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ABSTRACT The existence of the neutral section is used to be a major problem of the AC electrified railway.
Although the conventional thyristor-based auto-passing neutral section schemes allow a train to go through
the neutral section with power, there still exists a power interruption time in milliseconds and the issue of the
inrush current in the on-board transformer. Aimed at these shortcomings, a modified thyristor-based scheme
with one simplified auxiliary transformer is proposed in this paper. By introducing one 3:1 transformer
and two additional switches, two transition voltages, whose phases are between that of two power supply
arms, are constructed. The neutral section voltage is switched three times when a train passes through so
as to avoid the significant voltage phase change on the grid side of the electric locomotive. Meanwhile, the
power interruption time can be lowered to hundreds of microseconds and the inrush current of the on-board
transformer is effectively avoided. The working principle of the proposed scheme is deeply analyzed and the
characteristics are discussed. Further, the effectiveness and superiority of the proposed scheme is verified by
the simulation and experimental results. The impact of the neutral section on the train can be well suppressed
by the proposed scheme.

INDEX TERMS Aucxiliary transformer, flux linkage, neutral section, power interruption time, switch-based
scheme.

I. INTRODUCTION
Due to the economic benefits, the 25kV 50Hz single-phase

phase separation passing scheme is widely adopted at present.
The train would slide across the neutral section by inertia.

traction power supply system is adopted world-widely for
the electrified railway [1]. The three-phase power from the
110- or 220-kV grid is converted to two single phases for
the catenary system by the traction transformer [2]. Two
segments of catenary on both sides of a traction substation are
powered by the two outputs of the traction transformer with a
voltage phase difference of 60° or 90°. Accordingly, a neutral
section, also referred to as electrical phase separation, is set
on the catenary for electrical isolation of two segments.
Since there is no power supply in the neutral section, the
train is prohibited from passing with traction current to avoid
a serious electric arc. As a result, the interrupted electrical
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This scheme is simple and reliable, but it will lead to the
issues of speed loss, the electric arc and the transient over-
voltage [3]. Especially for the heavy-haul railways, the train
may stop in the neutral section due to an insufficient initial
speed. In order to avoid these problems, some auto-passing
neutral section passing schemes have been proposed. Further,
these schemes can be classified into switch-based ones and
converter-based ones.

At the beginning, the high-voltage circuit breakers are
used in the switch-based scheme [4]. With this scheme,
the train speed loss can be significantly reduced. However,
it is difficult to precisely control the operation time of
high-voltage circuit breakers, which will lead to the serious
electric arc and the high resonant overvoltage. Besides, the
train still has a power interruption time of several hundred
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milliseconds [5], [6]. In response to the drawbacks of the
high-voltage circuit breaker, the electronic switches are
applied in the switch-based schemes [7], [8]. Because of the
outstanding overcurrent capacity, the natural turning-off char-
acteristic of current zero crossing, and the short-circuit char-
acteristic in broken state, the thyristor is highly favored [9].
Consequently, the power interruption time is further lowered
to several milliseconds in addition to suppress the electric
arc and the overvoltage. Nevertheless, the dead time of the
voltage switching process is inevitable.

With the development of power electronics technology,
the converter-based schemes have been researched recently
for completely eliminating the power interruption time. The
uninterruptible flexible connector with a back-to-back con-
verter is the most typical converter-based scheme [10]. With
a variable frequency and phase shift control strategy, the
neutral section voltage can be transferred smoothly without
power interruption and the impact of the neutral section on the
train can be eliminated [11]. However, this scheme requires a
large capacity converter with complex control, which results
in high cost and low reliability. To reduce the converter
capacity, a flexible uninterruptible phase-separation passing
device with phase-shifting transformers is presented in [12],
but the high-capacity line-frequency transformers need large
installation area. In addition, the time of a train passing the
neutral section is relatively short, so the equipment utilization
rate of the above two schemes is particularly low [13]. For
these reasons, the modified scheme based on modular mul-
tilevel converter (MMC) is studied in [14] and [15]. It can
perform the phase-separation passing function with power
supply when a train is passing the neutral section. For the rest
of time, it can be used to balance the traction load of different
power supply arms and compensate for the reactive power
and the harmonics. But the converter capacity in this scheme
is still large and more devices are needed. On the other
hand, the co-phase traction power supply system is another
solution. By transforming the traction power supply system
and adding power electronic converters, the voltage phase of
the whole railway is consistent and the neutral section on the
catenary can be cancelled [16], [17]. Meanwhile, the power
quality of the grid can be greatly improved. However, the
converter capacity of the co-phase scheme is equal to the total
power of all trains in the line. It causes a higher cost than
that of the flexible uninterruptible phase-separation passing
devices [18].

