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Abstract: The existing problems of the traction power-supply system (i.e., the existence of the neutral
section and the power quality problems) limit the development of railways, especially high-speed
railways, which are developing rapidly worldwide. The existence of the neutral section leads to the
speed loss and traction loss as well as mechanical failures, all of which threaten the fast and safe
operation of the train and the system. Meanwhile, the power quality problems (e.g., the negative
sequence current, the reactive power, and the harmonic) can bring a series of problems that cannot be
ignored on the three-phase grid side. In response, many researchers have proposed co-phase power-
supply schemes to solve these two problems simultaneously. Given that the auto-transformer (AT)
power-supply mode has become the main power-supply mode for the high-speed railway traction
power-supply system, it has a bright future following the rapid development of the high-speed
railway. In addition, there is no co-phase power-supply scheme designed for AT power-supply mode
in the existing schemes. Therefore, the main contribution of this paper is to propose a specifically
designed power-supply mode more suitable for the AT, as well as to establish the control systems for
the rectifier side and the inverter side. In addition, for the proposed scheme, the operation principle
is analyzed, the mathematical model is built, and the control system is created, and its functionality is
verified by simulation, and its advantages are compared and summarized finally. The result proves
that it can meet functional requirements. At the same time, compared with the existing co-phase
power-supply scheme, it saves an auto-transformer in terms of topology, reduces the current stress by
10.9% in terms of the current stress of the switching device, and reduces the power loss by 0.25% in
terms of the entire system power loss, which will result in a larger amount of electricity being saved.
All of this makes it a more suitable co-phase power-supply scheme for the AT power-supply mode.

Keywords: co-phase power-supply system; traction power supply; modular multilevel converter
(MMC); AT power-supply mode; power quality; neutral section

1. Introduction

There are still two significant problems in the current railway traction power-supply
system:

(1) Neutral Section:

Due to the single-phase, non-linear, random fluctuating load characteristics of the
locomotive, the railway traction power-supply system adopts the rotating phase sequence
method to supply power to the locomotive (i.e., the phase of the traction network will
change every 20 km—-25 km). Therefore, the areas of different phase sequences need to
be isolated, which leads to the existence of a non-electrical zone, which is the neutral
section [1].

The neutral section results in the loss of the speed and the traction of the train as
well as the mechanical wear and tear in traction power-supply systems and locomotives.
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In addition, there already have some cases of train ramp accidents and substation tripping
accidents due to the neutral section. Thus, it really brings major safety hazards to the
fast and safe operation of the train and system. In particular, high-speed railways will
pass through the neutral section more frequently because of their high speed. For the
development of railways, especially high-speed railways, it is necessary to solve the
problem of the neutral section [2].

In response to the problems brought by the neutral section, researchers have proposed
many schemes. Recently, more attention has been paid to the continuous power passing
through neutral section scheme. e.g., mechanical switches ground auto-passing neutral
section scheme [3], electronic switches ground auto-passing neutral section scheme [4,5],
flexible ground auto-passing neutral section scheme [6]. Although these schemes can solve
the power problems brought by the neutral section to some extent, such as reduce the
time of power loss and reduce the over-voltage and over-current in the process of passing
through the neutral section, they do not fundamentally eliminate the neutral section area on
the traction network, so the mechanical weakness is still there, which still cause mechanical
losses and economic costs.

(2) Power Quality Problem:

The locomotive loads with non-linear, single-phase, and random fluctuation charac-
teristics bring the power quality problems to the power grid, e.g., the negative sequence
current, harmonics, and reactive power.

The power quality problems will pose a hazard to the grid and equipment. Negative
sequence currents can be harmful to generators, asynchronous motors, transformers,
transmission lines, and communication systems. Harmonics, especially the high-order
harmonics brought by the “AC-DC-AC” electric locomotives that have been widely used
in high-speed railways and heavy-haul railways in recent years, are prone to cause high-
frequency resonance, which can easily cause damage to electrical equipment and accidents.
Reactive power can increase the loss of lines and equipment, increase the voltage drop of
lines and transformers, and bring adverse effects to the power grid and equipment [7-9].

In response to the power quality problems, researchers have proposed many schemes.
A passive filter in [10] was used to solve the harmonics and reactive power problems.
The Static Var Compensator (SVC) in [11,12] was used to address the negative sequence
current and reactive power, while it is quite limited in its ability to suppress harmonics.
The Static Synchronous Compensator (STATCOM) in [13] has better harmonic characteris-
tics and can use for negative sequence current, reactive power, and harmonics compensa-
tion. The Active Power Filter (APF) in [14] can solve power quality problems effectively,
but the cost is relatively high. However, these solutions are only proposed to address
power quality issues, but do not attempt to address the problem of the neutral section.

