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Abstract: In order to supply the single-phase locomotive load and mitigate the negative sequence current,
this paper develops a V/V transformer-based connection and control strategy of three-phase
photovoltaic (PV) converters integrated into railway traction power supply systems. In this V/V
transformer-based connection, the two-phase traction voltage is converted into the three-phase voltage.
This approach can offer a common low voltage AC bus, which is more convenient for more access to
three-phase PV converters. Based on this V/V transformer-based connection, an individual phase
current control strategy with the hybrid current reference is fully designed. In this control strategy,
the current reference, containing two parts, is generated. One is the asymmetrical part for powering
the single-phase locomotive load and mitigating the negative sequence current. The other is the
symmetrical part for feeding the surplus power back to the utility grid. Then, each phase current
replaces the dual-sequence current to be controlled to track the corresponding phase current reference.
Consequently, PV converters can flexibly inject the symmetrical and asymmetrical currents without
the dual-sequence extraction for a simpler implementation. Finally, the effectiveness of the developed
connection and control strategy is validated by the simulation studies.

Keywords: connection; hybrid current reference; individual phase current (IPC); photovoltaic (PV)
converter; traction power supply system (TPSS)

1. Introduction

In recent decades, renewable resources have attracted more attention and experienced a rapid
increase in power generation due to concerns about climate change and environmental pollution [1,2].
Among various types of renewable resources, wind and solar energy continue to dominate, with 176 GW
renewable capacity expansion all over the world in 2019, jointly accounting for 90% of the total. Due to
the cost reduction and the flexible installation of photovoltaic (PV) panels, PV generation achieves
a higher growth than wind power generation. The installed capacity of PV generation increased by
98 GW (+20%) in 2019, and the cumulative installed capacity of PV generation has amounted to 586
GW with a 23% share of global renewable energy generation [3]. However, the drastic increase of
PV generation is associated with severe solar curtailment, which is the main obstacle for the future
development of PV generation. Thus, the consumption of the electric power produced from PV
generation is recently highlighted.

It is noted that the transport sector accounts for 29% of final energy consumption. From an
energy and emissions perspective, rail transport is among the most energy-efficient and lowest-emitting

Energies 2020, 13, 5989; doi:10.3390/en13225989 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-8932-2011
https://orcid.org/0000-0003-0181-4738
https://orcid.org/0000-0001-8311-7412
http://dx.doi.org/10.3390/en13225989
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/22/5989?type=check_update&version=2


Energies 2020, 13, 5989 2 of 17

transport modes. Furthermore, rail transport is the most electrified transport sector, where three-quarters
of the passenger movements and half of the freight trains rely on electricity. It is indicated that the
strong growth of railways brings up energy demand such that the total electricity consumption will
be nearly 700 TWh by 2050 [4]. The dramatic increase in electricity consumption exacerbates the
contradiction of the power supply and demand. Following the Paris Agreement to restrict global
temperature rise to 2.0 ◦C, more renewable energy is expected to be consumed in the form of electricity,
which is forecasted to share 84.8% of the total energy consumption by 2050 [5]. It is essential to upgrade
the power supply with additional access to more renewable energy. Several examples of PV generation
installed in the rail sector are carried out without increasing land use, which effectively relieves the
contradiction of the power supply and demand. In 2011, Japan Rail-East operated its first installed
453 kiloWatt peak (kWp) PV generation at Tokyo Station for serving the traction of Tokaido Line
trains [6]. Several other examples of similar installations are a 90 kWp rooftop PV generator at the
Korail headquarters buildings [7], a 30 kWp PV generator in Aldershot, England [8], and a 2.4 MWp
rooftop PV generator at Shaling railway lots, China [9]. In Reference [10], the total potential of PV
generation in China’s rail sector is calculated to be 239.6 TWh per year. Meanwhile, the International
Energy Agency reports that by 2030, the electricity consumption in China’s rail sector will increase to
191.9 TWh [11]. Together with the 10% utilization rate of the total generation potential, the share of
renewable electricity produced by itself is around 12.5%. Consequently, the approach of taking full use
of the growing role of PV generation in the rail’s own available space plays an important role in the
railway power supply with more renewable energy and fewer carbon emissions.