There is no doubt that these converter-based schemes have
an excellent performance, but their application is restricted
due to high cost and low reliability [19]. By comparison,
the switch-based schemes have much simpler structures and
lower cost. However, the shortcomings in the conventional
thyristor-based schemes are obvious and non-negligible.
In addition to the power interruption time in milliseconds,
the neutral section voltage can only be directly switched
between two power supply arms, which may affect the phase
locked loop (PLL) of the four-quadrant converter (4QC) on
the train. Furthermore, an inappropriate operation time of
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thyristor can cause a huge inrush current. The train opera-
tion would be seriously affected. To address these problems,
a thyristor-based scheme with two auxiliary transformers and
four switches is proposed in [20] to improve the voltage
switching process. Although it works well and has strong
adaptability, the drawback is that the two three-winding trans-
formers significantly increase the structure complexity and
cost.

On this basis, this paper proposes a modified scheme
with only one simple transformer. By the cooperation of one
3:1 auxiliary transformer and two additional switches, two
transition voltages, whose phases are between that of two
feeders, are constructed. When a train is passing the neutral
section, the voltage switching process of the neutral section
catenary can be smoother through the operation of different
switches. The power interruption time can also be controlled
to hundreds of microseconds. Meanwhile, according to the
simulation and experimental results, the inrush current of the
on-board transformer can be effectively avoided.

The rest of this paper is organized as follows: In Section II,
the topology and its working principle of the proposed
scheme are introduced in detail. Section III analyzes the
characteristics of the proposed scheme and the mechanism
of avoiding inrush current. The correctness of the theoretical
analysis is verified by the simulation results in Section IV
and a scaled-down experimental platform is established in
Section V and the experimental results are further carried out.
Finally, Section VI summarizes this paper.

Il. TOPOLOGY AND WORKING PRINCIPLE

A. CONFIGURATION

Fig. 1 illustrates the topology of the proposed thyristor-based
scheme. The proposed scheme includes S;, Sci, Sc¢2, Sb,
and one auxiliary transformer, T,. Therein, all switches are
composed of multiple thyristors connected in series and in
anti-parallel. AAy and BB are two feeders from the traction
substation. And the two power supply arms on both sides of
the neutral section are respectively powered by AgA; and
BoBi. Sa, Sci, Sco and Sy are in series connection between
ApA1 and BgB1. The neutral section catenary is connected to
the middle of S¢1 and S, by the feeder QN. The primary side

A B
1 Ag N Bo:
i T 3
t— S, Sc1 Q Se Sy —
Ay N B,
Catenary
Rail S5 55
Neutral Section

S. || So || Sa || Se2 ‘@"" ——— Anchor Joint

FIGURE 1. Configuration of the proposed scheme.
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terminals of T, are connected to AgA; and BoB1, while the
secondary side terminals of T, are connected to the middle of
Sa and S¢1, and the middle of S and Sy, respectively. The
turns ratio of T, is N1: N = 3:1, and the dotted terminals are
marked in Fig. 1 with “*’.

B. WORKING PRINCIPLE

The voltage phase difference between the two outputs of
the traction transformer has different situations. The situa-
tion of 60° is introduced for the working principle analysis
firstly. Ua, Ub, and Un are used to represent the voltages of
AAy, BBy, and the neutral section catenary, respectively. It is
assumed that Ua leads Ub by 60°. For the convenience of
analysis, U, and Uy, are expressed as

[ U, = UpyL0°

. 1
Up = Uyl — 60° M

where Uy, is the rated voltage amplitude of catenary.

Compared to the conventional thyristor-based schemes,
Sc1s Sez2 and T, in Fig. 1 are additional. Due to the introduc-
tion of T,, the voltage phasor of (Ub-Ua)/3 is constructed.
Further, S¢; and S¢; are used to realize its calculation with
Ua and Ub, SO two transition voltages, Unl and Unz shown in
Fig. 2, can be obtained.

