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An Automatic Neutral Section Power Supplier
Serving as Railway Power Conditioner on
Time-Division Basis

Zhibo Zhang
Changyu Gao

Abstract—To address the issue of brief power outages when
trains pass through the neutral section, various automatic neu-
tral section power suppliers have been investigated. However, the
schemes in existing literature have two main problems: the con-
verter has numerous bridge legs and large capacity, and only
operates briefly during trains passing through the neutral section,
remaining in standby and idle state for over 95% of the time. To
solve these two problems, this article proposes a converter topology
for an automatic neutral section power supplier based on a three-leg
converter. The proposed topology has fewer bridge-leg counts and
requires a smaller converter capacity. By simply adding an ac
switch and an inductor, it functions as a railway power conditioner,
utilizing the automatic neutral section power supplier’s idle time
on time-division basis to improve the traction power supply quality.
This article provides a detailed analysis of the coupling relationship
and decoupling control methods of the input and output of the
proposed topology when used as an automatic neutral section
power supplier, as well as the control logic when used as a railway
power conditioner. The effectiveness of the proposed system has
been verified by simulation results and the experimental results of
a down-scaled prototype.

Index Terms—Automatic neutral section power supplier
(ANSPS), electric railway, neutral section, power decouple, power
quality.

NOMENCLATURE
Up, UB, UC Phase A, B, and C voltages of the power grid.
U, U Voltages of the traction feeders «v and 3.
Uaos Ubos Uco Output voltages of phase a, b and c leg.
Udc Voltage of dc bus.
Uag, Uhg, Ucg, Ulog  Potentials at points a, b, ¢, and o.
un Voltage of neutral section catenary.
I, Ib, ¢ Currents of phase a, b, and ¢ leg.
iA, IB, IC Phase A, B, and C currents of the power grid.
ix,ig,ic” Grid currents after compensation.
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Traction transformer currents of feeders o
and f.
Compensation currents of a, b, and c leg.

]

lacs LBc, lec

ial, 8L, Traction currents of feeder o and f3.

Tirans Current transfer time when pantograph over-
lapping catenaries.

Tsnitt Phase shift time of neutral section voltage.

L., Ly, L. Inductors of phase a, b, and c leg.

OaB Phase angle difference of the voltage of
feeder o and (3.

Oac Phase shift angle of neutral section voltage.

1. INTRODUCTION

HE 25 kV 50 Hz single-phase traction power supply system
T of electrified railway is used worldwide. The three-phase
public grid voltage is stepped down by the traction transformer
to power the traction network [1]. Since the electric locomotive
is a single-phase load, in order to reduce the unbalance of the
three-phase grid load, the catenary is segmented and various
traction feeders are powered by alternate phase voltages cycli-
cally [2]. A neutral section, which is also named the electrical
phase separation section, is correspondingly set between two
traction feeders to avoid interphase short circuit [3].

At present, the train passing through a phase separation
section without power supply is a main way for ac electrified
railway. The train would slide across the neutral section by the
action of inertia. The train could have to stop in the neutral
section as the speed drops to zero, especially on uphill railways.
In addition, due to the influence of distributed inductance and
capacitance [4], the transient overvoltage may occur when the
pantograph is overlapping the traction feeder and neutral section,
and an arc will be generated between the pantograph and the
catenary [5]. This interrupted power phase-separation passing
scheme limits the further development of electrified railway.
In order to solve these issues, a switch-type automatic phase-
passing system is proposed [6]. The power interruption time
of the train is greatly shortened. Even so, the dc undervoltage
protection of the locomotive may occur during the power outage
time [7]. In order to completely eliminate the power outage time,
the cophase traction power supply scheme is proposed to replace
the traditional traction power supply system. The voltage phase
of the whole railway line is consistent, and the electric phase
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separation can be canceled [8], [9]. The cophase traction power
supply system based on three-phase to single-phase converter
is common [10], [11], and there is also cophase power supply
system based on modular multilevel converter (MMC), some of
which are applied in an autotransformer-fed power supply sys-
tem [12]. However, the converter capacity of the cophase power
supply system needs to meet the total power of all locomotives
in the whole railway line, which results in high cost.

An automatic neutral section power supplier (ANSPS) can
provide uninterruptible power supply for the neutral section at
a rather lower cost [13]. This scheme can realize the smooth
transition of the neutral section voltage between the traction
feeders. The ANSPSs are mostly based on back-to-back single-
phase converters at first [14], [15], and then the phase-shifting
transformer composed of two transformers in series is intro-
duced into the system and retained in subsequent research [16]. It
can reduce the converter capacity of the inverter side. However,
compared to passing through the whole feeding section of a
traction power substation, the train takes very short time to
pass the neutral section, and the converter has to be in the
standby state for more than 95% of the time, so the equipment
utilization rate is too low. In addition, there are problems of
reactive power and negative sequence current on the grid side
[17]. A railway power conditioner (RPC) is usually employed
to compensate reactive power and negative sequence current
in the grid [18]. RPC can use a variety of topologies, such as
MMC or cascaded H-bridge topology to achieve transformerless
[19], [20]. RPC can only carry out power quality improvement
and cannot provide uninterrupted power supply for trains run-
ning in the neutral section. In order to have both functions, a
common way is to add a part of additional converter to the
original ANSPS to realize the power quality improvement [22].
A scheme based on back-to-back single-phase converter with an
additional converter port is presented in [23]. An ANSPS based
on MMC with power quality improvement function is proposed
[21], [27]. But the converter capacity in these two schemes
is rather large. There are also schemes that use a three-phase
converter at the rectifier side and two transformers connected
in series to reduce the converter capacity [24]. Compared with
other schemes, the scheme in [24] is a pretty good scheme with
smaller converter capacity and complete functions. However, the
train takes very short time to pass the neutral section, compared
to passing through the whole feeding section of a traction power
substation, and the inverter side converter has to be in the standby
state for more than 95% of the time [25].

Many schemes of trains passing through a phase separation
section have been proposed, their advantages and disadvantages
are shownin Fig. 1. In the existing scheme, the converter capacity
is still very large, and the converter in the system is idle for a
large part of the time. In order to solve these problems, this
article proposes a converter topology for ANSPS based on a
three-leg converter. The newly proposed converter topology has
a reduced number of bridge legs and a lower output voltage
on each leg. Consequently, this results in a smaller converter
capacity requirement when employed as an ANSPS. This topol-
ogy simply adds an ac switch and an inductor connected in
series to one ac terminal of a conventional three-phase converter,
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3 Method A ™

Switch-type automatic phase separation
section passing system[6],[7]

Advantages Disadvantages
o Power interruption time is e There are still power supply
shortened. interruptions.

e DC undervoltage protection of
the locomotive may occur.

