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Integrated Configuration and Control Strategy for
PV Generation in Railway Traction Power
Supply Systems

Peng Cheng"”, Member, IEEE, Member, CSEE, Huiwen Kong, Chao Wu"™, Member, IEEE,
and Jing Ma, Senior Member, IEEE

Abstract—Recently, electric railways have experienced a rapid
development causing an increasing power demand. Due to the
flexible installation available at trackside land along railways,
photovoltaic (PV) generation is suggested as an extension to the
traction power supply system (TPSS) in railways. First, this
paper proposes a three-phase integrated configuration for PV
generation connected to a two-phase traction network and the
on-site consumption of solar resources alongside railways. In
this configuration, another inverse V/V transformer is used to
maintain a balanced three-phase low voltage (LV) AC bus from
a two-phase traction network. It is more convenient for accessing
PV generation units. Then, in order to mitigate the negative
sequence currents caused by electric trains, an individual phase
current (IPC) control strategy for PV converters is developed for
power quality improvement. It can not only supply the locomotive
with asymmetrical currents, but also provide feedback to the
grid through symmetrical currents. All the implementation and
calculations are conducted in the three-phase stationary reference
frame without any sequence extracting and power compensations.
Finally, simulation results are presented to validate the effective-
ness of the proposed IPC control strategy.

Index Terms—Current control, individual phase current
(IPC), photovoltaic (PV) converter, railway traction network.

NOMENCLATURE
ki, ko, ks Ratios of V/V, inverse V/V and isolated trans-
formers.
ua,up,uc  Three-phase high voltages.
U, U Traction voltage.
Uga, Ugh, Uge  Three-phase voltages of LV ac bus.
Uca, Uch, Uee  Three-phase converter voltages.
iA, 1B, IiC Three-phase currents in HV side.
lay 18 Traction current of o and -arm.
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iCa,tCB Injected currents of PV generation unit
in a- and (-arm.

La» IL3 Locomotive current of o~ and S-arm.

lga, Lgbs bgc Three-phase currents of LV ac bus.

Teas beb bec Three-phase converter currents.

Peap, Pac The capacitor power, and the active
power delivered to the dc link.

Vie, C DC link voltage and capacitance.

w Grid angular frequency.

Prret, Qcret Converter active and reactive power ref-
erence.

Va, Ub, Ve Converter modulated voltage.

(AR Converter current controller output.

Converter line voltage.
Per-unit values of converter line voltage.

Ucacy Uchey Ucab
Ucac_puy Ucbe_pu;
Ucab_pu
Converter current references.

Per-unit values of converter current ref-
erences.

carefy Lcbref Lecref
Learef_pu; Lebref_pus

Lecref_pu

I. INTRODUCTION

ECENTLY, rail transportation has achieved a rapid de-

velopment due to its advantages, including lower carbon
emissions and higher efficiencies [1], [2]. The International
Energy Agency (IEA) forecasts that the global rail network
will expand from 1.6 to 2.1 million track-kilometers during
2016 to 2050, a 26% increase for these years [3]. The develop-
ment of the rail network will cause a rapid increase in energy
demand, especially in the form of electricity, primarily due
to growing traffic conditions and faster trains. The upgrading
of the traction power supply in rail transportation is essential
through adding new connections from more sources. It is
reported that by 2050, the share of renewable power will be up
to 86% in the power sector [4]. As a result, renewable power
is expected to play a greater role in the railway traction power
supply system (TPSS).