(UpU)3 .
s Uy

(€]

FIGURE 2. Phasor diagram of the proposed scheme.

The process of an electric locomotive passing through the
neutral section from AAg to BBg is analyzed to illustrate
the working principle of the proposed scheme. As shown in
Fig. 3, the whole process can be divided into 6 states.

1) State I: At the beginning, all switches are in off-state as
shown in Fig. 3(a), the neutral section catenary has no power.

2) State I1I: When the electric locomotive is ready to enter
the neutral section, S, and S¢; are switched on. Subsequently,
the electric locomotive enters the neutral section with power
and U, is equal to U,, which is shown in Fig. 3(b).

3) State Il1: As shown in Fig. 3(c), the electric locomotive
arrives at the voltage switching point P. Then S is switched
off firstly and S, is switched on later. Un is switched to Unl,
which can be expressed as

. . 1. .
U = U, + 3 (Up — Ua) = 0.882Un L — 19.1°  (2)

4) State IV: After several line-frequency cycles, S, and
S¢o are switched off firstly, Sp and S¢1 are switched on later.
As shown in Fig. 3(d), Un is switched to Unz, which can be
expressed as

. . 1. .
Un2 = Up = 3 (Up — Uy) = 0.882Unl —40.9°  (3)
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5) State V: After a short time, as shown in Fig. 3(e), S¢1 is
switched off firstly and Sc; is switched on later, and U, is
switched to Ub.

6) State VI: After the electric locomotive drives out of the
neutral section, Sp and S., are switched off. As shown in
Fig. 3(f), the neutral section catenary recovers to the no power
state.

The working process of an electric locomotive passing the
neutral section in backward direction is contrary to the above
process, and it is omitted here.

It can be seen that the proposed scheme helps the electric
locomotive pass through the neutral section with power, and
the neutral section voltage is switched three times. The phase
changes of each switching process are respectively 19.1°,
20.8°, 19.1°, which are basically the same. Compared to the
conventional thyristor-based schemes, the voltage switching
process of the proposed scheme is smoother.

C. TOPOLOGY ANALYSIS

The voltage stress and the current stress of the four switches
in the proposed scheme are concluded in TABLE 1. Therein,
Pr is the rated power of a train.

TABLE 1. Voltage stress and current stress of the four switches in the
proposed scheme.

Current stress
2.268P1/Uy,
2.268P1/Up,

Voltage stress
Sa, Sb 0.667Up,
SCls SCZ 0.333 []m

The total voltage stress of all switches is 2Up,, which is
the same as that of the conventional thyristor-based schemes.
Since the voltage amplitude in the transition states is lowered
to 0.882U,, the current stress is increased by 13% com-
pared to the conventional schemes. Nonetheless, the current
margin of all switching devices is generally 1.5 to 2 times
of the rated current and the duration of the two transition
states is relatively short. With the overcurrent capacity of
thyristors, the increase of current stress has little impact on
this scheme. It implies that although two additional switches
are introduced into the proposed scheme, the total number of
the switching devices is actually unchanged compared to the
conventional schemes.

The auxiliary transformer T, only works in the transition
states. In this duration, the traction current of the train can be
expressed as

It = /2P1 / (0.882Up) = 1.603Pr/Un ()

Correspondingly, the theoretical rated capacity of T, can
be calculated as

U,

=}

1.603Pt
X ——
Un

Further, since the operation time of T, is only a few
hundred microseconds, T, is recommended to work at the

St=-x = 0.378Pr 5)

W | =
S
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FIGURE 3. Different working states of the proposed scheme when an electric locomotive passing through the neutral section. (a) State I. (b) State II.

(c) State IIl. (d) State IV. (e) State V. (f) State VI.

short-time overload state. Consequently, the rated capacity of
T, can be further lowered [20].

S} = St/1.5 = 0.252Pr 6)

According to (6), the auxiliary transformer capacity of the
proposed scheme is merely a quarter of Pr.