The most common solution is to connect PV generation to the high voltage 110 kV or 220 kV
bus of the railway feeder stations with no modification on railway traction power supply systems
(TPSSs) [12,13]. Since the output voltage of PV panels and PV converters are relatively low, a high-ratio
transformer is needed for the power delivery. Meanwhile, the locomotive load is connected to the
railway traction network, which is powered by a step-down transformer in railway TPSSs. The entire
delivery of solar power is complicated by multi-transformers with more power loss. Thus, a direct
connection of PV converters to the traction network is preferred. In Reference [14], a single-phase-based
connection of PV converters to the TPSSs is designed. Two AC ports of the back-to-back single-phase
converter are connected to the secondary-side of two single-phase step-down transformers, respectively.
A DC/DC converter is connected to the common DC link of the two DC/AC converters to deliver
the maximum power of the PV panels. Due to the absence of a common bus, it is difficult to access
more PV converters at the connection point. In Reference [15], a multi-port railway power conditioner
with a common DC bus is proposed. Two AC ports of the single-phase cascaded H-bridge converter
are directly connected to the railway traction network without transformers. A three-port isolated
DC/DC converter is employed in this configuration, whose high-voltage DC ports are connected to the
corresponding high-voltage DC links of H-bridge modules, and low-voltage DC ports are connected
to a common bus to access more converters. However, this implementation is of high complexity
with H-bridges and three-port isolated DC/DC converters. Besides, for guaranteeing the balanced
current injection and the constant power delivery, coordinated control of the two single-phase cascaded
H-bridge converters are essential, but this would lead to reactive current circulation between two AC
ports with more power loss. Thus, the connection of PV converters to TPSSs needs further study.

Since the locomotive is a single-phase load, PV converters are required to inject asymmetrical
currents, which consist of both a positive sequence current (PSC) and negative sequence current
(NSC). For regulating both PSC and NSC, various controllers are proposed in the stationary reference
frame to track the corresponding current reference with zero steady errors, e.g., hysteresis [16],
repetitive [17], predictive [18], back-stepping [19], and proportional plus resonant (PR) controllers [20].
Several generation strategies for asymmetrical current provision are presented on the basis of
instantaneous power theory for achieving a variety of power characteristics [21–24]. These current
generation strategies all have predefined control targets, such as the rebalance of injected currents [21],
the mitigation of DC voltage fluctuations [22], and the achievement of constant active and reactive
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power [23,24]. For a compromise among the aforementioned targets, a flexible reference generation of
PSC and NSC is given in Reference [25], which is implemented with two extra coefficients. The common
focus of all the reference generation strategies is on directly regulating PSC and NSC for controlling
the power oscillations in the three-phase system, which is considered only from the grid point of view.
However, seen from the load point of view, limited work has been done considering single-phase
electric trains.

Therefore, this paper develops a V/V transformer-based connection and individual phase current
(IPC) control strategy of PV converters integrated into railway TPSSs. In this connection, another V/V
transformer is introduced to convert the two-phase traction voltage to the three-phase voltage.
This approach can provide an LV AC bus for more access to phase converters. For supplying the
locomotive load and mitigating the negative sequence current, an IPC control strategy with a hybrid
current reference is developed. In this strategy, the hybrid current reference, containing the symmetrical
and asymmetrical parts, is generated in the stationary reference frame. Then, the individual phase
current is controlled instead of the positive and negative sequence current to track the corresponding
references. Thus, the flexible current injection is achieved for both supplying the locomotive with the
asymmetrical currents and feeding back to the utility grid with the symmetrical currents. The rest of
this paper is organized as follows. In Section 2, the V/V transformer-based connection of PV converters
integrated into railway TPSSs is discussed. In Section 3, an IPC control strategy with a hybrid current
reference is fully designed. Then, the simulation results are presented and compared in Section 4.
Finally, Section 5 draws the conclusions.

2. Connection Topology

In the railway electrification systems, 50 Hz, 25 kV two-phase AC electrification is dominated due
to the simpler implementation and lower power loss. For converting three-phase grid voltage into
two-phase traction voltage, several special traction transformers are designed. For single-phase
locomotives, the utilization factor is 100% in the V/V transformer, while it is 75.6% in the
wye-delta-connected transformer, 81.6% in the Scott transformer, and 84.5% in the Le Blanc
transformer [26]. This main advantage of the V/V transformer makes it widely used in the 50 Hz,
25 kV two-phase railway electrification system. Thus, a V/V transformer-based railway TPSS is taken
in the following. Figure 1 gives a V/V transformer-based connection of PV converters integrated into
the railway TPSSs.

Figure 1. A V/V transformer-based connection.
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As shown in Figure 1, it is used to offer two-phase voltage at 27.5 kV in the traction network with
feeder lines, called the α- and β-arm. Another step-down V/V transformer (MT2) is used to convert a
two-phase traction voltage of 27.5 kV to a three-phase voltage of 10(6) kV, which is regarded as an LV
AC bus. Thereby, it is convenient to access more PV systems typically operating at a low voltage.

In this study, the grid is assumed to be of no zero-sequence voltage and harmonics in a three-phase
three-wire system. Accordingly, the line voltage relationship of the utility grid, the traction network,
and the LV AC bus can be expressed as,[

uα

uβ

]
=

1
k1

[
−uCA

uBC

]
= k2

[
−ugca

ugbc

]
(1)

where k1 and k2 are the ratios of V/V transformer MT1 and MT2, uAB, uBC, uCA are the utility grid line
voltages, uα, uβ are the traction voltages, ugab, ugbc, ugca are the LV AC bus line voltages, respectively.

