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Abstract: The development of the traction power supply system (TPSS) is limited by the existence
of the neutral section in the present system. The advanced co-phase traction power supply system
(ACTPSS) can reduce the neutral section completely and becomes an important research and
development direction of the railway. To ensure the stable operation of ACTPSS, it is necessary
to carry out an appropriate power analysis. In this paper, the topology of advanced co-phase
traction substation is mainly composed by the three-phase to single-phase cascaded converter. Then,
the improved PQ decomposition algorithm is proposed to analyze the power flow. The impedance
model of the traction network is calculated and established. The power flow analysis and calculation
of the ACTPSS with different locations of locomotive are carried out, which theoretically illustrates
that the system can maintain stable operation under various working conditions. The feasibility and
operation stability of the ACTPSS are verified by the simulations and low power experiments.

Keywords: improved PQ algorithm; power flow analysis; three-phase to single-phase cascaded
converter; ACTPSS

1. Introduction

By the end of 2018, the operation mileage of the China railway had already reached 124 thousands
kilometers. Among them is the high speed railway mileage, which reached 22 thousands kilometers.
There is no doubt that the China railway is of great importance to China’s transportation industry.
To the railway system, the traction power supply system (TPSS) is a crucial part that maintains stable
and safe operation of railways [1–3]. The existing TPSS is shown in the left of Figure 1. The power
supply distance of each traction substation is limited by the neutral sections, and the power supplied
by each traction substation is incapable of interconnection [4–7]. As a result, when the train is
running in regenerative braking mode, the power cannot be used by other locomotives because of
the neutral sections. Then, the power is transmitted to a three-phase grid through the transformer,
which causes the problem of large harmonic content and unbalanced voltage in three-phase power
network. Because of the regenerative braking energy consumption, a large number of economic losses
are caused [4]. Furthermore, the voltage range of the traction network is changed sharply, and the
negative sequence, reactive power, and harmonic problems are brought into the present TPSS when
the locomotives are under operation [8,9]. These problems influence the quality of the three-phase
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power grid, the operation efficiency, and the stability of the TPSS. Moreover, the locomotives need to
decelerate and slide through the neutral section. In this way, the loss of speed and the decrease of the
operation safety are problems that restrict the development of railways [10,11].
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co-phase power supply substation based on active power compensators (APC).

To solve these problems, a great deal of research has been done in China. The co-phase traction
power supply system (CTPSS) is proposed in [10], which is shown in the right of Figure 1. The active
power compensators (APC) is applied in the CTPSS [4]. Half of the neutral sections can be reduced,
and the power quality of the three-phase power grid can be improved to a certain extent [6]. The CTPSS
has been put into operation in Meishan, Sichuan province. Voltage source converter based high voltage
direct current transmission traction power supply system (VSC-Based HVDC TPSS) is proposed in [5].
Compared to TPSS, the power quality problems such as unbalance, reactive power, and harmonic
distortion are greatly improved. However, the stray current is generated by the HVDC TPSS, which is
harmful to the rail system, and the current supply voltage of the traction network (27.5 kV/50 Hz) is
not changed by CTPSS. If there is a line using DC system, the trains will not be able to run on both
systems at the same time.

In order to link all the traction networks of every different substation, the advanced traction
power substation system is proposed in literature [12]. The substation based on three-phase to
single-phase converter is adopted in this system [13–16]. In order to adapt to the voltage level of
three-phase grid voltage and the traction network voltage, the step-down transformer and step-up
transformer are added to the three-phase grid and the traction network side, respectively. The neutral
sections and problems of power quality in the traditional system can be avoided. However, it is
difficult to meet the existing substation requirement of capacity because the structure is limited by
the power electronic devices. The advanced co-phase traction power supply system (ACTPSS) based
on three-phase to single-phase cascaded converter is proposed in literature [7], as shown in Figure 2.
The ACTPSS achieves the interconnection of the whole traction network, thus all the neutral sections
are reduced by ACTPSS. The negative sequence, reactive power, and harmonic problems existent in
the traditional TPSS can be solved effectively [12,13]. Meanwhile, the voltage of the traction network
can be maintained in a relatively stable range, and regenerative braking energy can be better utilized.
Thus, the ACTPSS has become essential in the research and development of future TPSS.