NV

"

Method B
Co-phase traction power supply system[8-12]

Advantages Disadvantages

e Power interruption time is
completely eliminated.
e Power quality improvement.

e The required converter capacity
is very large.

Method C @

Automatic neutral section power supplier system[13-17]

Advantages Disadvantages

e Low converter utilization.
e The required converter capacity is
rather large in existing scheme.

e Power interruption time is
completely eliminated.

J i, Advantages & . | Disadvantages

4 Method Proposed in this Paper )

Automatic neutral section power supplier serving as
railway power conditioner on time-division basis

Characteristics
e Power interruption time is completely eliminated.
e Power quality improvement capabilities.
e High converter utilization.
o The required converter capacity is small.

- J

Fig. 1. Advantages and disadvantages of various schemes of trains passing
through a phase separation section.

enabling it to function as an RPC. It utilizes the idle time of the
ANSPS on time-division basis to improve the power quality of
a traction power supply. The utilization rate of the converter can
be significantly enhanced.

The rest of this article is organized as follows. In Section II,
the configuration of the ANSPS system is presented and the
circuit is analyzed in detail. In Section III, the operation prin-
ciple of the system is analyzed and the control strategy for
the whole process of the system is proposed. In Section IV,
the scheme proposed in this article is compared with other
schemes in terms of converter capacity. In Sections V and VI,
the effectiveness and the superiority of ANSPS are verified by
both the simulation and the experimental results of a labora-
tory low-power prototype. Finally, Section VII concludes this
article.

II. SYSTEM CONFIGURATION AND CIRCUIT ANALYSIS

A. System Configuration

The configuration of an ANSPS system proposed in this
article is shown in Fig. 2. The three-phase voltage of the power
grid is transformed into two single-phase voltages by the traction
transformer in the traction substation. The traction transformer
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Fig. 2. Proposed ANSPS system.

can adopt V/v transformer, Scott transformer, or other transform-
ers [26]. In this article, the V/v transformer is used in traction
substation, so the phase angle difference between the voltage
of the traction feeders o and /3 is 7/3. The system is mainly
composed of a three-leg power electronic converter. The three
legs of the converter are phase a leg, phase b leg, and phase ¢
leg, respectively, and the virtual midpoint of the dc bus is o.
The phase a leg and phase b leg are connected to the traction
feeders o and 3 through two inductors L, and L;,. The phase ¢
leg is connected to the neutral section catenary through a filter,
which consists of Ly and Ct. The dc midpoint is insulated from
the ground, and the two legs of the converter jointly bear the
voltage between the catenaries and the ground. Due to the high
voltage of the catenary, in practical engineering, the converter
should adopt a multilevel topology, and the MMC or other
suitable multilevel topology can be adopted. If the output voltage
harmonics of the multilevel converter meet the actual demand,
the filter of phase c leg can be omitted. In this article, in order
to facilitate the description, the two-level structure is used to
simplify the representation circuit without affecting the circuit
principle. For the purpose of improving the converter utilization
rate, when there are no trains passing through the neutral section,
the converter serves as an RPC. In order to improve the power
quality of the power grid, the system needs to add a path to
the ground, so the phase c leg of the converter is connected to
the ground through an ac switch S¢ and an inductor L.. The ac
switch S, called function selector, can adopt a series of thyristor
valve group or high-voltage circuit breaker. The inductance L. is
the same as the inductance of L, and Ly. The circuit structure is
altered by the action of the function selector switch St to achieve
time-division multiplexing of the converter.

There are many methods to detect the position of the train.
As one of the feasible methods, laser radar is selected as the
sensor to detect the train location. The sensors are installed at
points P;—Pg. According to the train location information, the
whole process control of the system is carried out. When the
train passes the neutral section, St is at OFF state, and the neutral
section catenary is powered by the ANSPS system. When the
train runs on the railway outside of the neutral section, S is
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Fig. 3. Schematic diagram of whole process of system.

at ON state and the power quality improvement of the traction
substation is administered.

B. Whole Process of the Proposed System

In this system, the whole process is divided into two working
modes: ANSPS mode and RPC mode. Depending on the location
of the train, the two modes are further divided into eight stages,
corresponding to the following eight serial numbers, as shown
in Fig. 3. Taking the train traveling from the left to the right as
an example, before the train reaches point Py, the system is in
the RPC mode.

1) After the train reaches point Py, the function selector
switch St is turned OFF, and the system enters the ANSPS
mode. When the train is traveling between Py and P, the
output voltage is controlled to track the voltage of the
traction feeder «, thereby reducing even eliminating the
arc between the pantograph and the catenary when the
pantograph travels to point Ps.

2) When the train reaches point P, the output power of the
converter begins to increase gradually. When the panto-
graph and the traction feeder « are separated at point P3,
there is no current transmitted from the traction feeder «
to the pantograph, avoiding the instantaneous overvoltage
problem.

3) When the train reaches point P3, all traction power comes
from the converter. The voltage of the neutral section
catenary is consistent with the voltage of the traction
feeder «v, when the train is located between P3 and Py.

4) When the train reaches point P4, the phase of output
voltage begins to change gradually. The voltage of the neu-
tral section catenary is smoothly switched to the traction
feeder (3. Before the train arrives at point P5, the voltage
of the neutral section catenary has been adjusted to match
the voltage of the traction feeder f.

5) When the train is traveling between P5 and Pg, the output
voltage is controlled to track the voltage of the traction
feeder (3 to reduce or eliminate the arc between the pan-
tograph and the catenary, when the pantograph travels to
point Pg.

6) When the train reaches point Pg, the output power of the
converter begins to reduce gradually. The output power is
reduced to zero before the train reaches point Py.