The integration of renewable power in the railway TPSS
is anticipated to support the increasing electricity demand.
Among the various types of renewable energy, photovoltaic
(PV) generation is more suitable for this integrated application,
which is primary because there is more available space at
station rooftops and trackside land [5], [6]. Nowadays, rail
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operators and infrastructure managers are increasingly taking
advantage of their own land space to operate PV generation
with a reduced dependence on the main grid. For example,
in England, a 30 kW PV array is connected to an ancillary
transformer in the traction system to power lights and signaling
equipment [7]. In 2011, Japan Rail-East operated the first
installed 453 kW PV generation above the entire platform at
Tokyo Station and then in 2014 began using a 1050 kW PV
generation system inside the Keiyo Rolling Stock Center [8].
The initial trials confirm that there is a strong potential for PV
generation-integrated railway electrification with technology
progress and cost reduction. The commonest solution for inte-
grating PV generation in railway feeder stations is to connect
PV generation to the high-voltage side (110 kV or 220 kV) of
the traction station with no modification in the railway traction
network [9], [10]. Under such cases, a high-radio transformer
is needed due to the low voltage of PV converters and panels.
Thus, the connection to the traction side for a lower connected
voltage (27.5 kV) is suggested with less voltage rating and less
infrastructures. For the connection to the traction network, a
single-phase-based configuration is developed in [11], [12],
where two AC ports of the back-to-back single-phase converter
is connected to two step-down transformers, respectively. In
addition, a DC/DC converter is connected to a common DC
link for providing one DC port to connect to the PV panels.
Thus, a three-port converter, consisting two AC ports and
one DC port, is used in this configuration with a complex
control implementation. Due to no common AC bus, it is
difficult to integrate more converters at the connection point.
Meanwhile, for larger power delivery, a three-phase integrated
configuration and power converter are preferred. Consequently,
a three-phase integrated configuration for PV generation in
railway TPSSs needs further investigations.

Since an electrified train is a single-phase locomotive load,
PV converters are required to inject unbalanced current,
containing both positive and negative sequence currents, to
supply single-phase locomotive loads. Various approaches are
proposed to enhance the tracking capability of unbalanced
currents, which are categorized into two groups. One is the
rotating reference frame-based solution. It is normally done by
implementing a dual-sequence current controller consisting of
dual proportional integral (PI) controllers or PI plus resonant
(PIR) controllers [13], [14]. The other one is the stationary
reference frame-based solution. Since the positive and negative
sequence currents in the stationary reference frame is of the
same frequency, various stationary controllers can be used to
regulate dual sequence currents, e.g., hysteresis [15], sliding
mode [16], predictive [17] and proportional plus resonant
(PR) [18] controllers. With these aforementioned controllers,
the current reference can be well tracked with zero steady
errors. Thus, the current reference generation would be a cru-
cial aspect, which determines the grid-connected performance
of the converter. Several power-characteristic-oriented current
references are fully designed on the basis of instantaneous
power theory [19]-[22], which are aimed at directly regulating
the oscillating powers. These all have specific control targets,
such as the quality of injected currents [19], mitigation of
DC voltage ripples [20], and achievement of a constant active
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and/or reactive power provision [21], [22]. For facilitating mul-
tiple targets with various current references, flexible positive
and negative sequence control is proposed on dual sequence
voltages in [23], [24]. By this means, several aforementioned
targets can be flexibly accommodated based on two indepen-
dent adjustable parameters. Common to all these methods is
that the control strategies of positive and negative sequence
currents are usually considered only for a three-phase load,
which are not suitable for powering electrified trains, that are
a type of single-phase load. Thus, the control strategy of a PV
converter for powering a single-phase locomotive load needs
be studied.

This paper presents a three-phase integrated configuration
and individual phase current (IPC) control strategy for PV
generation in railway TPSSs. The integrated configuration is
developed with a low voltage (LV) three-phase AC bus, which
is more convenient for more access. The IPC control strategy
for flexible injection between asymmetrical and symmetrical
current is proposed. All the calculations and implementation
are conducted in the stationary reference frame without any
sequential extraction and power compensation. The remainder
of this paper is structured as follows. Section II describes
the three-phase integrated configuration of PV generation in
railway TPSSs. In Section III, the IPC control strategy is
designed in detail. Then, Section IV includes the simulation
validation of the proposed IPC control strategy. Finally, Sec-
tion V summarizes the conclusions.

II. INTEGRATED CONFIGURATION

In this section, a 25 kV, 50 Hz electrification system is given
as an example, which is connected to a high-voltage utility grid
at 110 kV, called the high voltage (HV) side. In practice, a
V/V transformer is widely used for the simple structure and
the high-capacity utilization to step down the three-phase high
voltage into two-phase traction voltage, called a- and -arm.
Since PV generations operate typically at low voltage, it is
suggested to be connected to the traction arms at the front
end of the catenary network. Therefore, in this section, two
different integrated configurations are discussed and compared.