As a result, the line voltage of the LV AC bus is proportional to the utility grid, which is obtained as,[
ugab ugbc ugca

]T
=

1
k1k2

[
uAB uBC uCA

]T
(2)

where superscript T refers to the matrix transpose.
It is seen that the LV AC bus can provide three-phase voltage, similar to that of the utility grid,

which is convenient for the access of common three-phase PV converters. Then, for stepping down the
common bus voltage and suppressing 3rd harmonic currents, an isolated DYn11 transformer (MT3) is
introduced in the PV system. Thus, the phase of the common bus line voltage is 30◦, lagging that of
the converter line voltage. Meanwhile, the amplitude of the bus line voltage is k3 times higher than
that of the converter line voltage, where k3 is the ratio of the isolated DYn11 transformer. Based on
the equivalent circuit of the DYn11 transformer, the line voltage between phase c and a in MT3′s
primary-side winding has the same phase angle as the converter voltage of phase a in the secondary-side
winding, but its amplitude is

√
3k3 higher than that of the converter phase voltage. Thus, as analyzed,

the following voltage and current relationships are obtained as,[
uca ucb ucc

]T
=

1
√

3k3

[
ugab ugbc ugca

]T
(3)

[
ica icb icc

]T
=
√

3k3
[

igab igbc igca
]T

(4)

where uca, ucb, ucc are the converter phase voltages, ica, icb, icc are the converter currents, and igab, igbc,
igca are the phase currents of the primary-side windings, respectively.

Based on (3) and (4), the converter voltage in the terms of the utility grid voltage is obtained as,
uca

ucb

ucc

 = 1
√

3k1k2k3


uAB

uBC

uCA

 = 1
√

3k1k2k3


1
0
−1

−1
1
0

0
−1
1




uA

uB

uC

 (5)

As seen, the converter phase voltage is in the same phase as the grid line voltage and proportional
to the amplitude of the grid line voltage. Besides, the converter phase voltage contains no zero-sequence
voltage, even if there is a zero-sequence grid phase voltage. It is evident that the developed V/V
transformer-based connection provides a three-phase LV AC bus for more convenient accesses to
the three-phase PV converters. When no locomotive load is on each traction arm, PV converters
offer a three-phase symmetrical current injection for the power delivery to the utility grid. It avoids
the unbalanced current and the reactive circulation, which are the main advantages of this V/V
transformer-based connection.
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The current relation of the primary-side and secondary-side of step-down V/V transformer MT1
and MT2 can be expressed as, 

iA
iB
iC

 = 1
k1


1
0
−1

0
1
−1


[

iα
iβ

]
(6)


iga

igb

igc

 = k2


1
0
−1

0
1
−1


[

iCα

iCβ

]
(7)

where iA, iB, iC are line currents in utility grid, iga, igb, igc are line currents in LV AC bus, iα, iβ are
α- and β-arm traction currents, iCα, iCβ are currents injected by the LV AC bus in the α- and β-arm,
respectively.

As seen from Figure 1, the traction currents are made up of two parts. One is the locomotive load
current produced by electric trains in the traction arm. The other one is the current injected by the PV
converter. Thus, the expression of the traction current can be presented as,[

iα
iβ

]
=

[
iLα
iLβ

]
+

[
iCα

iCβ

]
(8)

where iLα, iLβ are the locomotive load currents in α- and β-arm, respectively.
As a result, together with (6) and (7), the current relation of the utility grid, the locomotive load,

and the PV converter is obtained by,


iA
iB
iC

 = 1
k1


1

0

−1

0

1

−1


 iα

iβ

 = 1
k1


1

0

−1

0

1

−1


 iLα

iLβ

+ 1
√

3k1k2k3


1

−1

0

0

1

−1

−1

0

1




ica

icb

icc

 (9)

As seen, the current in the utility grid is made up of the locomotive load current and the converter
current. If the PV converter is properly controlled with the asymmetrical current provision, the NSC
caused by a single-phase locomotive load can be mitigated. As an example, for powering an electric
train on an α traction arm, all the solar power is required to be delivered through phases a and c of
the LV AC bus, and the current of phase b is controlled to be zero. Since the converter current of
each phase has a clear correspondence to the phase current in the LV AC bus, it is recommended to
regulate the individual phase current (IPC) of the PV converter instead of the PSC and NSC for the
asymmetrical current injection. Under a case that supplies a single-phase locomotive load, the control
strategy regulating each phase current has more advantages over the dual-sequence current control,
including the obvious correspondence of current and no sequence extraction of voltage and current.
As a result, the IPC control strategy is suggested to be employed for PV converters connected to the
railway traction network.

3. Control System

3.1. Current Tracking

For the PV converter shown in Figure 1, the front-end DC/DC converter is responsible for
delivering the maximum solar power into the common DC link, while the rear-end DC/AC voltage
source converter (VSC) is controlled to transfer the DC power into the AC power by maintaining
a constant DC link voltage. Since the front-end DC/DC converter is not in the scope of this paper,
a stiff power source is connected to the common DC link instead of a DC/DC converter to deliver
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the solar power. As widely used in VSCs, for maintaining a constant dc-link voltage, a proportional
integral (PI)-based DC voltage control loop is applied as

Pcref =

(
kvp +

kvi

s

)
· (Vdcref −Vdc) (10)

where Vdcref is the reference of the dc-link voltage, kvp and kvi are the proportional and integral
parameters, and Pcref is the power reference of the converter, respectively.