7) When the train reaches point P7, all traction power of the
train comes from the traction feeder 3. The phase c leg of
the converter is blocked.
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Start the device and perform
the pre charging process

A train is Entering ANSPS mode, the train
The system enters the detected reaching passes through P, and The system
PRC mode point P, performs no-load inversion
v
The train arrives at Pg, and The train arrives at P, and the system
the ANSPS mode ends performs current transfer control

The train arrives at P, the The train is arrives at Ps, the current
current transfer is completed transfer is completed

T ¥

The train arrives at P, the
current transfer starts

The train arrive at P4, and the neutral
section voltage begins to shift phase

The train arrives at Ps, and the
neutral section voltage phase
shift is completed

Fig. 4. Status flowchart of whole process of system.

CPC
current
source

Fig. 5. Circuit diagram and equivalent model of the proposed system.
(a) Circuit diagram and equivalent model in ANSPS mode. (b) Circuit diagram
and equivalent model in RPC mode.

8) When the train reaches point Pg, the function selector
switch St is turned ON, and the system enters the RPC
mode.

This is the whole process of the ANSPS system, the status
flow chart is shown in Fig. 4, the train can get uninterrupted
power supply throughout the whole journey. In order to achieve
such control, the circuit needs to be further analyzed.

C. Circuit Analysis and Modeling

The circuit structure of the system in two working modes is
different, so the equivalent circuit of the system is divided into
two types, as shown in Fig. 5, where the impedance of the wires
between the traction transformer and the converter is neglected.
u, and ug represent the voltages of the traction feeders v and
B. Uag, Ung, Ucg, and i, are the potentials at points a, b, c,
and o, with ground g considered as the potential reference zero.
i, Ip, and i. represent the phase currents of the converter. u,,,
uno, and uc, are the output voltages of phase a leg, phase b leg,
and phase c leg. Each leg of the converter can be equivalent to a
controlled voltage source. The external port characteristics of the
locomotive resemble that of a constant power controlled (CPC)
current source. The circuit structures in Fig. 5(a) and (b) are
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similar, but their control objectives are fundamentally different.
In the state of Fig. 5(a), the control objective of the converter is
to output a suitable voltage u.g for the locomotive. In the state
of Fig. 5(b), the control objective of the converter is to transfer a
part of the active current between traction feeder « and traction
feeder /3, and to compensate the appropriate reactive current to
ensure the three-phase load balance on the grid side.

In these two equivalent circuits, due to the dc midpoint is
insulated from the earth, it is required that the sum of the
input-side current in one cycle should be equal to the output-side
current. There is

ja+jb:jc (1)

where 1, e I b, and I . represent the phase currents of the converter,
regarding the voltage of traction feeder « to be the phase angle
reference zero. It is shown from (1) that there is a coupling
relationship between the input current and the output current.
These three currents must satisfy such a relationship, in which
there are only two independent variables.

In the case of Fig. 5(a), the control objective of the converter
is to ensure that uc, meets the power supply demand of the
locomotives. I, is determined by the traction power of the
locomotive, the converter can only provide voltage but cannot
control the traction current /., which is one of the independent
variables of the current. For the input currents fa and fb, due
to the current coupling relationship, a change in one of the
currents results in a change in the other. The adjustment of the
input current will cause a change in the input power. In order to
maintain the dc voltage, itis also necessary to control the balance
between the input power and the output power. Therefore, the
setting of the input current reference value needs to consider
both the current coupling relationship and the power balance.
Considering that the dc midpoint is not grounded, the potential
of the virtual dc midpoint is no longer a fixed value. According
to KVL, the potential u,g of the dc virtual midpoint should have
the following relationship:

di,

Uq — La di — Uao = Uog (2
di

up — Lbdiz) — Upo = uog. (3)

Through the analysis of (2) and (3), u.g is affected by iy, i,
Uao, and uy,. Next, analyzing from the output side, uc can be
considered as consisting of two voltage components U, and uog.
Uog should meet this relationship

Ucg — Uco = Uog 4

where the u., is determined by the train’s requirements for
the traction power system, and u., can be altered directly by
controlling the phase c leg of the converter. From (2) to (4),
given that the voltages of u., ug, and u.g are predetermined, uog
will collectively affect the output voltages of the three legs.
The output voltage is the superposition of the phase ¢ voltage
of the converter and the virtual dc midpoint potential. From
the input side, the traction feeder voltage minus the output
voltage of the corresponding converter leg is the virtual dc
midpoint potential. A coupling relationship exists between the
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output voltage and the input voltage. Both the input side and
the output side are associated with this potential, serving as a
link to establish a connection between the input and output volt-
ages. The virtual dc midpoint potential significantly influences
the converter; it should not be arbitrary but should possess a
reference value. This reference value is achieved by making the
virtual midpoint potential follow it through the collaboration
of multiple converter legs. The reference value of the virtual
midpoint potential is related to the output voltage of each leg. A
reasonable reference value of the virtual midpoint potential can
reduce the output voltage of each leg.

In the case of Fig. 5(b), the control objective is to adjust the
currents I, 5 and I b based on the load condition of the locomotive
on the line to balance the three-phase load of the power grid.
Achieving this objective involves controlling I, and I;,, while
I. only needs to satisfy the coupling relationship. Therefore,
the control process resembles that of the conventional RPC con-
verter. Throughout this process, the virtual midpoint potential
also influences the output voltage of the converter leg.

In the conventional ac—dc—ac converter, the input voltage
and output voltage are not directly related. The converter can
be controlled separately on the rectifier side and the inverter
side, the input side, and the output side are decoupled at the
intermediate dc link. In the topology shown in Fig. 5(a), the
output voltage is partly from the converter and partly from the
input voltage. At the same time, the input current and the output
current also need to meet (1). Therefore, the converter cannot
be controlled independently on the rectifier side and the inverter
side, respectively. Instead, it is necessary to propose a three-leg
cooperative control method for such a coupling relationship, and
the key points of the control are mainly in the following three
points.

1) In order to reduce the output voltage of each leg, it is
necessary to reasonably select the reference value for
the virtual dc midpoint potential. The reference value
of the virtual midpoint potential should be selected by
considering both working modes comprehensively.

2) In order to maintain the dc voltage of the converter and
output the appropriate voltage, it is challenging to analyze
the mechanism of cooperative operation of multiple legs
in the case of current and voltage coupling.

3) During the train passing through the neutral section, the
voltage phase of the catenary is smoothly switched. It is
challenging to analyze the influence mechanism of the
voltage phase change on the current reference values of
the converter input side legs.

In the ANSPS mode, the three key points are all included. In
the RPC mode, the control is similar to that of the conventional
RPC converter, there is only the problem of dc midpoint potential
selection. In the following, these key points will be analyzed in
principle.