IIl. CHARACTERISTICS ANALYSIS

As shown in Fig. 2, the amplitudes of two transition voltages
in the proposed scheme are lower than that of two feeders
due to the construction idea, which will affect its applica-
tion. On the other hand, the exciting current in the on-board
transformer is a key factor that needs to be focused on for
the switch-based scheme [21]. The two issues will be deeply
discussed in this section.

A. SCHEME ADAPTABILITY

According to the analysis in Section II, when the phase
difference between two power supply arms on both sides of
a neutral section is 60°, both the amplitudes of the transition
voltages, Unl and Unz, are 0.882Uy,. Generally, the voltage
fluctuation of the traction network has little impact on the

122798

electric locomotive since it is designed to function properly
with reduced voltage by 24% or increased voltage by 10%
than the rated voltage based on IEC-6850 and EN-50163.
Nevertheless, if the voltages of two power supply arms are at a
level close to the undervoltage protection threshold of 19 kV,
the protection of the electric locomotive will be triggered with
the proposed scheme. In other word, the allowed minimum
voltage of the traction network is raised to 21.5 kV for the
situation with 60° phase difference of two power supply arms.

However, when the phase difference between two power
supply arms is greater than 60°, the situation will get worse.
Fig. 4 shows the phasor diagram of the proposed scheme
applied in the situation with 90° phase difference between
two power supply arms.

In this condition, Ua and Ub should be expressed as

Uy, = U L0°
’ a m . (7)
Up = UnZ — 90
Similarly, Un 1 and Unz can be calculated as
Uni = 0.745U1 L — 26.6° ®
Uny = 0.745U1 L — 63.4°

VOLUME 12, 2024
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FIGURE 4. Phasor diagram of the proposed scheme applied in the
situation with 90° phase difference of two power supply arms.

According to (8), the amplitudes of Unl and Unz are
0.745 times of Ua and Ub. It means for the 25 kV traction
power supply system, the effective value of the transition
voltages is only 18.6 kV, which is lower than the undervoltage
protection threshold. Therefore, the proposed scheme is not
suitable for the case that the phase difference between two
power supply arms is greater than or equal to 90°.

Based on the above analysis, the proposed scheme should
be applied to the neutral section where the phase differ-
ence between two power supply arms on both sides is 60°
and the traction network voltage can maintain a high level.
Actually, the situation of the traction network voltage lower
than 21.5 kV is rarely occurred. In contrast, a 60° phase
change of the neutral section voltage is more likely to sig-
nificantly impact the PLL of the 4QC and the on-board
transformer. This is one of the important reasons why the
scheme is proposed to evade the direct switching of the
neutral section voltage between two power supply arms.

B. FLUX LINKAGE ANALYSIS

For the conventional thyristor-based schemes, it is hard to
simultaneously consider the power interruption time of the
electric locomotive and the exciting current of the on-board
transformer. Besides, the flux linkage variation during the
power interruption time is unpredictable, so the switching
moments of these scheme are difficult to determine [22]. The
experimental results of a conventional thyristor-based scheme
are shown in Fig. 5. There is an inrush current of 762 A, which
seriously affects the train operation.

x10*
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FIGURE 5. Experimental results of a conventional thyristor-based
scheme.

For the proposed scheme, in order to minimize the dead
time impact as much as possible and prevent a short circuit in
the system, the dead time of each voltage switching is set to
300 us. To simplify the analysis, the train is assumed to work
at the unit power factor state, so the phases of the grid voltage
and the input current are the same. Furthermore, the impact
of the grid voltage on the flux linkage during the dead time is
ignored.
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Generally, the input voltage on the primary side of the
on-board transformer can be expressed as

ut (t) = Uy, sin (wot + @) )

where wy is the angular frequency of the power grid, « is the
closing angle.

The flux linkage of the on-board transformer can be solved
as

¥ (1) = —Ym cos (ot + @) + (Yr + Ymcosa) e~ (10)

Therein, vy, is the rated flux linkage that equals to Uy, /wy,
Y is the remanence of the on-board transformer, 7 is the time
constant.

According to (10), the maximum flux linkage after the
voltage switching is approximate to

Vmax ¥ Ym + [¥r + Ymcos | (1)

The situation of a train passing through the neutral section
from AAg to BBy is analyzed firstly. Before the train arrives
at point P shown in Fig. 3(c), the neutral section voltage

is U, - At this time, the maximum flux linkage of the on-board
transformer is Y.