Due to the positive direction of current into the converter, the mathematical model of the
converter voltage, the modulated voltage, and the converter current is given as,

L
d
dt


ica

icb

icc

 =


uca

ucb

ucc

−R


ica

icb

icc

−


vca

vcb

vcc

 (11)

where vcabc, icabc and ucabc are the modulated phase voltage, the converter phase current, and the
converter phase voltage, and L and R are the filter inductance and resistance, respectively.

Then, the modulated voltage vca, vcb and vcc of each phase can be obtained in the stationary abc
reference frame as, 

vca

vcb

vcc

 =


uca

ucb

ucc

−R


ica

icb

icc

−


v′ca
v′cb
v′cc

 (12)

where v′ca, v′cb and v′cc are the outputs of the current controllers,
v′ca
v′cb
v′cc

 = G(s)


icaref − ica

icbref − icb

iccref − icc

 (13)

where icaref, icbref and iccref are the current references of phases a, b, and c, and G(s) is the transfer of the
adopted current controller, respectively.

It is noted that since all the calculations and implementations are carried out in the stationary
reference frame, the current reference in this proposed IPC control strategy must be AC signals.
Meanwhile, the proper current provision is needed for supplying the single-phase locomotive load
and mitigating the NSC in the utility grid. Consequently, the hybrid current reference containing the
asymmetrical and symmetrical parts is essential in the developed IPC control strategy of PV converters
integrated in the TPSSs.

3.2. Hybrid Current Reference

In this study, it is assumed that the locomotive load is powered by the α-arm, and no load is on the
β-arm in the traction network. According to Figure 1, for supplying this locomotive load, the current is
required to be injected through phases a and c of the LV AC bus, and then the phase b current should
be controlled to be zero. Since modern electric trains with pulse-width modulation (PWM)-based
rectifiers are launched for unity-power-factor operation, PV converters need only inject the active
current and power. Then, based on the instantaneous power theory, the active power in the LV AC bus
is obtained as,

Pg = ugaiga + ugbigb + ugcigc = −ugaigc + ugcigc = ugcaigc (14)

where ugca is the line voltage between phase c and a, Pg is the active power in the LV AC bus.
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Since PV converters are only required to inject the active current, the current of phase c is in the
same phase angle as the line voltage ugca between phase c and a, which is calculated as,

igc = Igm
ugca

Ugm
= Igm sin(ωt + ϕ) (15)

where Igm is the line current amplitude of the LV AC bus, Ugm is the line voltage amplitude of the LV
AC bus, ϕ is the phase angle of the line voltage ugca, and ω is the grid angular frequency, respectively.

Submitting (15) into (14), the active power in the LV AC bus is rewritten as,

Pg = UgmIgm
1− cos(2ωt + 2ϕ)

2
(16)

As seen, the delivered power contains both the average part and the oscillating part at twice
the grid frequency. In order to maintain a constant DC link voltage, the average power in (16) must
follow the power reference of a DC signal, which is given in (10). Consequently, the injected current
amplitude is obtained by,

Igm =
Pcref

Ugm/2
(17)

Together with (15), in the terms of the line voltage of the LV AC bus, the phase current of the LV
AC bus is given as, [

iga igb igc
]T

=
Pcref

U2
gm/2

[
−ugca 0 ugca

]T
(18)

Then, for providing the injected current in the LV AC bus as required in (18), the output current of
the PV converter, i.e., the current reference, is set as,

icaref

icbref

iccref

 =
√

3k3

3


1
0
−1

−1
1
0

0
−1
1




iga

igb

igc

 = Pcref

3U2
cm/2


−ucc

−ucc

2ucc

 (19)

where Ucm is the amplitude of the converter phase voltage,

Ucm = Ugm/
√

3k3 (20)

As seen, for powering the single-phase locomotive, the asymmetrical current injection of the PV
converter is essential. If the solar power is less than the locomotive load, all the solar power is used to
supply the locomotive load. Under such a case, the locomotive load is powered not only by the PV
converter, but also by the utility grid. When the solar power is larger than the locomotive, the solar
power is divided into two parts. One is to supply the single-phase locomotive load and the other one
is fed back to the utility grid. If the surplus power is fed back to the utility grid with the asymmetrical
current injection, it would introduce current unbalance and power oscillations in the grid.

To address this, a hybrid current reference containing both asymmetrical and symmetrical parts is
needed. It can flexibly provide both the asymmetrical current reference for powering the single-phase
locomotive and the symmetrical current reference to fed the surplus power back to the grid.