Figure 1 shows a single-phase integrated configuration of
a PV generation into railway TPSSs. Two single-phase trans-
formers are used to step down the traction voltage 27.5 kV to
10(6) kV, called the LV side. Then, PV generation units are
connected to the secondary side of single-phase transformers
through low voltage power cables. The single-phase PV gener-
ation consists of two single-phase isolated transformers, a two
single-phase DC/AC converter and one DC/DC converter with
a common DC link. The former is used to deliver the active
power to the selected traction arm with the locomotives, while
the latter is used to track and deliver the maximum power of
the PV panels to the common DC-link. However, since there
are two AC output ports and a common DC link for three
converters, a coordinated control is needed for maintaining
constant DC voltage and power delivery. When there is a
locomotive load on one traction arm, the power is delivered
through the corresponding converter connected to the specific
traction arm. However, without no locomotive load on the
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Fig. 1. Single-phase integrated configuration of PV generation.

traction arms, the PV power is delivered to the grid by one
or two single-phase converters with unbalanced current and
oscillating power in the three-phase system.

For this drawback, Fig. 2 develops a three-phase integrated
configuration of PV generation into railway TPSSs. In the
proposed connection, another inverse V/V transformer is used
to not only step down 27.5 kV traction voltage to 10 (6)
kV low voltage but also converts two phase voltage in the
traction network to three phase voltage in the LV side. By this
means, an LV AC bus is provided for the grid connection of
the conventional three-phase PV generation, which is made
up of a Y/Y isolated transformer, a three-phase converter, a
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Fig. 2. Three-phase integrated configuration of PV generation.
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DC/DC converter and PV panels.
According to Fig. 2, the voltage relationship of the HV side,
the traction side and the LV side is presented as,

UA
Uo| 1|1 0 -1
[uﬂ]_kl[o 1 1] Z(B; M
u U,
uo] 10 —1] || 1 0 —1] |Ye
|:’u,5:|_k2 [0 1 1] ugn | = Fak gy )| |t
Ugc Ucc
2

where k1, ko and k3 are the ratios of V/V, inverse V/V and
Y/Y isolated transformers, ua, up, uc are three-phase high
voltages, Uq, ug are the traction voltages, Uga, Ugp, Ugc are the
three-phase voltages of the LV AC bus, uc,, Uch, Uee are the
three-phase converter voltages, respectively.

It is noted that since a Y/Y isolated transformer is used
in the PV generation unit, there would be no zero-sequence
currents on the LV side. Thus, the secondary-side voltage of
the inverse V/V transformer has no zero-sequence voltage.
Meanwhile, it is assumed that the high voltage is balanced with
the no zero-sequence component for simple analysis. Then, the
following equation can be obtained by,

Uea + Uep + Uee = 0
up +ug +uc =0

3

Based on (1), (2) and (3), the relationship of high voltages
and converter voltages is expressed as,

Uca 1 UA

= — 4
Uch Fey keoks @
Ucc

As seen from (4), the three-phase converter voltage is
proportional to the high voltage. Since the high voltages are
assumed to be balanced with no negative sequence voltage,
the converter voltage would also be balanced.

Then, focused on the current relationship of the HV side, the
traction side, the LV side and the converter side, the following
equations are obtained as,

ia 1 0] .
1

igl=—10 1 [Z.a] (5)

ol R | L

. Z.a ica

ica] _ 1L 0 0| _ 1 10 0]

icg| ke |0 1 0 iz‘:_kzkg()lo lb
(6)

where ip, i, ic are the three-phase currents on the HV side,
lga, Ggb, lgc are three-phase currents of the LV AC bus, ic,,
i, tec are three-phase converter currents, i, ¢g are traction
arm currents, ¢c, and icg are injected currents from the PV
generation units into the o and [ traction arms, respectively.

As shown in Fig. 2, the traction arm currents consist of
both the locomotive currents and injected currents from the
PV generation units, which can be expressed as,

icx _ iLa iCoz
[iﬁ] - L’Lﬂ} i LCB} @
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where i1, i3 are locomotive currents in the o- and 3-arm,
respectively.