When the train arrives at point P, S¢; is switched off and
then S¢, is switched on after 300 us. Let S be switched
off when Un crosses zero in the negative direction, so the
remanence of the on-board transformer is ¥, and the closing
angle of S, in this duration is

300us
= 180° — 19.1°
“ + 20ms

x 360° = 166.3° (12)

According to (11), the maximum flux linkage of the
on-board transformer in the first transition state is

Wmax1 ~ 0.882¢m + |Y¥rm + 0.882¢y, cosap| = 1.03¢py
(13)
After a few line-frequency cycles, the 4QCs recovers to the
unit power factor state. S, and S, are switched off firstly, and
then Sy and S| are switched on after 300 us. Let S, and S

be switched off when Uy, crosses zero in the positive direction,
so the remanence of the on-board transformer is

Y ~ —0.882¢m + (Ym + 0.882yr, cosay) = —0.74yy
(14)

The closing angle of Sy, and S¢; in this duration is

300us

ay = 360° — (40.9° — 19.1°) + 20 x 360° = 343.6°

15)

ms

In the second transition state, the maximum flux linkage is

Ymax2 ~ 0.882Yrm + |1 + 0.882¢y, cos an| = 0.99¢y
(16)

Similarly, after a few line-frequency cycles again, S is
switched off and then S, is switched on after 300 us.
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FIGURE 6. Simulation results of the voltage switching process when a train is from feeder AA, to feeder BB,,.
Let SCl is switched off when Un crosses zero in the negative TABLE 2. Main electrical parameters of the simulation model.
direction, so the remanence of the on-board transformer is
Parameters Values Parameters Values
Y12 X Ymax2 = 0.99Ynm (17) :
Rated power 4.8 MW Grid frequency 50 Hz
The closing angle of S, in this duration is Voltage of AA, 25KV Voltage of BB, 25KV
300us Phase of AA 0° Phase of BB -60°
a3 = 180° — 19.1° + x 360° = 166.3° (18) S o
20ms Turns ratio of on- Turns ratio of
25000:970 o 3:1
After th It itchi th . flux link . board transformer auxiliary transformer
er tne voltage switcnin € maximum Iux limkKage 1S i i
& & & Inductance of 4QCs  0.817 mH Capamt:ir:icee in DC 12 mF
Vmax3 ~ ¥m + [Yr2 + Ym cos o3| = 1.02¢m (19) 2" resonant 027 mH 2" resonant 9.85 mF
inductance capacitance
Based on the above analysis, the flux linkage of the Voltage in DC side 1800 V Load in DC side 135Q

on-board transformer during the entire switching process will
not be larger than 1.03v;,. Since the saturation flux linkage
is generally 1.2 times of i, there is no inrush current. With
the same analytical method, the maximum flux linkage of the
on-board transformer when a train passes through the neutral
section from BB to AAg is 1.08v,, which is also lower than
the saturation flux linkage. Therefore, the inrush current can
be well suppressed by the proposed scheme.

IV. SIMULATION RESULTS

A simulation model based on MATLAB/Simulink referring
to the electrical parameters of a HXD electric locomotive as
shown in TABLE 2 is built to demonstrate the correctness of
the above theoretical analysis.

Fig. 6 shows the simulation results of the voltage switching
process when a train is from AAg to BB, which include
Ua, Ub, Unl, Unz, Un, the flux linkage of the on-board
transformer, the traction current, and the DC bus voltages.
Before the voltage switching, the maximum flux linkage of
the on-board transformer is 122.2 Wb, which is the rated

122800

value. Firstly, at 0.6105 s, the traction current crosses zero in
the negative direction and Un is switched from Ua to Unl after
300 us. In the first transition state, the maximum flux linkage
is 110.0Wb. Subsequently, within approximately 3.5 line-
frequency cycles, the 4QCs are back to the steady state.
At 0.6817 s, the traction current crosses zero in the positive
direction, Un is switched from Unl to Unz. In the second
transition state, the maximum flux linkage is 112.6 Wb. After
the 4QCs returns to the steady state within 3.5 line-frequency
cycles again, at 0.7529 s, the traction current crosses zero
in the negative direction, and Un is switched from Unz
to Ub. In this state, the maximum flux linkage is 114.9 Wb.
Subsequently, it will gradually decay to the rated value.
Based on the simulation results, the maximum flux linkage
of the on-board transformer in the whole process is 114.9 Wb,
which is 1.02 times of the rated value. Consequently, it will
not generate an inrush current. In addition, according to the
waveforms of the DC bus voltages, the voltage fluctuation