D. Reference Value of Virtual Midpoint Potential

To facilitate the analysis of the reference value of ug, the
voltage drops on the inductors are ignored and a phasor diagram

9333

Fig. 6. Phasor diagram of the proposed system. (a) Midpoint potential is at
the middle point of the voltage difference between traction feeders when 05
is 60°. (b) Midpoint potential is at the circumcenter of traction feeder voltages
when 6 o is 60°. (c) Midpoint potential is at the circumcenter of traction feeder
voltages when AR is 90°.

is created with the voltage of traction feeder « as the phase angle
reference zero. The phasor diagram is shown in Fig. 6.

The voltage phasors of phase a leg and phase b leg are Uso
and Ub0 The Voltage phasor of phase c leg is UCO1 when in the
ANSPS mode and UCO2 when in the RPC mode. As the train
passes through the neutral section, the voltage amplitude of the
neutral section catenary does not change and the phase angle
moves slowly from one side of the traction feeder to the other
side of the traction feeder. Taking the train from traction feeder
« to (3 as an example, in the phasor diagram, the neutral section
catenary voltage is represented as a circular arc with the point
g as the center of the circle, and the voltage amplitude remains
the same as that of the voltage of the two traction feeders. The
endpoints of the three-leg voltages U, 205 Ubo, and U, co1 are located
at o, 3, and the circular arc, respectively. When the system is in
the RPC mode, the endpoints of the three-leg voltages Udo, Ubo,
and U,ys are located at v, 3, and g, respectively. The potential of
the starting point o of the three-leg voltage phasors, that is, the
potential of the virtual midpoint, can determine the amplitude
of these voltages. There is a certain freedom in the selection
of the reference value of the virtual midpoint potential, and the
position of point o can be moved within a certain range. The
minimum value of the dc voltage is determined by the maximum
leg voltage Uleg(max)-

Uleg(max) = max { Uaoa me Ucoh UCOQ} . (5)

When the point o is located at the midpoint of the phasor
difference between Ua and U 8. and O  is 60°, as shown in
Fig. 6(a). At this time, the maximum leg voltage is

V3
Uleg(max) =Uco2 = TUa (6)
When the point o is located at the circumcenter of traction
feeder voltages U, and Upg, as shown in Fig. 6(b) and 0,p is
60°. At this time, the maximum leg voltage is

V3

Uleg(max) = Uso = Ubo = Uco1 = Uco2 = ?Ua- @)
When the point o is located at the circumcenter of traction
feeder voltages U, and U g, as shown in Fig. 6(c) and 0,p is
90°. At this time, the circumcenter of traction feeder voltages
U and U g is the same as the midpoint of the phasor difference
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Fig. 7. Phasor diagram of input and output currents and voltages. (a) Phase
angle relationships between voltages and currents. (b) Intermediate variable of
the phase angles between currents. (c) Intermediate variable relating to the phase
angles between the current and the voltages.

between U, and U g. The maximum leg voltage is

Uleg(max) = Uo = Ubo = Uco1 = Uco2 = gUa 3
The minimum dc voltage required by the converter is de-
termined by the maximum output voltage of each converter
leg. Therefore, the objective in selecting the virtual midpoint
potential is to minimize the maximum output voltage from the
converter’s legs. The reference value for the virtual midpoint
potential should be chosen at the circumcenter of the triangle
formed by the traction feeder voltages. This positioning ensures
a balanced voltage output across the three legs, effectively
reducing both the maximum leg voltage and the required dc
voltage.

III. OPERATION PRINCIPLE AND CONTROL STRATEGY
A. ANSPS Mode

In the control of this working mode, the decoupling operation
should be carried out according to the existing coupling relation-
ship and power balance relationship, and the reference value for
the input current should be solved. However, a deviation in dc
voltage occurs due to measurement error or power imbalance in
the transient process of the system. To address this, the system
should have the dc voltage control ability. Consequently, an
analysis of the principles of dc voltage control is conducted.
Finally, the system control is conducted based on these derived
results.

1) Decoupling Principle: In this part, a decoupling analysis
is conducted, expressing the reference value of the input current
in terms of known quantities. The phasor diagram in Fig. 7
illustrates the relationships among input and output currents and
voltages.

A fundamental condition for the stable operation of the con-
verter is maintaining a constant dc voltage. To ensure this, the
input and the output active power of the system should be kept
in balance. The system provides the voltage required by the
locomotive, the amplitude and the phase of the load current I,
are determined by the traction conditions of the locomotive. The
load current I, is measured by the current transformer at point
c in Fig. 2. The balance relationship of the active power can be
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expressed as follows:
Ualacospp + Ugly, cos pp = Uegl.. cos pc. )

In order to facilitate the calculation, several intermediate
angle variables are introduced. The angle between I, and I,
is expressed as 0. The angle between [}, and I is denoted as
05. The angle between I, and Ua is denoted as 1. The angle
between I. and Ug is denoted as ¢ca. The angle between the
output voltage U cg and the traction feeder voltage U, of phase
« is called the phase shift angle, which is represented by 0ac,
this angle will change accordingly with the position of the train.

Oa = bac + pc — pa (10)
O = 0aB — Uac — pc + ¢B (11)
pc1 = Oac + ¢ (12)
pc2 = @c1 — Oas. (13)

According to the coupling relationship between input and
output currents, the input currents can be decomposed into two
components: one along the direction of the output current phasor
and the other perpendicular to the output current phasor. The
sum of the input current components along the output current
phasor direction and the output current are equal, and the sum
of the input current components in the direction perpendicular
to the output current phasor is zero. These relationships can be

expressed by the following equations:
I, cos0 + I, cosbp = I, (14)
I,sinfx — I;,sinfg = 0. (15)

Based on (14) and (15), I,, and I}, can be expressed as follows:

sin QB
l,=—+~———1I 16
sin (9A + 93) (16)
sin 9A
=— = . 17
® 7 sin (0a +0B) a7
Next, (9) can be transformed into
U, —-U,
I,sin (0p — @) = gfO%pc pLospee I, (18)
\/ K2+ k3
where three intermediate variables are introduced
k1=Uysinpci — Ugsin pca (19)
ko= — Uy cos pc1 + Ug cos pca (20)
k
(px = arctan <2> . 21
kq

Since there are two unknown variables I,, and 6 in (18), the
equation has multiple solutions. A simple and feasible calcula-
tion method in engineering is provided here. This calculation
method is to make the value of the trigonometric function
maximum, so as to obtain the minimum current /.

sin (6 — 9| = 1. 22)

Considering that /, represents the RMS value of the phase a
current, it follows 7, > 0. The minimum value of I, is obtained
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as follows:

Us
CosSpc — Ung COS Y2

I, = I. (23)
\/ B2+ k3
0, = YK + % when Ugcospc — Ug cos pca>0 4
Yk — 5 when Ugcospc — Ug cos pca<0
According to (16), fp can be obtained
I, sinfa
QB = arctan (ICIaCObGA) . (25)

Substituting 7,,, 6, and 0p into (17), I, can be obtained. So
far, the reference values of the input currents can be calculated.
This reference value is a function of the phase shift angle 6 4¢,
and the reference value of the input currents can be adjusted
according to the change of the phase shift angle 0.