According to (5), (6) and (7), the injected current of the
utility grid is expressed in terms of the traction load current
and LV AC bus current as,

ia 1 0] ca
. 1 ZLQ:| 1 .
igl=— 0 1 ||"% 4 i (8)
ii kil 4 LLB kikoks |

ccC

Based on (4) and (8), Fig. 3 presents the phasor diagram of
the three-phase integrated configuration of the PV generation
in TPSS. As seen, if proper current is injected from the
three-phase converters, the PV generation units can serve as a
compensator for power quality improvement.

Fig. 3. Phasor diagram of three-phase configuration.

Compared to the single-phase integrated configuration in
Fig. 1, the three-phase integrated configuration provides a
three-phase LV AC bus for the connection of the PV generation
units. Thus, the conventional three phase converter can still
be used in this integrated configuration with a simpler imple-
mentation and a concentrated integration. When there is no
locomotive load, the converter can simply inject a three-phase
balanced current to guarantee balanced current and constant
power on the high voltage side. By this means, the unbalanced
current and oscillating power in the three phase system caused
by the single-phase converter are avoided. When there is
a locomotive load on one traction arm, the proper current
injection is needed to deliver the total active power to the
locomotive load for power quality improvement, which will
be discussed in the next section.

Connection
point

Control System
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III. TPC STRATEGY
A. DC-link Voltage Control

Figure 4 shows a simplified single-line diagram circuit of
a grid-connected PV converter, where the connection point
refers to the secondary side of the Y/Y isolated transformer.
Since a DC/DC converter works as a maximum power point
tracking (MPPT), the PV power injected into the DC-link
is constant. By neglecting the converter losses, the DC-link
capacitor power is expressed as,

dVq
Pcap = Vvdcc dtc

= Pac + e ©))

where P, P. and Py are the capacitor power, the converter
active power and the injected power from the front-end DC/DC
converter, Vg and C' are the DC-link voltage and capacitance,
respectively.

It is noted that the injected power from the front-end DC/DC
converter is a perturbation term for maintaining the constant
DC-link voltage, which is usually ignored in the control system
as indicated in [20], [21]. Consequently, in order to maintain
the constant DC-link voltage, the active power reference of

the converter can be simply set as,
Pcref = Pcap = %cicap (10)

where i, refers to the capacitor current, which is expressed
as,

icap - Cd‘/&c = ( i

d+ kVp + ;) (V:icref - ‘/dc) (1 1)

where Vicrr is the reference of the DC-link voltage, ky, and
ky;i are the proportional and integral parameters, respectively.

As seen, the DC-link voltage controller can maintain the
constant DC voltage and then produce the active power
reference P for the current control. In addition, the PV
converter is usually controlled at the unity power factor and
then the reactive power reference is set as zero, i.e. Qcrer = 0.

B. Current Control

It is noted that, the current of each phase has an obvious
and direct correspondence to load current in uneven load
conditions, but similar correspondence cannot be found in the
stationary af-axis and synchronous dg-axis currents. Since
an electrified train is a type of single-phase locomotive load,
individual phase current is a more preferred method to be
controlled for directly regulating the active power injected
through specific phases.

VLT

agt

Vaceet | DC-link Voltage Poret

Control

Current Reference
Generation

i, v
cref|  Current ref

Control PWM

Fig. 4. Simplified single-line diagram circuit of the converter.
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For converters, the dynamics between the output voltage
Vabe, the grid voltage ucqhne and the output current icp Of each
phase can be expressed as,

d ica uca 7;021 va
La i | = |Ueh| — R [iev| — [vp (12)
lee Ucc Lce Ve

where VUape, tcabe and Ucape are the output phase voltages, the
output phase currents and the grid phase voltages, L and R
refer to the filter inductance and resistance, respectively.

Then, the modulated voltage v,, v, and v. of each phase
can be represented in the stationary reference frame as,

. ’

Va Uca lca Va
. /

Vb | = (U | — R [P | — |V (13)
. /

Ve Uce Lee Ve

where v}, v{ and v are the outputs of the current controller,

, . .
Va Lcaref — lca
7 . .
vy | = G(S) Lebref — Ucb (14)
7 . .
L Ve Teeref — Tec

where iyef, iprer and irer are the current references in phase a,
b and ¢, G(s) is the transfer function of the current controller,
respectively.