If the locomotive load is larger than the solar power, all the solar power is delivered to the
locomotive load with the aforementioned asymmetrical current injection in (20). The other required
power is offered by the utility grid and then the asymmetrical grid currents arise in the utility grid. it is
noted that this is inevitable due to the power supply of the single-phase locomotive load.

If the solar power is larger than the locomotive load, the partial power supplies the locomotive
with the asymmetrical current injection, while the surplus power is fed back to the utility grid with
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the symmetrical current injection. Thus, the current reference, containing the asymmetrical and
symmetrical parts, is expressed as,

icaref

icbref

iccref

 =


icaref1

icbref1

iccref1

+


icaref2

icbref2

iccref2

 (21)

where icaref1, icbref1, and iccref1 are the asymmetrical current reference of each phase for powering the
single-phase locomotive load, icaref2, icbref2, and iccref2 are the symmetrical current reference of each
phase for feeding back to the utility grid, respectively.

As analyzed previously, for powering the single-phase locomotive loads, the asymmetrical current
reference is given as, 

icaref1

icbref1

iccref1

 = −PLL

3U2
cm/2


−ucc

−ucc

2ucc

 (22)

where PLL is the locomotive load.
It is noted that due to opposite current directions between the feeder line and LV AC bus, a minus

sign needs to be inserted to represent the outputted active power of the PV converter.
For feeding the surplus power back to the utility grid, the symmetrical current injection is essential.

Under such a case, the current amplitudes of each phase are all equal. Then, for only injecting the
active currents, the converter current of each phase is expected to be in the same phase angle as the
corresponding phase voltage. Thus, the symmetrical current reference for feeding the surplus power
back to the utility grid is given as, 

icaref2

icbref2

iccref2

 = Icbal

Ucm


uca

ucb

ucc

 (23)

where Icbal is the amplitude of symmetrical current reference.
Together with the positive direction of the current in Figure 1, except for the partial power for the

locomotive load, the surplus power for feeding back to the utility grid is calculated as,

PG = Pcref − (−PLL) = 1.5UcmIcbal (24)

where PG is the surplus power feeding back to the utility grid.
Accordingly, the amplitude of the symmetrical current injection is given as,

Icbal =
Pcref + PLL

3Ucm/2
(25)

Consequently, under such a case that the solar power is larger than the locomotive load, the hybrid
current reference, containing both the asymmetrical and symmetrical parts, is obtained as,

icaref

icbref

iccref

 = −PLL

3U2
cm/2


−ucc

−ucc

2ucc

+ Pcref + PLL

3U2
cm/2


uca

ucb

ucc

 (26)

As seen, the first term is responsible for powering the locomotive with the asymmetrical current,
while the second term is for injecting the symmetrical current for feeding the surplus power back to the
utility grid. In a per-unit system, the based voltage and current are set as the amplitudes of the rated
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phase voltage and current of PV converter. The based power is fixed at its rated power. Thus, the based
voltage, current, and power is expressed as,{

Ub = Ucm, Ib = Icm

Pb = Prated = 1.5UcmIcm
(27)

where Ub, Ib and Pb are the based values of voltage, current and power, Icm is the amplitude of the
rated current, respectively.

Together with (22) and (26), the hybrid current reference with the flexible injection of both the
asymmetrical and symmetrical currents is rewritten in the predefined per-unit system as,

icaref∗

icbref∗

iccref∗

 = sat(Pcref∗)


−ucc

−ucc∗

2ucc∗

+ dead(Pcref∗)


uca∗

ucb∗

ucc∗

 (28)

where subscript * refers to the per-unit values, sat( ) and dead( ) are the saturation and dead-zone
functions, given as,

sat(Pcref∗) =

{
Pcref∗ (Pcref∗ ≥ −PLL∗)

−PLL∗ (Pcref∗ < −PLL∗)
(29)

dead(Pcref∗) =

{
0 (Pcref∗ ≥ −PLL∗)

Pcref∗ + PLL∗ (Pcref∗ < −PLL∗)
(30)

It is noted that the voltage fluctuation caused by the locomotive loads may lead to the three-phase
voltage unbalance on the converter side. This means that the voltage amplitudes on the converter side
may not be equal to each other. Then, as given in (29), the symmetrical current cannot be injected.
Thus, to guarantee the symmetrical current injection with the unbalanced voltage, the voltage phase
angle is used to replace the instantaneous voltage. The unbalanced current injection caused by the
unbalanced voltage is avoided. As a result, (29) can be rewritten as,

icaref∗

icbref∗

iccref∗

 = sat(Pcref∗)


− sin(θcc)

− sin(θcc)

2 sin(θcc)

+ dead(Pcref∗)


sin(θca)

sin(θcb)

sin(θcc)

 (31)

where θca, θcb, and θcc, are the voltage phase angle of phase a, b, and c, respectively.
Under another case that the locomotive load is powered by the traction β-arm, similarly to the

previous analysis, the hybrid current reference, containing the asymmetrical and symmetrical parts,
is given as, 

icaref∗

icbref∗

iccref∗

 = sat(Pcref∗)