Recently, some researchers have proposed co-phase power-supply schemes to si-
multaneously solve the neutral section and power quality problems. Among them, one
category is the compensation co-phase power-supply scheme, and the other category is
the through co-phase power-supply scheme. The compensation co-phase power-supply
schemes can solve the power quality problems and the neutral section at the same time.
However, it can only eliminate the neutral section at the substation but cannot eliminate
the neutral section in the entire traction network. This kind of co-phase power-supply
schemes includes China’s first co-phase power-supply unit, which is put into operation
at the Mershan substation in 2010 [10] and the first single three-phase combined co-phase
power-supply unit at the Shangyu substation in 2014 [15], as well as the Active Power
Compensator (APC) [16], the Railway Power Conditioner (PRC) [17,18], the Hybrid Power
Quality Conditioner (HPQC) [19-22], and the Hybrid Electrical Magnetic Power Quality
Compensator (HEMPQC) [23]. The through co-phase power-supply schemes can simulta-
neously and completely solve the power quality problems and eliminate all neutral section
of the whole traction network, making the traction network whole line through, e.g., the
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schemes based on the Cascaded H-Bridge (CHB) converter in [24,25] and the schemes
based on the Modular Multilevel Converter (MMC) in [26].

However, these co-phase power-supply schemes are not specifically detailed in terms
of the specific power-supply mode. As is well known, high-speed railways are developing
rapidly all over the world since they attract great attention from many countries due to
their high speed, large transportation capacity, low average energy consumption, light
environmental impact, and good economic benefits. To improve the power-supply capacity
of the traction network, reduce the number of traction substation and the electromagnetic
interference to the adjacent metal conductors, Japan first use the AT power-supply mode in
high-speed railways [27].

As for the two prominent problems existing in the railway system. The existence
of the neutral section is a common problem in existing electrified railways, and it exists
worldwide. At the present stage, there are problems of the neutral section in electrified
railways in China, Japan, France, and the United Kingdom. Only Germany built a power
grid on the railway with a frequency different from that of the public grid to isolate it
from the public grid, achieve the same phase across the entire line, cancel the neutral
section, and realize the co-phase power-supply system. Power quality is also a common
problem in electrified railways worldwide. The Japanese Shinkansen used STATCOM
[28] and RPC [29,30] to solve the power quality problem in 1993 and 2002, respectively.
With the rapid development of high-speed railways, the AT power-supply mode has
been vigorously promoted and has become the main power-supply mode for high-speed
railways [31]. In view of the wide application of AT power-supply mode in high-speed
railways and its bright prospects, scheme to these two prominent problems in AT power-
supply system are valuable to study.

Therefore, the main contribution and innovation of this paper is that under the back-
ground that there is no co-phase power-supply scheme designed for AT power-supply
mode, a co-phase power-supply scheme designed for AT power-supply mode and more
suitable for it is proposed, and the control systems for the rectifier side and the inverter
side is created, and the control section that can make the newly added bridge arm voltage
balance is added to the control system of the inverter side. In addition, for this scheme, its
operation principle is analyzed, its mathematical model is established, its control system
is created, its functionality is verified by simulation, and finally, its superiority over other
schemes when applied to the AT power-supply mode is analyzed and summarized. The
results prove that the topology proposed in this paper is superior for AT power-supply
system in the following aspects, in terms of topology, it eliminates an auto-transformer,
in terms of current stress of the insulated gate bipolar transistor (IGBT) of the bridge arm
of the inverter, it reduces the current stress by 10.9%, in terms of power loss, it reduces
the power loss of the system by 0.25%, which means that for a 40 MW traction substation,
100 kWh of power can be saved in one hour, and the long-term power savings of many
substations will be significant.

This paper is organized as follows. In Section 2, the operating principle and math-
ematical model of the proposed scheme are described. In Section 3, the control system
is illustrated. In Section 4, the simulation verification and advantages analysis of the
proposed topology are elaborated. In Section 6, the conclusion is stated.

2. Operation Principle of the Proposed Co-Phase Power-Supply Scheme
2.1. The Topology of the Proposed Scheme

In the existing railway power-supply system, the Auto-Transformer (AT) power-
supply mode can not only reduce the interference of the electrified railway to the adjacent
communication lines but also has good technical and economic indexes for the traction
power-supply system, which make it more suitable to the operation of high-speed and
high-power electric locomotives. In terms of structure, as shown in Figure 1, AT power-
supply mode is composed of traction transformer, auto-transformer, catenary, steel rail, and
positive feeder. The wiring form of traction transformer in AT power-supply mode can be
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divided into the three-phase-two-phase balanced transformer shown in Figure 1a (taking
the most widely used Scott wiring three-phase-two-phase balanced transformer [32] as
an example, and adding the required auto-transformer in the substation to the secondary
side) , the three-phase crossing wiring traction transformer shown in Figure 1b [33], the
V /X wiring traction transformer shown in Figure 1c [34], and the secondary midpoint
withdrawable single-phase wiring traction transformer shown in Figure 1d [35]. The auto-
transformer in the AT power-supply mode is connected in parallel between the contact
suspension and the positive feeder, eliminating the segmentation caused by the addition of
the transformer to the contact network. The distance between two auto-transformers is
generally 8-15 km.
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Figure 1. Traditional AT traction power-supply system components: (a) three-phase-two-phase
balanced wiring transformer; (b) three-phase cross wiring transformer; (c) V/X wiring transformer;
(d) secondary midpoint withdrawable single-phase wiring transformer.