However, since the current references in (14) are AC signals
for each phase, and the power reference in (11) is constant
for three phases, they cannot be directly used as the current
references. In addition, for locomotive loads, the active power
is needed to be delivered via the specific two wires instead of
three wires. Thus, the lack of the current reference generation
is the main obstacle for three-phase converters to deliver active
power into the traction side.

C. Current Reference Generation

As shown in Fig. 4, the outer DC voltage control loop
and the inner current control loop are cascaded through the
current reference generation, which is used to produce the
current reference of the AC signals on the basis of the power
reference of the DC signals. Especially for both symmetrical
and asymmetrical current injections, more investigations need
to be conducted on the current reference generation.

Based on instantaneous power theory, the active and reactive
powers in the terms of converter voltages and currents of each
phase can be obtained by,

P. = Ucalica + Uchlch + Uechee
Qc = (ucbcia + Ucactp + Ucab'ic)/\/g

where Uche, Ucac, Ucab are the line voltages between phase b
and c, phase a and c, and phase a and b.

The converter is aiming at delivering the maximum active
power to the locomotive load through specific phases. It is
assumed that the locomotive is on o arm and no locomotive
is on 3 arm, called Mode 1. Based on Fig. 2, the active power
should be delivered by phase a and phase ¢ and the current
of phase b is controlled to be zero. Thus, the currents of each
phase in the stationary reference frame can be obtained by,

(16)

5)

Tea = —lec, b = 0
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According to (16), equation (15) can be simplified as,
P, = (uca - ?ﬁcc)ica = Ucaclca (17)
Qc = \fucblca

where uc,. 18 the converter line voltage between phase a and c.

Since electrified trains are almost always equipped with
PWM-based front-end rectifiers, they can operate in unity
power factor mode. Thus, PV generation can still maintain
unity power factor operation without a reactive power provi-
sion. Due to delivering only active power, the phase angle of
the injected current must be in accordance with that of the
line voltage, while its amplitude is determined by the active
power from the DC-link to AC side.

P Ucac
ca — deref —
V3Uem

where I . is the amplitude of the converter current reference,
U.m is the amplitude of the converter rated phase voltage.

Assuming that the phase angle of the phase voltage wu, is
set at 0°, the line voltage uc,c is 30° lagging from the phase
voltage u.,. Consequently, the delivered active power can be
calculated by,

(18)

Ucac

ucacIcref\/gT = \/chmIcref sin2 (wt — 300)
cm

o
_ \/§Ucmfcref1 cos(22wt 60°)

where w is the grid angular frequency.
As seen, since the converter currents and voltages are all
with a grid frequency, there would inevitably be twice the grid
frequency pulsations in the active power, which are typical
power features of single-phase AC systems. However, for
maintaining a constant DC-link voltage, the average active
power in (19) must track the average active power produced
by the DC voltage controller. As a result, the amplitude of the

converter current reference is obtained by,

P cref
\/chm/ 2

Based on (16), (18) and (20), the converter current reference
of each phase can be obtained as,

P. =

19)

(20)

cref —

i f = P, cref
care \[ 2 / 9 Ucac
Tepref = 0 (21)
. P cref
Lecref = Ucac
V3U2,/2

where icarefs Lebrefs tecref 1S the amplitude of the converter current
references of phases a, b and c.

In a per-unit system, the base values of voltage and current
are set at the amplitudes of the rated phase voltage and phase
current, respectively. Then, the power base value is obtained
by,

Ub = Ucma-[b = Icm

Uy Ly
=3—=—==15Unlm =
\[\f C

(22)

rated
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where I, is the amplitude of rated phase current, Uy, I}, and
P, are the base values of the voltage, current and power in a
per-unit system, respectively.

Then, the amplitude of the current reference in (20) can be
converted into per-unit value as,

Icref_pu - \/gp cref_pu

where Peef pu and e py are the per-unit values of active
power and current reference amplitude, respectively.

Thus, the current reference of each phase in the per-unit
system can be obtained as,

(23)

Z.caref_pu =F cref_pulcac_pu

Z.cbref_pu =0 (24)

iccref_pu =—-F cref_puucac_pu

where icaref_pus Gcbref_pu> aNd dceref pu are the per-unit values of
phase current reference, Ucac_pu i the pre-unit values of line
voltage between phase a and c, respectively.