2) DC Voltage Control: Inthe previous analysis, based on the
input and output power balance equation, the current reference
value of the input side is calculated. However, due to various
factors such as measurement accuracy and control accuracy,
it is difficult to achieve complete power balance. After time
accumulation, it may cause dc voltage deviation. In order to
increase the dc voltage correction capability, dc voltage control
isintroduced. The key to the control of dc voltage is to control the
input and output power of the converter. Since the relationship
of power balance is determined in (9), in order to control the
dc voltage, a power difference should be generated between the
input power and the output power. It is assumed that the output
power is m times of the input power, where m>0.

m (Ual, cos pa + Uply, cos pr) = Ul cos gc (26)
cospc’ = a0 (27)
m

Therefore, the variable m can be introduced into the expres-
sion by replacing cos¢c with cosp(, in (9). The reference current
I, and I, obtained according to the algorithm is containing the
power adjustment parameter m, so that the input power can be
controlled. In traction condition, when the dc voltage is higher
than the reference value, set m>1 to reduce the input power;
when the dc voltage is lower than the reference value, set m <
1 to increase the input power.

3) Control Strategy: When the system is in ANSPS mode,
the overall three-leg cooperative control strategy is shown in
Fig. 8. After the dc voltage difference passes through the PI
controller, the result is subtracted by 1 to obtain the power
adjustment parameter m. It is input into the decoupling con-
trol with voltage, current, and angle information to obtain the
reference value of input current, and the calculation flowchart
of decoupling control is shown in Fig. 9. The currents of the
leg a and leg b adopt deadbeat control to track their respective
current reference values. The virtual midpoint potential is at
the circumcenter of the triangle formed by the traction feeder
voltages, as shown in Fig. 6(b), the virtual midpoint potential
reference value is expressed as ug,= 1/3(ua+uf3). The PWM
pulses, G,, Gy, and G, generated by this control method, act
on the bridge legs a, b, and c, respectively.
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Decoupling
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Fig. 8.  Control strategy of ANSPS mode.

e Obtaining the measured values of traction feeders and
the neutral section voltages Uy, Up Ucy

o Setting phase shifting angle Oxc

e Obtaining the measured values of ¢c and Oap

e Obtaining the DC voltage control parameter m

v

e Solving for angles ¢c; and ¢pc,
e Solving for intermediate variables k; k> and g

v

e Solving for current 7,and I,
e Solving for angle 04 and 5

v

. Substitute* phasg coordinates to generate command
currents #, and i,

Fig. 9. Calculation flowchart of decoupling control.

B. RPC Mode

1) Operation Principle: During this stage, the locomotive
is located in the traction feeder, and the objective of converter
control is to compensate for the currents on the grid side, thereby
balancing the three-phase currents of the power grid. To prevent
ambiguity, the compensation currents for the o and 3 phases are
referred to as I, and I g, respectively. The equivalent model
of the system is shown in Fig. 5(b).

In the following, the selection of the virtual midpoint potential
reference value is introduced first, and then the compensation
currents | e and I sc are calculated. The phasor diagram of
the system without compensation is shown in Fig. 10 with the
voltage of traction feeder « as the phase angle reference zero.
The traction feeder voltages approximately form an equilateral
triangle. The reference value for the virtual midpoint potential
should be chosen at the circumcenter of the triangle, as shown
in Fig. 6(b). Since the c-phase leg is time-division multiplexed,
when the system is in the RPC mode, the c-phase leg constitutes
a ground path, so it must bear the potential U, and the output
voltage of phase c leg is Ueos-

Since the locomotives in the electrified railway are mainly
ac—dc—ac electric locomotives, this kind of electric locomotive
is selected as an example to illustrate the principle of RPC. The
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Fig. 10.  Phasor diagram of system after compensation.

power factor is nearly 1. Thus, the load currents I, isin phase
with the traction feeder voltage U «»and I 1, 1s in phase with the
traction feeder voltage U g- The system compensation currents
are divided into two parts: the active current transfer and the
reactive current compensation. First, the system shifts half of
the active current difference of the two sections from the heavily
loaded section to the lightly loaded section. Taking the load
situation in Fig. 10 as an example, the system shifts Al from
phase « to phase .

AT =05 |Ior — gL . (28)

The output currents of the traction transformer after the active
current transfer are I ,4nd 15+

Subsequently, to achieve a balanced three-phase load on the
grid, additional reactive currents need to be introduced to phase
« and phase 3. The reactive currents compensated to the phase «
and phase [ are I or and I sr- Therefore, the total compensation
currents are the sum of the above-mentioned two parts of com-
pensation, expressed as I ac and I gc. After the compensation,
the three-phase currents on the grid side are I As I pand I c¢as
illustrated in Fig. 10.

2) Control Strategy: In the previous RPC mode theory anal-
ysis, ac—dc—dc electric locomotive with power factor of approx-
imately 1 is taken as an example. However, in practice, there
are still a few ac—dc electric locomotives in the railway with
lower power factors. Consequently, during the active current
transfer, the transferred active current cannot simply be added or
subtracted using the traction feeder current. In the RPC control,
the total active current of the system should be extracted first.
Subsequently, the active current is distributed to the three phases
of the power grid by the converter, ensuring that the power factor
on the grid side remains at 1. The multiplication of the traction
feeder voltage and current is passed through a low-pass filter to
obtain the dc component /;,, which represents the active current.