Researchers have proposed several schemes to the existing problems of neutral section
and power quality in the system. Among them, the schemes to neutral section can be
divided into power-off neutral section passing scheme and live-line neutral section passing
scheme according to whether the main circuit breaker is closed or not. The live-line neutral
section passing schemes can be divided into column switch neutral section passing scheme,
mechanical switch ground automatic neutral section passing scheme, electronic switch
ground automatic neutral section passing scheme and flexible ground automatic neutral
section passing scheme [36]. The performance of each scheme in terms of functionality;,
operation, cost and maintenance has been listed in Table 1 below.

It can be seen from the table that in terms of functionality, power loss time and
over-voltage, the three ground automatic neutral section passing schemes have a shorter
power-loss time, which brings less speed loss, and at the same time, less over-voltage
impact. Among them, the best is the flexible ground automatic neutral section passing
scheme, which realizes the complete uninterrupted power supply and no over-voltage
shock. The other solutions have relatively long power-loss time, relatively large speed
loss, and over-voltage impact. Manual power-off neutral section passing scheme is the
worst, since the power-loss time is long, and the speed loss is large, and it is easy to
cause over-voltage impact. In operation, according to the fatigue degree of the train crew,
except for the manual power-off neutral section passing scheme, there is no need for the
train crew to operate, which will not cause the passing through the neutral section with
electricity caused by human operation errors. In terms of cost and maintenance, the three
ground automatic neutral section passing schemes are more expensive to invest in, with the
flexible above-ground automatic over-phase being the most expensive. In terms of switch
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lifetime, the three ground automatic neutral section passing scheme involve switches. The
mechanical switch has a short lifetime and high maintenance costs. The switches involved
in the electronic switch ground automatic neutral section passing scheme and the flexible
ground automatic neutral section passing scheme have a long lifetime and the maintenance
cost is not high [4,6,36-38].

Table 1. Comparative analysis of neutral section passing schemes in terms of functionality, operation, cost and maintenance.

Comparative

Specific Comparison

Live-Line Neutral
Section Passing Scheme

Power-Off Neutral
Section Passing Scheme

Aspects Content Manual Vehicle-Mounted Column Switch Mechanical Switch  Electronic Switch  Flexible Ground
Power-off Automatic Neutral Section Ground Automatic Ground Automatic Automatic
Neutral Section  Neutral Section Passing Scheme Neutral Section Neutral Section Neutral Section
Passing Scheme  Passing Scheme 8 Passing Scheme Passing Scheme Passing Scheme
Long Long Relatively long Relatively short Short Co;gﬁli‘;teely
power-loss time power-loss power-loss power-loss power-losstime, power-loss uninterrupted
(speed loss) time, big time, big time, relatively relatively small time, small P
i power neutral
speed loss speed loss big speed loss speed loss speed loss . .
. . section passing
Functionality
Easy to cause Mechanical switch the operating No over-
Over-voltage Over-voltage - . over-voltage caused
over-voltage over-voltage brings operating - voltage
shock shock by mechanical
shock over-voltage . shock
switches solved
. the fatigue Easy to cause No train crew No train crew No train crew No train crew No train crew
Operation degree of the . . . . . . . . . . . .
train crew train crew fatigue operation required operation required operation required  operation required operation required
Investment Small Relatively small Relatively small Relatively big Relatively big Big
Cost and
maintenance Switch lifetime None None None Short switch Long switch Long switch

(if included in the scheme)

lifetime lifetime lifetime

Those schemes to power quality problems include passive filter, Static Var Compen-
sator (SVC), Static Synchronous Compensator (STATCOM), Active Power Filter (APF),
Railway Power Conditioner (RPC). As shown in Table 2, in comparison, passive filters are
used to control harmonics and reactive power, but they can only eliminate specific har-
monics. In addition, it is easy to resonate with the system impedance and cause harmonic
amplification. Since the device cannot follow the dynamic changes in time, the fixed capac-
itor value in each passive filter cannot totally compensate the frequently change reactive
power, then cannot reach a unitary power factor correction [39]. SVC is used for negative
sequence and reactive power compensation, but its suppression effect on harmonics is
limited, and it will bring harmonic problems by itself. In addition, may produce series and
parallel resonance. Compared to the SVC, STATCOM behaves as a bidirectional reactive
power compensator, with a faster response time, larger load capability, lower harmonic
contents and more compact design structure [39]. APF can eliminate harmonics well, but
when APF is used to compensate negative sequence and reactive power, its cost is high, so
it is usually used in combination with passive compensation. PRC is a relatively successful
power management program, which effectively realizes the comprehensive compensation
of reactive power, negative sequence and harmonic current [39-41].
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Table 2. Comparative analysis of the performance of the schemes for the power quality problems.