As seen from (24), taking phase a as an example, the
amplitude of the current reference is equal to the active power
reference in a per-unit system. In addition, the phase angle of
the current reference is the same as that of the line voltage
between phase a and c.

When the locomotive load is on 8 arm, the active power
should be delivered by phase b and ¢ and the current of phase
a is controlled to be zero, which is called Mode II. Based on
the previous analysis, the converter current reference can be
similarly obtained as,

Lcaref_pu — 0

Z.cbref_pu =P, cref_puUcbe_pu (25)

iccref_pu =—-F cref_puUcbe_pu

where Uche_pu 15 the pre-unit values of the converter line voltage
between phase b and c.

When no locomotive load is on traction arms, called Mode
III, the PV converter is required to inject three-phase balanced
current with the unity-power-factor operation. For the PV
converter, the amplitudes of each phase current reference are
equal to each other. In addition, the phase angle of each
phase current reference is in accordance with that of the
corresponding phase voltage.

. uCZL’
lex Lepal U
where = = a, b and c refer to phases a, b and c, i., and uc,
are the converter current and voltage of phase x, I, is the
amplitude of the converter current, respectively.
Based on (15), the amplitude of the converter current is
obtained by,

(26)

Pcref
Topal = ——— 27
bal = 3p 72 27
In the per-unit system, (27) can be rewritten as
chal_pu =P cref_pu (28)

where I pu 1S the per-unit value of the phase current
amplitude.
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Then, based on (26), the current reference in the per-unit
system is obtained as,

(29)

icmref_pu =P, cref_pulcz_pu

where Zcgref_pu is the per-unit value of the current reference of
phase x, ucy_py is the per-unit value of voltage of phase z,
respectively.

According to (24), (25) and (29), the current reference
is generated for delivering maximum active power to the
traction side. Based on the power of each traction arm, i.e.,
P, and Ppg, it is easy to distinguish the traction arm
being powered and operating in the proper mode. In Mode
I/II, since the converter delivers all the active power to the
single-phase locomotive load, the negative sequence current
caused by the locomotive load can be reduced. In Mode III,
the converter injects balanced current into the grid without
negative sequence current, which can achieve the balanced
current and constant power in the three-phase HV side.

D. System Implementation

s analyzed previously, among various stationary controllers,
the PR controller has been widely used due to its sufficient
amplitude gain at operating frequency and simple implemen-
tation. In practice, a cutoff frequency w. = 5-20 rad/s is
introduced as a damping to guarantee the stable operation over
a frequency variation range around the nominal grid angular
frequency. Thus, the complete transfer function of the adopted
current controller in (14) is given as,

ki2w.s

G(s) =kip+ —————
(s) vt 82 + 2w + w?

(30)
where ki, and k;, are the proportional and integral parameters,
w = 100 7 rad/s is the nominal angular frequency, w, is the
cutoff frequency and set as 10 rad/s, respectively.

Note that in Mode I/II, since the maximum active power
is delivered through two specific phases to a single-phase
locomotive load, the active power in the three-phase LV side
has an oscillating part at twice the grid frequency, thereby
resulting in DC voltage ripples. The power reference produced
by the DC-link voltage controller contains the oscillating part.
This leads to the distorted grid current reference and causes
additional harmonic currents. Thus, for the cancellation of the
oscillating part of the power reference, a notch filter tuned at
twice the grid frequency is introduced and its expression is
obtained by,

32—|—w2

_— 31
52 + 2fws + w? D

F(s) =
where £ is a damping radio and is set as £ = 0.707.

Figure 5 presents the block diagram of the proposed IPC
strategy. The control system is composed of three main parts:
1) the DC-link voltage controller in (11) that controls the DC-
link voltage so that the average value follows its reference;
2) the current reference generation in (24), (25) and (29)
that generates the corresponding per-unit current reference
synchronized with the grid voltage to transfer maximum active
power in different modes; 3) the current controller in (30) that
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Fig. 5. Block diagram of the proposed IPC strategy.

controls the output current to track its reference with high
accuracy.