− sin(θcb)

2 sin(θcb)

− sin(θcb)

+ dead(Pcref∗)


sin(θca)

sin(θcb)

sin(θcc)

 (32)

For clear statements, Figure 2 gives a diagram of the hybrid current reference generation. Based on
the locomotive power on α- and β-arm, it is easy to switch to the required vector. Then, together with
the solar power and the locomotive load, the hybrid current reference, containing the asymmetrical and
symmetrical parts, is generated. If all the power is delivered in the form of the asymmetrical current
injection, the current amplitude will reach its maximum value. It is twice as much as the rated value,
as shown in (32). Consequently, it requires a two-fold larger converter rating for the power delivery
under such cases that the PV converters are connected to the TPSS for supplying the single-phase
locomotive load.
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Figure 2. A diagram of the hybrid current reference generation.

3.3. System Implementation

Figure 3 presents the diagram of the proposed IPC control strategy of PV converters injecting
both the symmetrical and asymmetrical currents. In this diagram, the connection point refers to the
secondary-side of the DYn11 isolated transformer (MT3). As seen, the proposed IPC control strategy
consists of three main parts: (1) the DC link controller guaranteeing that the average DC link voltage
tracks its reference with zero steady-state errors; (2) the current reference generation providing the
hybrid current reference, containing both the asymmetrical and symmetrical parts, synchronized
with the grid voltage; (3) the current controller regulating the feedback current to follow the hybrid
current reference. In the part of the current reference generation, the single-phase phase-locked loop
is applied to obtain the voltage angle of each phase in the converter side. Since it is not in the scope
of this paper, a standard power-based phase-locked loop, as given in Reference [27], is employed to
achieve each phase angle of the converter voltage.

Figure 3. The diagram of the IPC control strategy.

As analyzed previously, if the solar power is less than the locomotive load, all the solar power is
delivered to the locomotive load. Then, the other required power is supplied by the utility grid with the
asymmetrical current provision. If the solar power is larger than the locomotive load, the PV converter is
controlled to flexibly inject the asymmetrical current for powering the locomotive and the symmetrical
current for feeding the surplus power back to the utility grid. As seen, whatever the relationship
between the solar power and the locomotive load, the asymmetrical current injection, containing both
positive sequence and negative sequence components is always enabled. the asymmetrical current leads
to the power pulsations of twice the grid frequency, which would cause the twice-frequency voltage
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fluctuations in the DC link. As for the DC link PI controller with less control capability of ac signals,
its output, i.e., Pcref*, contains a twice-frequency oscillating part. Thus, the twice-frequency ripple,
introduced by the DC link controller, arises in the control loop. As indicated in References [28,29], such
a ripple would produce the 3rd harmonic component in the current reference.

In order to prevent the generation of the current harmonics, a notch filter tuned at twice the grid
frequency is inserted into the control loop for the cancellation of the twice-frequency ripple and is
expressed as,

F(s) =
s2 +ω2

s2 + 2ξωs +ω2 (33)

where ξ is a damping ratio and is set as ξ = 0.707.
For the AC current regulation, PR controllers are employed due to the sufficient amplitude gain

at operating frequency and the simple implementation among various stationary controllers. For a
reduced sensitivity against slight frequency variations around resonant poles, a cutoff frequency
ωc = 5–20 rad/s is introduced as a damping factor for both the rapid response and preferable stability.
Thus, the complete transfer function of the PR current controller is given as,

G(s) = kip +
kir · 2ωcs

s2 + 2ωcs +ω2 (34)

where kip and kir are the proportional and resonant parameters, andωc = 10 rad/s is the cutoff frequency,
respectively.

Then, together with the feedforward terms in (12), the modulated converter voltage is obtained,

Vcabc = Ucabc −RIcabc −Vcabc_PR (35)

where Vcabc, Ucabc, and Icabc, are the vectors of the modulated voltage, the converter voltage, and the
converter current, Vcabc_PR is the output of the PR controllers, respectively.

Finally, based on the modulated voltage in (35), a space vector modulation is introduced to
generate the required switching signals for the PV converter.

As seen, the proposed IPC control strategy regulates each phase current instead of the positive
and negative sequence current for the flexible symmetrical and asymmetrical current injection.
Meanwhile, the hybrid current reference is generated on the basis of the delivered power and the
phase angle in the stationary reference frame. It is noted that the grid condition is assumed to be
non-distorted in this paper. To address the harmonic issue in future work, an improved power-based
phase-locked loop is needed to extract the phase angle of the fundamental component from the
distorted voltage. In order to guarantee the simultaneous regulation of the fundament and harmonic
currents with zero steady-state errors, a proportional plus multi-frequency resonant (P-MFR) controller,
tuned at the fundamental and harmonic frequencies, is needed. However, as indicated in Reference [30],
the introduction of the P-MFR controller leads to the reduced phase margin of the control system and
then makes negative impacts on the system stability.