Name of Each Scheme

Negative Sequence Harmonics Reactive Power Others

Passive filter

Require large space for installation

Govern harmonics, but only Govern reactive power, but with and high implementation cost.

eliminate specific harmonics. poor continuity, which cannot be . .
o the change in the filter parameters
And it is easy to resonate compensated well due to the i
. . . . affected by the heat or lifetime,
with the system impedance and  frequent fluctuation of the traction . . A
. P which gradually caused misoperations in
cause harmonic amplification load.

the filter functionality

Compensation for

Limited harmonic .
May produce series-

SvC . suppression and it will bring Compensation for reactive power

negative sequence h . . parallel resonance

armonic problems by itself
Compensation for . Fast response for reactive
STATCOM . Low harmonic content . Small Land area
negative sequence power compensation
The cost is high when used to

APF Comper\satlon for Harmonic suppression Compensation for reactive power compensate negative sequence aqd

negative sequence reactive power, so it is usually combined

with passive compensation.
Effective realization Effective implementation . .
. . Effective harmonic
RPC of reactive power of negative sequence . None
. h compensation
compensation compensation

Recently, the co-phase power-supply scheme proposed by researchers can simultane-
ously and well solve the problems of neutral section and power quality. These co-phase
power-supply schemes can be divided into compensative co-phase power-supply schemes
and continuous co-phase power-supply schemes. Compensative co-phase power-supply
schemes include combined co-phase power-supply schemes, APC, RPC, HPQC, etc. Contin-
uous co-phase power-supply schemes include continuous co-phase power-supply schemes
based on cascaded H-bridge structure and continuous co-phase power-supply schemes
based on modular multilevel converter (MMC). The compensative co-phase power-supply
scheme is to combine with the transformer to supply power to the traction network.
The negative sequence reactive harmonics are compensated by the installed power elec-
tronic devices on the secondary side of the traction transformer, but it can only eliminate
the neutral section in the substation. The neutral sections where the districts are located
are still there, and the full line continuous cannot be achieved. The continuous co-phase
power-supply scheme uses a back-to-back power electronic structure to directly hang to
the traction network. The amplitude and phase of the output voltage of this structure can
be controlled. It can achieve the same phase of the traction network across the entire line,
thereby achieving a full line continuous. At the same time, it can also compensate the
negative sequence current, reactive power and harmonics well.

The continuous co-phase power-supply scheme replaces the traction transformer in
the traditional traction power-supply system, which connects the three-phase power grid
and the traction network with a co-phase power-supply device, which is generally a back-
to-back structure consisting of switching devices. By controlling the rectifier side of the
back-to-back structure, the power quality problems (i.e., negative sequence current, reactive
power, and harmonics) that may be brought to the power grid side can be addressed. At the
same time, by controlling the inverter side in the back-to-back structure, the amplitude,
phase, and frequency of the output voltage supplied to the traction network are controllable
to achieve the same phase of the output voltage of the substations, thereby achieving
the same phase of the entire traction network, thereby eliminating the neutral section.
Therefore, the through co-phase power supply can wholly and simultaneously solve the
problems of the neutral section and power quality problems.

If the co-phase power-supply scheme that has been proposed in the most paper is
applied to the AT power-supply system, as shown in Figure 2a, an auto-transformer is
required between the back-to-back structure of the topology and the traction network.
The structure proposed in this paper, as shown in Figure 2b, uses a bridge leg to replace
the role of the auto-transformer. The newly added bridge leg should be connected to the
rail (i.e., the R line in Figure 2), and the modules on it should be controlled to ensure that
the voltage between the contact grid (i.e., the T line in Figure 2) and the rail, as well as the
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voltage between the positive feeder (i.e., the F line in Figure 2) and the rail, are 27.5 kV
single-phase AC voltages of equal amplitude and 180 degrees difference in phase, i.e.,
Vrr = 27.5£0° and Vrg = 27.52180°. The functionality and advantages of this scheme
will be analyzed and illustrated in detail in Section 4.

1 T - et
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—+ Transformer 1 \ !

1 ‘ — I
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Figure 2. Co-phase power-supply system topologies: (a) The scheme already have been proposed but is not specific to AT

supply mode; (b) The scheme proposed in this paper for AT supply mode.

2.2. The Mathematical Model of the Proposed Scheme

As for the mathematical model, the topology proposed in this paper is a back-to-
back structure consisting of the rectifier side, which is composed of three bridge legs
corresponding to the three-phase step-down transformer, and the inverter side, which is
composed of three bridge legs corresponding to the two single-phase output voltages to
the traction network. The mathematical model of the rectifier side and the inverter side
will be illustrated separately below.