This active current is superimposed on the current maintaining
the dc voltage to obtain Iain phase A of the grid and Igin
phase B of the grid, according to Fig. 10. On this basis, the
compensating currents of the converter are obtained by sub-
tracting them from the load currents of the traction feeders. The
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Fig. 11.

Control strategy of RPC mode.

virtual midpoint potential is still located in the circumcenter
of the two traction feeder voltages as indicated in Fig. 6(b).
The virtual midpoint potential reference value is expressed as
ug,= 1/3(ua+up). The control strategy of the RPC mode is
shown in Fig. 11. The PWM pulses, G,, G}, and G., generated
by this control method, act on the bridge legs a, b, and c,

respectively.

C. Transition Timing of the Two Modes

Using the transition of the train from traction feeder « to
[ as an illustration, where the traction current of the train is
represented as I loads and the currents of traction feeders are
denoted as I oL and I g1, while the output current of the ANSPS
converter is fc.

Tp1-Tpg represent the moments when the locomotive is
positioned at points P;—Pg. Upon the train reaching point Py,
the system switches from the RPC mode to the ANSPS mode.
While the train is positioned between Py and P, the converter
is in no-load rectification, and the inverter side is also no-load
inverter, waiting for the train’s arrive at Po. When located in
the Po—P3 sections, the locomotive pantograph simultaneously
overlaps the neutral section and the traction feeder, transferring
the locomotive load current from the traction feeder to the
converter. To mitigate the overvoltage at Ps, it is essential to
transfer the load current from the traction feeder to the converter
gradually before the train’s arrival at P3. The reference value for
the output current I, of the converter is given by

0 t < Tpo
= @Iwad Tpo <t < Tpo + Tirans

c . ’Tlmns
Iload TP2 + ﬂrans <t< TP3

(29)

where T ans represents the current transfer time. At this stage,
the output current amplitude of the converter rises gradually.

When the train is in the P3—Pg section, the converter needs
to provide an output voltage that is adjustable in both amplitude
and phase. The reference value of the neutral section catenary
voltage is ., which is adjusted according to the position of the
train.

\@Ua sin (wt) Tp3 <t <lIpy

V22U, sin (wt+ %@\13) Try <t <Tpy+Tiine

V2U, sin (wt + Oap) Tea + Tanie < t < Tpe

U =

(30)
where Tgpig is the phase shift time of the voltage from phase a to
phase 3. In the Pg—P7 section, similar to the Po—P3 section, it is



ZHANG et al.: ANSPS SERVING AS RAILWAY POWER CONDITIONER ON TIME-DIVISION BASIS

A
B
c Power Grid
i, Db
Substation m
& &
L Iz
fTTs
T 5
Traction Traction
Feeder o Feeder f
Rail =
Fig. 12.  Configuration of automatic neutral section power system (Scheme 2).

essential to gradually transfer the load current from the converter
to the traction feeder. The reference value for converter output
current is denoted as follows:

jload Tpz <t <Tpg
IZ: (1 - %) jload TP6 <t < TP6 + Ttrans (31)
0 TP6 + Tlrans S t

When the train is located between P; and Pg, the converter
is in no-load rectification, and the inverter side is also no-load
inverter, waiting for the train to leave Pg. As the train reaches
the Pg point, the system switches from the ANSPS mode to the
RPC mode.

IV. SCHEME COMPARISON

The cost of the power electronic converter mainly depends
on the capacity of the power electronic device. In this part, a
cost-effective ANSPS [24] and a typical RPC [18] are selected
for the power electronics capacity comparison with the converter
topology proposed in this article. In the comparison of multiple
topologies, the product of the withstand voltage and current
capability of the bridge leg is selected for comparison. The phase
angle difference between the two traction feeder voltages is 7/3.
The voltage amplitude of the traction feeders is Ur, and the
amplitude of the locomotive traction current is I.

For the topology proposed in this article, the circuit topology
is shown in Fig. 2, and the phasor diagram is shown in Fig. 6(b),
which is abbreviated as Scheme 1. The virtual neutral point
potential is selected as the circumcenter of the triangle formed
by the traction feeder voltages. The output voltage amplitude
of each leg is v/3/3 Ur. The leg currents are determined by
the locomotive traction current. The minimum current capacity
for each bridge leg is I7. Therefore, the minimum converter
capacity, denoted as S, in Scheme 1 is given by

S1 >3 x ?UT x It~ 1.73UrI. (32)

The cost-effective ANSPS with different topology is shown
in Fig. 12, which is abbreviated as Scheme 2. The phase-shifting
transformer is used to reduce the output voltage of the inverter
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Fig. 13. Phasor diagram of Scheme 2 (a) in the inverter side and (b) in the
rectifier side.

side. The ratio of the primary and secondary sides of the phase-
shifting transformer is 2:1. The secondary side is connected in
series, and the phase-shifting transformer voltage U ps 18 given
by

1. .

Up=35 (Ua+Us) - (33)

For the topology proposed in Fig. 12, the phase diagram of

the inverter side is shown in Fig. 13(a). The transformer on the
inverter side is T3, and its high-voltage side output voltage is
Usny- This voltage is superimposed with [ ps to supply power to
the neutral section. The maximum output voltage amplitude of
each phase is 0.25Ur. The minimum current capacity for each
leg is I7. Therefore, the minimum capacity of the inverter side
S2_inv is

1
SQiinV > ZUT X IT X 2= 0.5UTIT. (34)

Since the power of the transformer flowing into the trans-
former is equal to the power flowing out of the transformer, the
ratio of transformer does not affect the result of power electronic
device capacity comparison. When the inductance voltage drop
is ignored, the phase diagram of the rectifier side is shown in
Fig. 13(b). If Schemes 1 and 2 have the same power quality
management ability, the minimum capacity of the rectifier side
So_ref Needs to be at least the same as S;.

3
S e > 3 % gUT x Iy~ L73UpIr. (35

If considering that the rectifier side also needs to transmit
active power for the inverter side, the capacity should need to be
larger on the rectifier side. Combining (34) and (35), the total
converter capacity So is

SQ == SQ_inv + SZ_rcc Z 223UFTIT (36)

The typical RPC is shown in Fig. 14, which is abbreviated
as Scheme 3. When the inductance voltage drop is ignored, the
phase diagram of the RPC is shown in Fig. 15. If Schemes 3 and
1 have the same power quality management ability, the capacity
of RPC S3 needs to be the same as S;.