The proposed IPC control strategy need not distinguish the dual-sequence current during the
current reference generation and its regulation. Meanwhile, based on the traction power of the α- and
β-arm, the proposed IPC control strategy can switch to the proper current reference as given in (31)
and (32) for supplying the locomotive load on different traction arms. Thus, compared to the existing
solutions, the main advantage of the proposed IPC control strategy is the lack of dual-sequence
extraction with a simple implementation.

4. Simulation Results

In order to evaluate the V/V transformer-based connection and IPC control strategy, a simulation model
with its main circuit as Figure 1 is developed on Matlab/Simulink (R2020a, MathWorks. Inc., Natick, MA, USA).
In this test, an equivalent PV converter of 5.0 MW is used to represent all the converters connected to the
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common LV AC bus. Since the front-end DC/DC converter is not in the scope, a stiff power source can
be applied instead of the front-end converter for delivering the solar power into the common DC link.
Most electric trains are equipped with PWM rectifiers and usually operate in the unity-power-factor
mode; thus, the locomotive load can be replaced by resistance. All the parameters are listed in Table 1.

Table 1. Simulation parameters.

Parameter Value Parameter Value

Grid line voltage 110 kV Converter capability 5 MW
MT1 turn’s ratio k1 110 kV/27.5 kV DC capacitance 60 mF
MT2 turn’s ratio k2 27.5 kV/10 kV DC-link voltage 1000 V
MT3 turn’s ratio k3 10 kV/310 V Locomotive load 3 MW

In the studies, all the simulation results are given per-unit with a based power of 5.0 MW.
The locomotive load of 3.0 MW (0.6 p.u.) is assumed to be on the α traction arm. Due to the
single-phase locomotive load, this would lead to voltage unbalance in the high-voltage side and the
converter side. Thus, a 5% voltage dip in phases a and c resulting in the unbalanced grid voltage
condition is considered in the grid condition. Then, the delivered solar power is initially set at 2.0 MW
(0.4 p.u.) and then increased to 5.0 MW (1.0 p.u.) at 0.2 s. For comparing different behaviors with
different current references, two operation modes of the PV converter are implemented. In Mode I,
the current reference only containing the asymmetrical part, as shown in (19), is always applied in
the PV converter regardless of the locomotive load and the solar power. Nevertheless, in Mode II,
the hybrid current reference containing both the symmetrical and asymmetrical parts, as shown in (31),
is enabled in the control system of the PV converter.

Figure 4 presents the simulation results of Mode I with the asymmetrical current reference. All the
simulation results are given in per-unit values.

It is noted that in 0–0.2 s, the delivered solar power is initially at 0.4 p.u., which is less than the
locomotive load of 0.6 p.u. The PV converter offers the asymmetrical current injection for delivering all the
solar power of 0.4 p.u. to the locomotive load, while the remaining required power of 0.2 p.u. is supplied
by the utility grid in the form of the asymmetrical current. Under such a case, the injected maximum
current of the utility grid reaches around 0.35 p.u. Then, at 0.2 s, the solar power is increased to 1.0 p.u.,
which is larger than the locomotive load. Under such conditions, all the solar power is still delivered
with the asymmetrical current reference given in (19). The converter current is highly sinusoidal
with its total harmonic distortion (THD) being 1.8%. However, as with more access to PV converters,
the interaction between multi-converters and the traction network may lead to more harmonics in
the current provision and may even cause the harmonic instability. This poses new challenges to
the stability and power quality in the AC railway [31,32]. For guaranteeing enhanced stability and
power quality, several additional methods, including control system optimization, mitigation device
installation, and traction network enhancement, can be adopted. Besides, the maximum amplitude of
the converter current reaches 2.0 p.u., because all the solar power is delivered through two specific
phases with the line voltage instead of three phases with the phase voltage. Focused on the dc-link
voltage of the converter, since the asymmetrical current causes the twice-frequency power fluctuations,
there would be ±15 V voltage fluctuations in the common dc-link. With Mode I enabled, the surplus
power of 0.4 p.u. is fed back to the utility grid with the asymmetrical current injection. Under such
conditions, there would inevitably be a current unbalance and twice-frequency power pulsations in
the utility grid.
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Figure 4. Simulation results of Mode I with the asymmetrical current reference.

Figure 5 gives the simulation results of Mode II with the hybrid current reference. In this mode,
the hybrid current reference is enabled and generated on the basis of the locomotive load and the
solar power.