VOLUME 12, 2024
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FIGURE 7. Simulation results of the voltage switching process when a train is from feeder BB, to feeder AA,.
TABLE 3. Comparison results of the conventional thyristor-based schemes, the proposed scheme, and the scheme in [20].
N f ity of .
Number of  Total voltage Current “m,b,e ro Capaf:{ty N Phase Power Maximum
. auxiliary auxiliary . . .
switches stress stress change interruption flux linkage
transformers _transformers
Conventional 2 2Un 2P1/Uy 0 —_— 60° >3.3ms Unpredictable
schemes
19.1°,21.8°,
Proposed scheme 4 2Un 2.268P1/Up, 1 0.252Pr 19.1° 900us 1.12ym,
Scheme in [20] 6 2.536Uy, 2P1/Up, 2 0.263Pr 200, 20°, 20° 900us 1.15ym

caused by the voltage switching is small and the later traction
drive system will not be affected.

The simulation results of the voltage switching process
when a train is from BBy to AA( are shown in Fig. 7.
According to Fig. 7, the maximum flux linkage of the
on-board transformer during the reverse voltage switching
process occurs when U, is switched from Ub to Upp. It is
about 125.9 Wb and 1.12 times of the rated value, which is in
the acceptable range. Meanwhile, the fluctuation of the DC
bus voltages is acceptable, so the train operation will not be
affected.

The simulation results indicate an excellent working effect
of the proposed scheme. When a train passes through the neu-
tral section, the total power interruption time is only 900 us
and the flux linkage of the on-board transformer is always
within the accepted range. Therefore, the voltage switching
process will not affect the traction drive system of the electric
locomotive.

According to the above analysis, the comparison results
of the conventional thyristor-based schemes, the proposed
scheme, and the scheme in [20] are concluded in TABLE 3.
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Therein, the necessary switching devices of different schemes
are represented by the total voltage stress.

Compared to the conventional thyristor-based schemes, the
total number of the switching devices is actually unchanged
and only one auxiliary transformer with the capacity of
0.252P is added in the proposed scheme. As a result, the
increased cost brought by the proposed scheme is limited to
a certain extent. In addition, the power interruption time is
shortened by the proposed scheme from 3.3ms in the conven-
tional thyristor-based schemes to 900 us. On the other hand,
the proposed scheme has fewer switching devices, smaller
number and capacity of the auxiliary transformers, and less
flux linkage of the on-board transformer compared to the
scheme in [20]. Therefore, the proposed scheme has much
lower cost and simpler structure with a similar working effect.

V. EXPERIMENTAL VERIFICATION

To further verify the feasibility and effectiveness of the
proposed scheme, a scaled-down experimental platform is
established in the lab. As shown in Fig. 8, the experimental
platform is connected to the three-phase civilian power grid
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TABLE 4. Main electrical parameters of the experimental prototype.

Parameters Values/Models Parameters Values/Models

Voltage of feeder A 380V Voltage of feeder B 380V

Phase of feeder A 0° Phase of feeder B -60°

Turns ratio of auxiliary transformer 3:1 Capacity of auxiliary transformer 2kVA
Turns ratio of on-board transformer 1:1 Capacity of on-board transformer 10 kVA
Inductance of 4QC 4.7 mH Capacitance in DC side 242 mF

Voltage of DC bus 600 V Load in DC side 60 Q

2™ resonant inductance 2.3 mH 2™ resonant capacitance 1.1 mF

Device of S, S, Sci, Sz BTW69-1200N Switching device of 4QC IMZ120R030M1H

Switching frequency of 4QC 5kHz Control frequency of 4QC 10 kHz

Three-phase
input

%
Auxiliary transformer S !