2.2.1. The Rectifier Side

According to the equivalent circuits as shown in Figure 3 and Kirchhoff’s voltage law,
we have Equation (1) [42]

{ Uy = —L% — Uy — Uno + 3Uges (i = a,b,¢)

, M
Uy = LG+ Uy — Uno — 3Uge; (i = a,b,¢)

In Equation (1), L = Ls + Lo, and Rg is so small that can be ignored. Bringing in
Uno = 0, adding and subtracting the two-equation in (1) from each other yields (2)

Aliri—i .
{ Usi = % (lhdtlm) + %(uli —Uy);(i=a,b,c) )
L

Mhth) 4 (U + U); (i = a, b )
As shown in Figure 3, i; is the AC side source current, i, is the circulating current,

iy is the upper arm current, i; is the lower arm current, and i, is the DC bus current, the
relationship between them is as follows [43].

iy =i —i
{ -s_iu+i1u (3)
lC—T
iy =—5 +i
{ S 4
ll:7+lc
. i + i
ige = Z (ulz 1) (5)
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As for the instantaneous power, the rectifier side was analyzed, and the results were
as follows [43]

{ Poy = ugyiay 6)

Plzl = uulial

Ignoring the harmonic components yields the bridge arm’s current and voltage ex-

pression [43].
U,, = %udc — \@Uu sin wt
al = FUgc +V2Ug sinwt
{ Ly = —%ﬂla sin (wt + @) — %Idc ®)
Iy = %\/Elu sin (wt + 4’) - %Idc

The expression for instantaneous power is obtained by bringing (7) and (8) into (6).

Py = A — B(wt) + C(2wt) 9
Py = A+ B(wt) + C(2wt)
A= YUl cos ¢ — LUyl
(wt) = %udcla sin (wt + @) — gllaldc sin wt (10)

O w

(2wt) = — LU, I, cos (2wt + )

>[dc =jdcv
a Uy cu Uni l[ TR (F l
Ro RG Ra 17 172/ RO RG RO
e’ -l e/ 2
Lo Lo Lo l Lo Lo Lo L Tﬂégl
4 [cm Y ]bu ]czt ]Tu _]Ru Y ]Fuv
]ca ]cb ]cc ]cT cR ]cF
3 y
v v
r lu Y Iy Iy Iy IRY Ik
Ly Ly Ly o i lf i Ly Ly Lo r F’@l
Jde! £, Ude! 2
Ro Ry Ry Ry Ry Ry
o Tl o UnCUlUzr l["TF l
(a) (b)

Figure 3. The equivalent circuit of the proposed topology: (a) Rectifier side equivalent circuit of the proposed topology; (b)
Inverter side equivalent circuit of the proposed topology.

2.2.2. The Inverter Side

The inverter side uses a bridge leg to replace the AT self-coupling transformer. As for
voltage of the inverter side, the voltage between the T line and the R line as well as the
voltage between the F line and the R line are two 27.5 kV single-phase AC voltages of equal
amplitude and 180° difference in phase, i.e., Vg = 27.520° and Vpr = 27.52180°.

As for the current of the inverter side, the current in the upper and lower bridge arms
is a superposition of the AC side current and the circulating current, while the circulating
current is a superposition of the fundamental frequency component, the double frequency
component, and the DC component, which is come from the DC bus current. In addition,
regarding the output side current, When the train is within one AT interval before or after
the substation, there will be current on the R line. In contrast, when the train is not within
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one AT interval before or after the substation, there will be no current on the R line, and
the T/F line current’s amplitude is a constant value.

As for the instantaneous power, there will be an equal distribution of the direct-current
across the three bridge legs, ignoring the harmonic component, and the expressions for the
voltages are as below [43].

Up, = %udc — \/EUT sin wt (11)
U = %Mdc + \ﬁUT sin wt
And the current expressions are as below [43].
{ I, = 3V2Irsin (wt + @) + 11a 12)
It = —3V2Irsin (wt + @) + L1z

And the expression for the instantaneous power in the bridge legs are as follows.
Pr, = A — B(wt) + ¢(2wt) (13)
Pr; = A+ B(wt) + ¢(2wt)

A= —%UTIT Ccos ¢ + %Udcldc

— _V2 i V2 i 14
B(wt) = — Y%= Uy It sin (wt + ¢) + 5=Ur I, sin wt (14)
C(2wt) = JUrIr cos 2wt + )

3. Control System for the Proposed Topology

According to the analysis of the operation principle above, the control objectives
below need to be met as a co-phase power-supply device, For the rectifier side, the control
objectives of no negative sequence current, reactive current, and harmonic component
on the rectifier side should be met, and at the same time, the DC bus voltage should be
stabilized near the reference value, so as to avoid power quality problems caused by the
traction network and to maintain the stability of the DC side. For the inverter side, it
is necessary to achieve the control objectives of controllable amplitude and phase of the
output voltage to ensure that the entire traction network substations have the voltage of
the same phase and amplitude. In addition, because of the newly added bridge leg, it is
necessary to ensure that the voltage between the contact network and the rail as well as the
voltage between the positive feeder and the rail are 27.5 kV single-phase AC voltages of
equal amplitude and 180° in phase.

3.1. The Control System for the Rectifier Side

As for the rectifier side, according to the mathematical model in Section 2, add and
subtract Equation (1) to each other, the following equation can be obtained [43].