For the PV application, the DC/AC converter regulates the
output current with zero steady-state error and maintains a
constant DC-link voltage, which are similar to the typical dual-
loop schemes in [20], [21]. In the current reference generation,
the current reference of each phase is independently produced
on the basis of the delivered power and the converter voltage.
Then, together with the current reference of each phase, the
three-phase asymmetrical current reference is generated in
the stationary abc reference frame. It is noted that, since
the current of each phase is independently controlled by PR
controllers to track its reference in the stationary abc reference
frame, which is similar to a scalar control scheme, the injected
current of each phase is flexibly regulated as required in
(24), (25) and (29). As seen, both the current reference
generation and regulation are irrelevant to the positive and
negative sequence components. The IPC strategy can flexibly
provide the positive and negative sequence current provision
without a dual sequence current regulation. In other words, the
IPC strategy need not distinguish the positive and negative
sequence currents in the current reference generation and
feedback regulation. Compared to the dual-sequence current
regulation [19]—[24], the main advantage of the IPC strategy
is its simplicity and the lack of the symmetrical component
extraction.

It is noted that, for powering a single-phase locomotive load,
all the active power is delivered through two wires at line
voltage in Mode I/Il. However, in Mode III, all the active
power is delivered through three wires at phase voltage. The
current amplitude of Mode I/II is \/3 times as much as that
of Mode III. For this reason, a higher rated current of the PV
converter is required, which is equal to that of the converter
in the single-phase configuration. However, compared to the
solution in Fig. 1, only one three-phase converter is employed
instead of two single-phase converters with a simpler imple-
mentation and lower cost.

IV. SIMULATION VALIDATION

In order to evaluate the performance of the proposed IPC
control strategy, a simulation model with its main circuit
shown in Fig. 2 is developed on Matlab/Simulink. In the tests,
one equivalent converter with a rating of 5.0 MW is used to
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represent all PV generation units for a simple implementation
In addition, since this paper is focused on the grid-connected
current regulation of the rear-end DC/AC converters, the
MPPT achieved by the front-end DC/DC converter can be
neglected and the delivered PV power into the common DC-
link is assumed to be fixed. Thus, a constant power source
can be used to represent the front-end DC/DC converter for
delivering the rated power of 5.0 MW. Since electrified trains
are equipped with PWM rectifiers and usually operate in the
unity power factor mode, the traction load can be considered
as a resistive load in the tests. The other parameters are listed
in Table I. In the results, all the values are given as per-unit
with a based power of 5.0 MW.

TABLE I
SIMULATION PARAMETERS
Parameter Value
Grid line voltage 110 kV

MTI turn’s radio kp
MT?2 turn’s radio ko

110 kV/27.5 kV
27.5 kV/10 kV

MTS3 turn’s radio k3 10 kV/310 V
DC-link voltage of converter 1000 V
Locomotive load 10 MW

Table II presents the action sequence of the simulation cases.
In 0~0.2 s, the locomotive is on an « traction arm. Then, from
0.2 s to 0.3 s, since the locomotive is in the neutral section
between two traction arms, there are no load on both of the
two traction arms. In 0.3~0.5 s, the locomotive is powered by
the ( traction arm. For clear comparisons, two study cases
are set. In Case I, the control mode is fixed at Mode III,
which is always with symmetrical current injection regardless
of the locomotive loads on the traction arms. In Case II, three
predefined modes are switched to each other on the basis of the
locomotive loads on the two traction arms, thereby resulting in
flexible operations between the symmetrical and asymmetrical
current injections.

TABLE II
ACTION SEQUENCE OF STUDY CASES
Parameter  Value Study Case
Case 1 Case II
0~0.2 s PLo=20pu, PLg=0 Mode 1
02~03s PLo=0, P=0 Mode III  Mode III
03~05s Pro =0, PLg=2.0p.u. Mode 1T