FIGURE 8. Scaled-down experimental platform.

and two line-voltages are used to simulate the feeder A and
the feeder B. The train load is substituted by a 1:1 two-
winding transformer with a 4QC. A 60 2 resistor load is
connected to the DC side and the rated experimental power is
6 kW. The switching frequency of the H-bridge is set to 5 kHz,
while the control frequency is 10 kHz with the single-polar
sine pulse width modulation of frequency doubled technology
for reducing the current harmonics. The detailed electrical
parameters are listed in TABLE 4.

A. FORWARD SWITCHING PROCESS

Fig. 9 shows the experimental results when the input voltage
of the experimental platform is switched from the leading
phase to the lagging phase. The voltage of feeder A and the
voltage of feeder B are respectively represented by u, and uy,.
ut and it are the input voltage and current. The process of ut
switching from u, to the first transition voltage is shown in
Fig. 9(a). At the beginning, ut equals to u,. The 4QC is in
the unit power factor state thanks to the voltage and current
double closed-loop control. At this time, the peak flux linkage
of the on-board transformer is calculated as 1.642 Wb with
the integral calculation of ut. When it crosses zero in the
negative direction, ut is switched to the first transition state.
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FIGURE 9. Experimental results when uy is switched from u; to up,.
Process of u; switched from (a) ua to the first transition voltage, (b) the
first transition voltage to the second transition voltage, and (c) the
second transition voltage to uy,.

It can be seen that the amplitude of uT decreases from 542 V
to 474 V. In this state, the maximum flux linkage is 1.662 Wb.
Within about 100 ms, the 4QC returns to the unit power
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factor state. Then ut is switched to the second transition state.
As shown in Fig. 9(b), the maximum flux linkage in this
state is 1.608 Wb. After 100 ms again, ut is switched to uy,.
According to Fig. 9(c), the amplitude of ut recovers to 544 V
and the maximum flux linkage is 1.688 Wb. It can be seen
that the maximum flux linkage in the whole switching process
is 1.688Wb, which is 1.03 times of the rated value. The
experimental results are in accordance with the theoretical
analysis. In addition, the DC bus voltage i, is stable and the
impact of the voltage switching process on the 4QC can be
ignored.

B. REVERSE SWITCHING PROCESS

Fig. 10 illustrates the experimental results during the reverse
switching process. It is opposite to that of Fig. 9 and the
duration of each transition state is also approximately 100 ms.
According to Fig. 10, the peak flux linkage of the on-board

a
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114 100V/diy 1-652Wb

NVA

e d / A\

\ / Yo

A/
2

Yr:0.5Wb/div
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FIGURE 10. Experimental results when uy is switched from uy, to ua.
Process of uy switched from (a) up, to the second transition voltage,

(b) the second transition voltage to the first transition voltage, and (c) the
first transition voltage to ua.
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transformer is 1.652 Wb before the voltage switching. Then
the flux linkage is up to 1.804 Wb after ut is switched to u,.
Consequently, the maximum flux linkage when the input
voltage of the on-board transformer is switched from the
lagging phase to the leading phase is 1.09 times of the rated
value. Similarly, ug. remains unaffected during this process.

VI. CONCLUSION

A modified thyristor-based auto-passing neutral section
scheme with one simplified auxiliary transformer is proposed
in this paper. With the cooperation of one 3:1 transformer
and two additional switches, two transition voltages, whose
phases are between that of two power supply arms, are intro-
duced. Then the neutral section voltage can be switched step
by step within a small phase change between the two power
supply arm voltages. Compared to the conventional thyristor-
based schemes, the voltage switching process is smoother and
the power interruption time of the train can be further short-
ened to 900 us. Meanwhile, the flux linkage of the on-board
transformer is kept in 1.12 times of the rated value during
the whole switching process, so that the issue of the inrush
current can be solved. Furthermore, the proposed scheme has
much simpler structure and higher economy than that in [20]
with a similar working effect.

On the other hand, since the amplitudes of two transition
voltages will be reduced according to the construction idea,
the proposed scheme is not suitable for the application that
the phase difference between two power supply arms on
both sides of the neutral section is greater than or equal
to 90°. Nevertheless, it has an excellent working effect for the
application of 60° phase difference based on the simulation
and experimental results. The influence of the neural section
on the train can be significantly suppressed by the proposed
scheme.
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