Ldly _ vy =VatVi Ry
24 2 (15)
L4 = ¢ 7t R

2 2

Defining % as Vc and w as Vs, we can get the following equation [43].

_ Ldl R
{ VC—Vsa_jﬁ_sz (16)

Vo=% — L _RJ,
And we can get V,, and V] if there is V- and Vs [43].

{ V= Ve — Vg an

Vi=Vc+ Vs
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By using the PI controller, according to the following expression, we can get V- and V.

{vas):vsa(s)—léfs(s) [z:m—zs(s)](kpws) a8
Vs(s) = Y4 — RI(s) — [i2(s) — ic(s)] (kpn + £2)

From this, the control system on the rectifier side can be obtained, as shown in
Figure 4. And the modulation method is selected to be CPS-SPWM [44].

% ® -
Vdc +@>_> PI Isd + PI > ' % .
V dL_T _‘IS + Vad/ dq
]Sq* abc
7 abe “ﬁ4ﬂ5§J Fo jf%;Af c—
1T/ dg e = P~
S | iModulated
: Signals to
-1 SMs
P
W_’
H Va2 s + *
Pl = V 12/;'[1 i‘@ Vvla =M
PI __% 72 +‘% Vip*
Syl IO N 5

PI1

Figure 4. The control system for the rectifier side of the proposed topology.

3.2. The Control System for the Inverter Side
As for the inverter side, based on the mathematical model built for the inverter side,
the following expression can be obtained [42].

Vp = % — L4 — Uy
G (19)
VTI — dc — L1 Tl +UT

Since it = & +i. [43] and it = —%5 + ic [43], the equation can be transformed into:
— % _ [, _ [dic _ Ldis

S N 0
V=4 +Ur - LG+ 5%

Taking the T line as an example, with the PI controller, we can get the upper and lower
bridge arm reference voltages by the following expression.

Ldis(s) [l*(s) i (S)Kk o+ kA)
2 dt c c p L ’
LA _ [i%(s) — ic(s))(kpr + 2) e}

Vr(s) = ”T“) — Ur(s) -
Vri(s) = %) 4 Up(s) +

From this, the control system on the inverter side can be get.

As shown in Figure 5, since the output voltages are two single-phase AC voltages
of equal amplitude and 180° difference in phase, if we want to convert them to the dg
coordinate system for control, we need to converter them to the ABC coordinate system
first. By converting Vg to the A-phase and Vrp to the sum of the B phase and C phase, we
can convert them to the ABC coordinate system and then control them.
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Figure 5. The control system for the inverter side of the proposed topology.

4. The Verification of the Proposed Topology by Simulation

In this section, the functionality of the proposed topology is verified by simulation.
The simulation builds a realistic model of AC-DC-AC substation. The grid voltage of the
system is 220 kV. Then connect the grid to a step-down transformer to transfer the voltage
to the rated phase voltage of 27.5 kV on the AC grid side. Then connect the secondary side
of the step-down transformer to the MMC-based back-to back structure. The rated voltage
of the DC bus of the back-to-back structure is 80 kV. In addition, the rated phase voltage on
the output side is 27.5 kV.

As for the functions that the device needs to meet, as analyzed above, the proposed
co-phase power-supply device for the AT power-supply mode needs to meet the following
functions: the rectifier side should eliminate negative sequence current, reactive current,
and harmonics to ensure that it does not bring power quality problems for the power
grid, and the DC bus voltage needs to be stabilized near the reference value. As for the
inverter side, it is necessary to ensure that the output voltage’s amplitude and phase can
be controlled at the control reference value.

It can be seen from Figure 6a that the voltage and current on the rectifier side basically
have no phase difference, i.e., their power factor is basically 1, which means that there
is no reactive current component. The three-phase voltage and current waveforms have
stable amplitude and good waveforms without negative sequence and harmonic compo-
nents, meeting the functional requirements of the co-phase power-supply scheme on the
rectifier side.

It can be seen from Figure 6b that the DC bus voltage can rise and stabilize at the
reference value with minimal fluctuations, meeting the requirement of the DC bus voltage.

It can be seen from Figure 6¢,d that the voltage’s amplitude and phase on the output
side can be stabilized at the reference value. And to verify that when the current changes
suddenly, the voltage remains stable and basically unchanged. The load mutation is set at
1.995 s, and the current changes suddenly with it. It can be seen from Figure 6¢,d that the
voltage remains stable and basically unchanged. Therefore, the inverter side can meet the
functional requirements of the co-phase power-supply scheme.

In summary, the simulation verified that the entire system can meet the functional
requirements of the co-phase power-supply scheme.
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Figure 6. The simulation results of the proposed topology: (a) Voltage and current on the three-phase input side of the
proposed topology; (b) DC-bus voltage of the proposed topology; (c) Voltage between T line and F line on the output side
of the proposed topology; (d) Voltage between T line and R line on the output side of the proposed topology; (e) Voltage
between F line and R line on the output side of the proposed topology; (f) Current on the output side of the proposed

topology.