3
S5 > 3 x %UT « Iy ~ 173U Iy 37)
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Fig. 14. Configuration of RPC (Scheme 3).
Fig. 15.  Phasor diagram of Scheme 3.
TABLE I
CAPACITY COMPARISON
Circuit ..
. Minimum
Scheme | topology Function .
h capacity
diagram
Fig. 2 .
1 (Proposed Nelslltlral lsegllgl;{%ocwer 1.73Uxlr
in article) PPy
. Neutral section power
2 Fig. 12 supply and RPC 2.23Urlr
3 Fig. 14 RPC 1.73Urlt

The comparison of these three schemes is shown in Table I.

V. SIMULATION RESULTS

In this section, the control of the whole process of the au-
tomatic neutral section power system is tested based on MAT-
LAB/Simulink. The main parameters of the circuit are shown in
Table II. The locomotive load (9600 kW) is equivalent to a CPC
current source.
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TABLE II
MAIN PARAMETERS
Parameters Values Parameters Values
Ud(kV) 27.5 Ly(mH) 10
Up(kV) 27.5 Ly(mH) 10
Oas(deg) 60 L(mH) 10
Udc (kV) 45 C(mF) 5
Rated Rated load
power (kW) 9600 current (A) 350
TABLE III
TIME SEQUENCE PARAMETERS OF ANSPS
Positions Time(s) Positions Time(s)
Pi—P, 0.0-0.3 Ps—Ps 2.0-2.4
P,—P; 0.3-0.6 Ps—P7 2.4-2.7
P;—P4 0.6—1.0 P;—Pg 2.7-3.0
P4—Ps 1.0-2.0
x 10*
4
g’ g
2, S
-4 f L S
12 L4 imes) MO
4 Uy E E—
2 - —i )
gl) o I M E
g2 °
,395.. e s e s o 2 A S5
Time(s) Time(s) Time(s)
a (b) (©)
Fig. 16.  Simulation waveform of output voltages and current. (a) Simulation

waveform before the phase shift. (b) Simulation waveform when neutral section
voltage at 30° phase shift. (c) Simulation waveform after the phase shift.

A. ANSPS Mode

In this mode, the train is located between P; and Pg. When
the locomotive is located in Po—P3 or Pg—P~ in Fig. 5, the time of
the simultaneous overlap process is Tirans, Which is set to 0.3 s
in the simulation. When the locomotive is located in P4—P5, the
output voltage is phase shifted, and the phase shift time is the
Tenifr, Which is set to 1 s. The time sequence parameters are
shown in Table III.

1) Under the Conventional Traction Condition of Locomo-
tive: Under the conventional traction condition, the locomotive
runs at a constant power under the condition that the power factor
is approximately 1. Based on the circuit parameters in Tables II
and III, the simulation is carried out with the train moving from
traction feeder o to 3.

When the train is located between P3 and Pg, the output
voltage of the system supplies power to the train in the neutral
section, the simulation result is shown in Fig. 16. The output
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Fig. 17.  Current simulation waveform. (a) Output currents of three legs before
phase shift. (b) Output currents of three legs after phase shift.

voltage starts to shift from the voltage of traction feeder «
to the voltage of traction feeder S at 1 s, and the phase shift
process ends at 2 s. Fig. 16(a) shows the simulation waveform
before the phase shift of the neutral section voltage u.s, and the
neutral section voltage u., coincides with the voltage of traction
feeder . Fig. 16(b) shows the simulation waveform when the
neutral section voltage u.g at 30° phase shift, u.g is located in the
middle of the two traction feeder voltages. Fig. 16(c) shows the
simulation waveform after the phase shift, and the neutral section
voltage uc, coincides with the voltage of traction feeder 3. It can
be seen from the diagram that the neutral section voltage transits
smoothly between the two traction feeder voltages. During this
process, the dc voltage is kept constant.

The output currents of three legs are shown in Fig. 17.
Fig. 17(a) shows the output currents of three legs before phase
shift. Fig. 17(b) shows the output currents of three legs after
phase shift. With the change of the neutral section voltage ug,
the output current of b leg gradually increases and the output
current of a leg gradually decreases. During the whole phase
shift process, the output currents of phase a leg and phase b leg
are always not greater than the output current of phase c leg.

When the locomotive is located in the Po—P3 or Pg—P7 sec-
tions, the system transfers the traction current, the simulation
result of the current transfer process is shown in Fig. 18. When
the locomotive is located in the P>—P3. The traction current
is transferred from the traction feeder « to the output current
of phase c leg i., the output current of phase c leg increases
slowly from zero, as shown in Fig. 18(a). When the locomo-
tive is located in the Pg—P7, the traction current is transferred
from the output current of phase ¢ leg to the traction feeder
B, the output current of phase c leg decreases gradually to
zero, as shown in Fig. 18(b). It can be seen from Fig. 18 that
the traction current is smoothly transferred, and the traction
current transfer process is consistent with the rules of (29) and
(31). In this process, the leg current waveforms are shown in
Fig. 19.

2) Under Various Traction Conditions of Locomotive: Next,
the system will be simulated in three different traction condi-
tions.
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Fig. 18.  Current simulation waveform. (a) Traction current is transferred from
the traction feeder « to the output current of converter. (b) Traction current is
transferred from the output current of converter to the traction feeder 3.
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Fig. 19.  Current simulation waveform. (a) Phase leg currents when located

between P2 and P3. (b) Phase leg currents when located between Pg and P7.
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Fig. 20. Simulation waveform of output voltages and current under regen-
erative braking condition. (a) Simulation waveform before the phase shift.
(b) Simulation waveform when neutral section voltage at 30° phase shift.
(c) Simulation waveform after the phase shift.

Case 1: When the train is in the state of regenerative braking, the
power flows from the locomotive to the traction feeder. The
simulation waveform of the train under regenerative braking
condition is shown in Fig. 20. The phase of locomotive
traction voltage u., is opposite to that of traction current .
The output voltage can still be smoothly transferred between
the two traction feeder voltages. The system proposed in this
article considers the regenerative braking condition and the
dc voltage is kept constant.
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Fig. 22.  Simulation waveform of output voltages and current in the case of

sudden change of traction power. (a) Simulation waveform before the phase shift.
(b) Simulation waveform at 30° phase shift. (c) Simulation waveform after the
phase shift.

