − 01 3.07E − 01 3.40E − 01 3.43E − 01 3.02E − 01
3.01E − 01 2.96E − 01 3.51E − 01 3.43E − 01 7.22E − 01 2.86E − 01 2.79E − 01 3.04E − 01 3.02E − 01 2.80E − 01
3.43E − 01 3.71E − 01 3.04E − 01 3.15E − 01 2.86E − 01 9.88E − 01 4.07E − 01 3.11E − 01 3.25E − 01 2.96E − 01
3.23E − 01 3.43E − 01 2.98E − 01 3.07E − 01 2.79E − 01 4.07E − 01 9.88E − 01 3.11E − 01 3.25E − 01 3.01E − 01
2.98E − 01 3.04E − 01 3.43E − 01 3.40E − 01 3.04E − 01 3.11E − 01 3.11E − 01 7.86E − 01 4.12E − 01 3.51E − 01
3.07E − 01 3.15E − 01 3.40E − 01 3.43E − 01 3.02E − 01 3.25E − 01 3.25E − 01 4.12E − 01 7.67E − 01 3.43E − 01
2.79E − 01 2.86E − 01 3.04E − 01 3.02E − 01 2.80E − 01 2.96E − 01 3.01E − 01 3.51E − 01 3.43E − 01 7.22E − 01
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APPENDIX
A. GEOMETRY OF THE CATENARY SYSTEM
See Table 12.

B. IMPEDANCE MATRIX
R and X, as shown at the bottom of the previous page, are
both represented in units of �/km.
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