5. The Advantages Analysis of the Proposed Topology

After verifying that the proposed co-phase power-supply device topology can meet
the functional requirements of the co-phase power-supply scheme, the advantages of the
proposed topology needs to be analyzed and discussed.

Then the two schemes need to be compared in the same scenario. It is assumed that the
scenarios of the two schemes are both AC-DC-AC substations with a rated power of 40 MW.
The step-down transformer transfers the 220 kV grid voltage to the rated grid-side phase
voltage of 27.5 kV, the system rated DC bus voltage is 80 kV, and the system output side
rated phase voltage is 27.5 kV. As for the MMC structure, there are both three bridge legs on
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the rectifier side and the inverter side. Each bridge leg is divided into the upper and lower
bridge arms. There are 40 sub-modules on each bridge arm. The rated capacitor voltage of
the sub-module is 2 kV, and the switching device is selected to be Infineon-FZ1500R33HE3.

The following section will specifically analyze the advantages and disadvantages of
the two schemes in different aspects under this scenario.

5.1. The Comparative Analysis of Current Stress of the Switching Devices

From the perspective of the current stresses borne by switching devices in the topology,
qualitative analysis shows that since the inverter side adds a bridge leg, the DC component
flowing from the DC bus into the inverter side bridge leg is changed from the original two
equal parts to three equal parts, so that the DC component in the bridge leg decreases.
As for the AC output side, when the locomotive is in one AT interval before or after the
substation, there will be a current inflow on the newly added bridge leg, because the sum
of the TRF line current is zero, T line current outflow, and R and F line current inflow, so
the current’s amplitude of the bridge leg connected to the F line is reduced. In addition,
when the locomotive is not located in one AT interval before or after the substation, there
is no difference in the AC current with other topology. Therefore, in a comprehensive view,
when the power is constant, the current stress of the switching devices in the inverter side
bridge leg of the topology proposed in this paper is smaller.

At the same time, quantitative analysis shows that the current stress value of the
inverter side switching device is indeed smaller. The calculation is based on the system
rated at 40 MW, and the calculation is according to the maximum current may appear
in the bridge leg. For example, on the rectifier side, since S = 3 UL, U; = 27.5 kV, the
current Iy = 484.85 A can be obtained, and because S = Uj.I,., the reference value of Uy,
is 80 kV, I;. = 500 A can be obtained, thus the maximum current in the bridge arm is

@IS + % = 509.51 A. However, on the inverter side, the output voltages are two single-
phase voltages, thus S = 2 UI, U, = 27.5 kV, the current I, = 727.27 A can be obtained, so

the maximum current in the bridge arm is % I, + %,C = 680.93 A. Therefore, in summary,
the current maximum value of the switching devices on the rectifier and inverter sides is,
respectively 509.51 A and 680.93 A.

It is similarly calculated that the maximum currents in the bridge arm of the rectifier-
inverter side of the already proposed topology are respectively 509.51 A and 764.24 A.

It can be seen that the current stress of the inverter side switching devices of the
topology proposed in this paper is significantly reduced.

5.2. The Comparative Analysis of the Power Loss of the Whole System

From the perspective of power loss, the loss of the device can be calculated theoretically.
The power loss of a switching device consists of two parts: the conduction loss and the
turn-on turn-off loss. The expression is as below [45,46].

Ptot = Prtot + Pptot
Priot = Preon + Pron + PToff (22)
Pptot = Ppeon + PDoff

The Pryy: and Ppyy; means the total power loss of the IGBT and diode separately, and
the Preon Pron Pro ff are the conduction loss and turn-on turn-off losses of the IBGT in a
fundamental output period, and the Pp.o, Pp, f are the conduction loss and turn-off loss
of the diode. All these losses make up the total loss of a switching device. These losses can
be calculated individually by these equations below [45,46].
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Preon = 82 [ ic(t)vcp(ic(7))dt
Ppeon = 3= T];ﬁzn/w ir(T)vr(ip(T))dT
) off(ta
Pr = £ I #fg Eon(ic(ta))} 23)
UCEoff p)
PTOff 27'[Z { UcErf Eff(zc(t/s))}
0 t
PDoff = w {U.';Cfé‘ ; EreC(ZF t'y))}

In these equations, ic(7) and i¢(7) can be obtained based on the rated values, and
Ve and Vi can be obtained based on the corresponding current values and the output
characteristic curves of the switching devices provided in [47]. E, E, Ff Eyec can be obtained
from the corresponding current and the device loss curves provided in [47]. Vcgorf VEoff
can also be obtained from the corresponding current and the output characteristic curve.
Set the rated power of the system to 40 MW. From this, it can be calculated that the power
loss of all switching devices in the topology proposed in this paper in one fundamental
period is 613.67 kW, while the power loss of the switching devices in the topology has been
commonly proposed is 502.28 kW.