Figure 6 shows the simulation results of Case I. In this
case, the converter is controlled with Mode III enabled and
only injects three-phase balanced current regardless of various
load conditions. All the values are given as per-unit. As seen,
the three-phase voltage in the LV side remains balanced and
symmetrical, which is irrelevant to locomotive load changings.
It is confirmed that the proposed configuration with an inverse
V/V transformer provides a three-phase balanced voltage with
PV generation. Due to the symmetrical current injection of the
rated values, the converter’s instantaneous active and reactive
powers maintain constant at 1.0 p.u. and 0.0 p.u. The DC-link
voltage of the converter is constant at 1000 V. On the HV
side, when the locomotive is in the neutral section, there is
no load on the two traction arms. All the active and reactive
powers are fed back to the grid with balanced current. If
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Fig. 6. Simulation results of the symmetrical current provision.

there is a locomotive load of 2.0 p.u. on one traction arm, the
active and reactive powers on the HV side contain +2.0 p.u.
pulsations, but the average active power on the HV side is still
reduced to 1.0 p.u. due to the active power provision of PV
generation. The maximum current on the HV side reaches a
relatively higher amplitude of around 2.7 p.u.. This is primarily
because the negative sequence current caused by the single-
phase locomotive load cannot be suppressed with symmetrical
current injection. Thus, the asymmetrical current injection is
preferred for more negative sequence current reduction with
enhanced power quality.

Figure 7 shows the simulation results of Case II. In this case,
the converter is flexibly controlled to inject symmetrical and
asymmetrical currents with different load conditions. When
the locomotive is in the neutral section between two traction
arms with no traction load, Mode III is active with symmetrical
current injection. Similar to 0.2~0.3 s in Case I, the constant
active and reactive powers of 1.0 p.u. and 0.0 p.u. on the HV
side are achieved with balanced currents. When the locomotive
is on the « traction arm, Mode I is enabled in 0-0.2 s to deliver
all the power to the locomotive with asymmetrical current
injection, while Mode II is selected for the locomotive on the
[ traction arm in 0.3~0.5 s. As seen, the maximum converter
current reaches around 1.7 p.u., which is larger than that of
Mode III. This is because all the active power is delivered
through two wires with line voltages in Mode I/II, but through
three wires with phase voltages in Mode III. Due to the
asymmetrical current injection, the converter active power
contains the oscillating part at &= 1.0 p.u., which would cause
the inevitable voltage fluctuations in the common DC-link at
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sions.

Simulation results of asymmetrical and symmetrical current provi-

4 18 V. The maximum current on the HV side is decreased
to around 1.7 p.u.. Compared to Case I, since asymmetrical
currents are injected by supplying the partial power of the
single-phase locomotive load, more NSC reduction is achieved
for power quality improvement.

For clear comparisons, Table III summarizes positive-
sequence current (PSC) and negative sequence current (NSC)
on the HV and LV sides among different modes. The PSC
on the HV side is approximately equal to each other, which
is determined by the average active power of the converter
and the locomotive. However, the NSC varies due to different
modes. In Mode III, the NSC on the HV side is as high
as 2.02 p.u.. However, in Mode I/II, the NSC on the HV
side is reduced to 1.03 p.u.. This is because the converter is
controlled to provide 0.99 p.u. NSC to compensate the NSC
on the HV side. As a result, the proposed IPC strategy can
supply the locomotive with asymmetrical current injection and
then suppress the NSC on the HV sides, which can guarantee
higher power quality.

TABLE III
COMPARISONS BETWEEN DIFFERENT MODES
HV side LV side
Mode
PSC (p.u.) NSC (p.u.) PSC (p.u.) NSC (p.u)
Mode /Il 1.06 1.03 1.02 0.99
Mode IIT 1.05 2.02 1.02 0.00

V. CONCLUSION

This paper proposes the three-phase integrated configuration
and IPC control strategy for PV generation in railway TPSSs.
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In this configuration, an inverse V/V transformer is used
to convert the two-phase traction network to a three-phase
balanced LV AC bus. It is more convenient for the access of
conventional three-phase PV converters. Then, for mitigating
the NSC on the HV sides caused by the locomotive load,
the TPC control strategy is proposed with a flexible current
provision. It can not only supply the locomotive load with
asymmetrical current but also feed back to the grid with
symmetrical current. In this proposed strategy, the current
references of each phase are used to replace those of positive
and negative sequence components. All the calculations and
implementations are in the stationary reference frame without
sequence extracting and power compensation. Finally, simu-
lation results are given to validate the three-phase integrated
configuration and the IPC control strategy.
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