It is noted that in 0–0.2 s, since the solar power is less than the locomotive load, as analyzed
previously, all the solar power is delivered in the form of the asymmetrical current injection for
powering the locomotive load. Under such a case, the current reference produced by (31) is the same
as that of (19); thus, the simulation results are in the same condition as Figure 4. Except for the partial
power offered by the PV converter, the other power of 0.2 p.u. required by the locomotive load is
supplied by the utility grid with asymmetrical current provision. Then, at 0.2 s, the solar power
is increased to 1.0 p.u., which is 0.4 p.u. larger than the locomotive load. As analyzed previously,
the partial solar power of 0.6 p.u. is delivered in the form of the asymmetrical current for supplying
the locomotive load, while the surplus solar power of 0.4 p.u. is fed back to the utility grid in the form
of the symmetrical current. Since there is the symmetrical current provision for delivering the surplus
0.4 p.u. power, the maximum current amplitude of the PV converter is reduced to 1.6 p.u., which is
less than that of Mode I. Due to less asymmetrical current injection with Mode II active, the dc-link
voltage fluctuations are suppressed to ±10 V. Focused on the utility grid, the symmetrical current
provision with its amplitude being 0.4 p.u. is achieved. However, there are slight power pulsations in
the utility grid, which are mainly caused by the unbalanced grid voltage.
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Figure 5. Simulation results of Mode II with the hybrid current reference.

For clear comparisons, Table 2 presents the PSC and NSC of the utility grid and the converter
with Mode I and II enabled, respectively. When the solar power is less than the locomotive load in
0–0.2 s, all the solar power is delivered through the same asymmetrical current injection in these
two cases. Thus, the PSC and NSC in both the utility grid and PV converter are in the same condition.
Then, at 0.2 s, the solar power increases to 1.0 p.u., larger than the locomotive load. The solar power
can be divided into two parts. One is for powering the locomotive load and the other one is for
feeding back to the utility grid. With Mode I employed, the PV converter is controlled to deliver
the solar power through the asymmetrical current injection with its PSC and NSC being 1.00 p.u.
and 1.00 p.u., respectively. Under such a case, the PSC and NSC in the utility grid are 0.39 p.u. and
0.38 p.u., respectively. It is noted that the NSC in the utility grid is produced by the PV converter in the
surplus power delivery. However, with Mode II enabled, the hybrid current reference, containing the
symmetrical and asymmetrical parts, is applied on the basis of the locomotive load and solar power.
The PV converter is controlled to inject 1.00 p.u. PSC and 0.60 p.u. NSC. The NSC produced by the PV
converter can just compensate the NSC caused by the single-phase locomotive load in the traction
network. Then, the NSC in the utility grid decreases to 0.0 p.u.
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Table 2. Comparisons of different operation modes.

Operation Mode Time
Utility Grid PV Converter

PSC NSC PSC NSC

Mode I
0.0–0.2 s 0.22 p.u. 0.21 p.u. 0.40 p.u. 0.40 p.u.
0.2–0.4 s 0.39 p.u. 0.38 p.u. 1.00 p.u. 1.00 p.u.

Mode II
0.0–0.2 s 0.22 p.u. 0.21 p.u. 0.40 p.u. 0.40 p.u.
0.2–0.4 s 0.39 p.u. 0.0 p.u. 1.00 p.u. 0.60 p.u.

Figure 6 gives the simulation results of Mode II from the α-arm to the β-arm. In this case,
the locomotive load is powered by the α-arm in 0–0.2 s with a 5% voltage dip in phases a and c,
while due to the displacement of the train, it is powered by the β-arm in 0.2–0.4 s with a 5% voltage
dip in phases b and c. In the simulation, the delivered solar power is assumed to be 5.0 MW (1.0 p.u.).
Under such cases, based on the traction power of alpha-arm and beta-arm, the proposed IPC control
strategy can switch to the proper current reference as given in (31) and (32). As seen, the proposed
IPC control strategy with the hybrid current reference can provide a rapid switching of the current
provision based on the locomotive load from the α-arm to the β-arm. Then, the PV converter can still
be well controlled to inject the required asymmetrical current for supplying the locomotive, and then
the NSC in the utility grid is removed. Thus, the symmetrical current provision is guaranteed in the
utility grid with enhanced power quality.

Therefore, it is evident that the proposed IPC control strategy with the hybrid current reference
can not only supply the single-phase locomotive loads with the asymmetrical current injection but also
offer the symmetrical current provision for feeding back to the utility grid with enhanced power quality.

Figure 6. Simulation results of Mode II from the α-arm to the β-arm.
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5. Conclusions

This paper develops a V/V transformer-based connection and IPC control strategy of PV converters
integrated into railway TPSSs. In the V/V transformer-based connection, a common LV AC bus is offered
for more access of PV converters with conventional three-phase configuration. Then, to supply the
single-phase locomotive load and mitigate the NSC in the utility grid, the IPC control strategy with the
hybrid current reference is proposed. In this IPC control strategy, the hybrid current reference of each
phase is generated, and then each phase current is controlled well to track its corresponding reference
in the stationary reference frame. Then, the asymmetrical and symmetrical currents are flexibly injected
without the dual-sequence extraction for a simpler implementation. Thereby, the PV converter operates
with the asymmetrical current provision for the supply of the single-phase locomotive load and the
symmetrical current provision for mitigating the NSC in the utility grid. Finally, the effectiveness of
the V/V transformer-based connection and IPC control strategy is confirmed by the simulation results.
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