At the same time, the Infineon Online Power Simulation Tool (IPOSIM) (produced
by Infineon in Munich, Germany and provided on the official website) can be used to
approximate the power loss of the switching device after setting the value of the DC link
voltage, RMS current, frequency, and the switching frequency on it. The Infineon Online
Power Simulation Tool (IPOSIM) (produced by Infineon in Munich, Germany and provided
on the official website) calculation result of the power loss of the topology proposed in
this paper is 625.44 kW, while the result of the topology commonly proposed is 536.80 kW.
However, from the perspective of switching devices, the power loss proposed in this paper
is relatively high, from the perspective of the entire system of the scheme, the scheme
proposed in this paper eliminates an auto-transformer. Take an auto-transformer with a
nameplate capacity of 31.5 MVA as an example. Its actual electromagnetic capacity is only
13.3 MVA, saving it can save about $30,000 and save about 0.5% of energy loss, which is
66.5 kW.

So as for the loss of the whole system, we need to add the loss of the transformer
based on the loss of switching devices. Because of the high efficiency of high-voltage large-
capacity transformers, we set the efficiency of high-voltage large-capacity transformers at
99.5%, and set the rated system power to 40 MW, then the efficiency of the whole system (i.e.,
considering the previous step-down transformer and the energy losses of the switching
devices) is 97.96%, and the efficiency of the whole system of the commonly proposed
scheme (i.e., considering the previous step-down transformer, an auto-transformer and the
energy losses of the switching devices) is 97.71%.

Although the numerical difference in efficiency between the two systems is not mas-
sive, considering that the railway system is a large-capacity system, for example, with
a rated capacity at 40 MW, a difference of 0.25% would result in an energy difference
of 100 kWh per hour, so the scheme proposed in this paper can save 100 kWh per hour
compared to the commonly proposed scheme, which has excellent economic benefits in the
long term.

6. Conclusions

Against the background that there is no previous co-phase power-supply scheme
especially designed for the AT power-supply mode, this article proposes a co-phase power-
supply scheme for the AT power-supply mode traction power-supply system that has
become the main power-supply mode for the high-speed railways. The feasibility and
functionality of the scheme are verified by establishing mathematical models, creating
control systems, and simulating. It proves that the scheme proposed in this paper can meet
the needs of the co-phase power-supply system. In addition, on this basis, a comparative
analysis with the system that has been commonly proposed has verified that this scheme
has obvious advantages in the current stress of the switching device and the power loss
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of the entire system. Therefore, this solution is a more suitable co-phase power-supply
scheme for the AT power-supply mode traction power-supply system.

This scheme can be used in the AT traction power-supply system of high-speed
railways to be installed in substations to eliminate neutral section and at the same time
eliminate power quality problems such as negative sequence, reactive power, and harmon-
ics injected into the public grid. It ensures the safe and economical operation of the traction
network and the power grid and promotes the increase in the speed of high-speed railways.
The application value of this project can be popularized in the traction power-supply
system of high-speed electrified railways around the world, and remove existing obstacles
for the development of electrified railways worldwide.
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Abbreviations

The following abbreviations are used in this manuscript:

AT Auto-transformer

MMC Modular multilevel converter

svC Static var compensator

STATCOM  Static synchronous compensator

APF Active power filter

APC Active power compensator

RPC Railway power conditioner

HPQC Hybrid power quality conditioner

HEMPQC Hybrid electrical magnetic power quality compensator

CHB Cascaded H-Bridge

Vrr Voltage of the contact network to the rails (kV)

ViR Voltage of the positive feeder to the rails (kV)

Us; The voltage of phase i on the AC grid side connected to the back-to-back rectifier side based on MMC (i = a, b, ¢) (kV)
L The integrated equivalent inductance in the single-phase equivalent circuit of MMC.(mH)

iy Upper arm current of MMC back-to-back structure (A)

i Lower arm current of MMC back-to-back structure (A)

U, Sum of the voltages of the i-phase upper bridge arm sub-modules of the MMC structure (kV)
uy; Sum of the voltages of the i-phase lower bridge arm sub-modules of the MMC structure (kV)
Uy Voltage of the DC bus in the MMC back-to-back structure (kV)

is The source current of AC grid side connected to the back-to-back rectifier side based on MMC (A)
ic The circulating current of the MMC-based back-to-back structure (A)

[ Current of the DC bus in the MMC back-to-back structure (A)

P Instantaneous power of the A-phase upper bridge arm (kW)

LD linear dichroism

Py Instantaneous power of the A-phase lower bridge arm(kW)

Ve Defined as —%™Y1 (kv)

Vs Defined as Y1 (kV)

Pt Total power loss of the switching device in a fundamental output period (m])

Priot Total power loss of the IGBT in a fundamental output period (m])

Ppiot Total power loss of the diode in a fundamental output period (m])

Preon Conduction loss of the IGBT in a fundamental output period (m])

Prop Turn-on loss of the IGBT in a fundamental output period (m])

Progs Turn-off loss of the IGBT in a fundamental output period (m])

Ppcon Conduction loss of the diode in a fundamental output period (m])

Ppofs Turn-off loss of the diode in a fundamental output period (m])
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