Case 2: There are still a certain number of ac—dc drive electric
locomotives in some railway lines and the power factor is
generally only about 0.8 [6]. When the ac—dc drive electric
locomotive is used as the load, the simulation waveform is
shown in Fig. 21. The phase of locomotive traction voltage
Uce is ahead of traction current i.

Case 3: In order to verify the dynamic performance of the
proposed system in this article, the locomotive is changed
from full rated power to half of the rated power in a very short
period of time in the simulation and the simulation result is
shown in Fig. 22. When the simulation time is 1 and 2 s,
the traction power changes from rated power to half of the
rated power, the voltage of the catenary in the neutral section
will increase slightly and fall back rapidly in half a cycle, as
shown in Fig. 22(a) and (c). When the simulation time is 1.5 s,
the traction power changes from half of the rated power to
rated power, the voltage of the catenary in the neutral section
will drop slightly, but it will recover quickly, as shown in
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Fig. 23. DC voltage simulation waveform.
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Fig. 24.  Simulation result of variation of I, with phase shift angle and load
current when the power factor is 0.98.
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Fig. 25.  Simulation result of variation of I}, with phase shift angle and load
current when the power factor is 0.98.

Fig. 22(b). In the case of sudden change of traction power, the
neutral section voltage is still smoothly transferred between
the two traction feeder voltages.

In the case of sudden change of traction power, the simulation
waveform of dc voltage is shown in Fig. 23. In this process, the dc
voltage is basically constant. The maximum ripple amplitude of
the dc voltage is about 100 V. When the traction power changes
from rated power to half of the rated power, the dc voltage ripple
increases, as shown in Fig. 23(a) and (c). When the traction
power changes from half of the rated power to rated power, the
dc voltage ripple decreases, as shown in Fig. 23(b).

3) Variation of 1, and 1, With Load Current 1. and Phase
Shift Angle 0 5 : During the phase shift process (P3—Pg), the
input current amplitude 7, and [, will also change. When the
locomotive power factor is 0.98, the variation of 7, with the load
current and the phase shift angle is shown in Fig. 24, and the
variation of [, with the load current and phase shift angle is
shown in Fig. 25. When the locomotive power factor is 0.8, the
variation of I, with the load current and the phase shift angle is
shown in Fig. 26, and the variation of /;, with the load current
and the phase shift angle is shown in Fig. 27.

It can be seen from these figures that the input current
amplitude will increase with the load current when the phase
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Fig. 26.  Simulation result of variation of I, with phase shift angle and load
current when the power factor is 0.8.
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varies under different load power factors. Further analysis of the side
change process from these diagrams shows that the input current ] Switching
amplitude does not exceed the load current throughout the Load resistance 25Q frequency 10 kHz

phase shift process. Therefore, when calculating the converter
capacity, the current capacity of each leg is designed according
to the maximum load current.

B. RPC Mode

When there is an electric locomotive in traction feeder o
and there is also an electric locomotive in traction feeder f3,
the system is in RPC mode, the simulation waveform is shown
in Fig. 28. Before 0.2 s, the three-phase currents in power grid
are unbalanced, there is a phase difference between currents and
voltages, and the power factor is low. At 0.2 s, the converter
starts to operate and the amplitude of the three-phase currents
are equal, and the power factor is 1.

VI. EXPERIMENTAL RESULTS

In order to further verify the effectiveness and the superiority
of the devices and control strategies proposed in this article, a
corresponding scaled-down experimental prototype is built as
shown in Fig. 29. Its main parameters are shown in Table IV.

The prototype is powered by a three-phase power grid, in
which two line voltages are used to simulate the traction feeder
voltages. The RMS values of the voltages in the traction feeders
are 220V, and the voltage phase difference between the two trac-
tion feeders is 60°. The main power circuit is a three-phase con-
verter built on two full-bridge power modules, one of which uses
only one leg. The switching frequency of the H-bridge is 10 kHz,
the control frequency is set to 10 kHz, and the phase-locked loop
is used to obtain the phases of the voltages and currents.

When the neutral section voltage is switched from the trac-
tion feeder « to the traction feeder /3, the experimental results
are shown in Fig. 30. The phase shift time is set to 1 s, the
phase shift begins at 0.2 s, and the phase shift process ends at
1.2 s. Fig. 30(a) shows the experimental waveforms before the
phase shift. The neutral section voltage before the phase shift
is consistent with the voltage of traction feeder . Fig. 30(b)
shows the experimental waveform at 30° phase shift, with the
neutral section voltage between the traction feeder o and traction
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Fig. 31.  Current waveforms in the experiment. (a) Input current waveform
before the phase shift. (b) Input current waveform after the phase shift.

feeder (3 voltages. Fig. 30(c) shows the experimental waveforms
after the phase shift. The neutral section voltage after the phase
shift is consistent with the voltage of traction feeder 8. The
experimental results show that the neutral section voltage can be
smoothly transitioned, with the dc voltage remaining at 400 V
during this period.

When the neutral section voltage is switched from the traction
feeder « to the traction feeder [, the waveforms of output
currents of the three legs in the experiment are shown in Fig. 31.
The phase shift time is set to 1 s, the phase shift starts at 0.2 s and
the phase shift process ends at 1.2 s. As the phase shift angle
increases, the output current of leg a gradually decreases and
output current of leg b gradually increases, which is the same
as the simulation results in Section V. The amplitude of input
currents /, and I}, does not exceed the load current throughout
the phase shift process.

In order to show the voltage and current change process more
clearly, the phase shift time is set to 0.1 s. The voltage waveform
in the experiment is shown in Fig. 32, and the current waveform
in the experiment is shown in Fig. 33.
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Current waveforms in the experiment when the phase shift time is set

VII. CONCLUSION

A new converter topology for an ANSPS based on a three-leg
converter is proposed in this article. This topology has fewer
bridge-leg counts and requires a smaller converter capacity
when used as an ANSPS. After adding an inductor and an ac
switch, this converter can serve as an RPC, utilizing the idle
time of the ANSPS on time-division basis to improve the power
quality of the traction power supply. The utilization rate of the
converter can be greatly improved by over 95%. Aiming at
the coupling relationship of the topology in ANSPS mode, this
article proposes a three-leg cooperative control method, which
can accurately and quickly perform decoupling control. It has
good transient control ability and is easy to maintain dc voltage
constant. The topology scheme proposed in this article improves
the economy and practicality of the ANSPS system.
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