Due to the interconnection of the whole traction network, the energy of the locomotive is mainly
supplied by the closest power supply arm, and the adjacent substations provide the remaining parts
of the energy. Therefore, the system capacity of the traction power supply system can be reduced.
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To assess and manage the operation state of ACTPSS, the power flow analysis also needs to be
researched. Criteria of voltage stability based on the existence of the power flow solvability was used
in the power distribution network [17]. Another voltage stability criterion was obtained based on the
volt-ampere characteristic of the branches in the system [18]. This power analysis research of the public
three-phase power grid provides a good theoretical basis for the power flow analysis of the traction
network. In the power supply model of auto transformer (AT) traction substation, the power flow and
voltage distribution in different working conditions of high-speed railway are analyzed by establishing
a general multi-conductor chain circuit model [19,20]. The influence of traction load on power quality
of the three-phase power grid was illustrated. These laid a good foundation for building the model of
the traction network [21,22]. In ACTPSS, no node voltage of the traction network is allowed to exceed
the prescribed voltage standard [23]. In this way, each traction substation supplies the power equitably
and stably. Furthermore, the voltage range of the traction network maintains steadily. Therefore, it is
necessary to carry out the power flow analysis of ACTPSS and assess the voltage variation degree of
the traction network so that the dispatchers can take correspondent measures.

In this paper, firstly, the structure of ACTPSS based on a three-phase to single-phase cascaded
converter is illustrated, and the corresponding control strategy and modulation strategy are given.
Secondly, on the basis of ACTPSS, the mathematical model of traction network impedance is established
by multi-conductor model, and the power flow analysis of the traction network is carried out by the
improved PQ decomposition algorithm. Thirdly, the stability performance of ACTPSS is verified
through the analysis of the power flow under different locomotive operation conditions. Finally,
the correctness of the theory analysis is verified through the simulation, and the operation reliability of
ACTPSS is verified through the low power experiment.

2. Configurations and Strategy

2.1. The Structure of ACTPSS

According to the structure of ACTPSS, as shown in Figure 2, the traction substation consists of
the multi-winding step-down transformer and the three-phase to single-phase cascaded converter.
The primary side of the multi-winding step-down transformer is connected with the three-phase
power grid, and the secondary sides of it are connected with the three-phase to single-phase converters.
To improve the withstand voltage of the traction substation, the cascaded topology is utilized in each
traction substation. In order to improve the withstand voltage of the single model, the three-level
neutral point clamped (3L-NPC) topology is adopted in this paper.
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The three-phase to single-phase converter is comprised of the three-phase 3L-NPC rectifier and the
single-phase 3L-NPC inverter. The three-phase 3L-NPC rectifier converts the power from three-phase
alternating current (AC) to direct current (DC), then the single-phase 3L-NPC inverter converts the
power from DC to single-phase AC. The output of the three-phase to single-phase cascaded converter
as the output of the traction substation is connected with the traction network. The amplitude,
the frequency, and the phase of the traction substation output voltage are controlled to be in accordance
with the traction network. The traction substations are paralleled with the traction network and
achieve the power interconnection of the whole system.

2.2. The Control Strategy and Modulation Strategy of Three-Phase 3L-NPC Rectifier

In order to ensure that the three-phase 3L-NPC rectifiers operate under unit power factor, P-Q
transformation, voltage, and current double closed loop control strategy is adopted [24]. The control
strategy and modulation strategy of the three-phase 3L-NPC rectifier are illustrated by Figure 3. Firstly,
the phase of input voltage vabc is extracted through phase lock loop (PLL). The locked phase is used as
the reference phase of input current iabc to achieve coordinate transformation from the three-phase
static coordinate (abc) to the two-phase rotating coordinate (dq). Under the two-phase rotating
coordinate, the active component and reactive component of the current are controlled, respectively.
The reference of the active component of the current is relative with the output voltage vdc, while the
reference of the reactive component of the current is 0. The Space Vector Pulse Width Modulation
(SVPWM) strategy is adopted as the modulation strategy for the rectifier.
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2.3. The Control Strategy and Modulation Strategy of Single-Phase 3L-NPC Cascaded Inverter

The control strategy and modulation strategy of the single-phase 3L-NPC cascaded inverter are
shown in Figure 4. The double closed loop control strategy is applied in this paper. The outer loop
control strategy is designed to steady the output voltage. The inner loop control strategy is designed
to adjust the dynamic response of the system. The value of output voltage and inductance current are
detected to involve the control strategy.

The carrier phase shift strategy is used as the modulation strategy [25]. Every inverter model has
the same modulation wave produced by the controller, while the triangle angle waves are different.
The phase angle difference of two adjacent triangle angle waves is π/n, where the n represents the
number of the inverter models. The single-phase SVPWM strategy is used as the modulation strategy
to drive each inverter model.
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3. The Traction Network Impedance Model of ACTPSS

Because the steel rail and ground belong to ferromagnetic materials, the current of the circuit
changes with the operation state change of the traction load, which has great influence on the equivalent
inductance and impedance of the steel rail. Generally, the length of steel rail is recognized as infinity,
and the distribution parameters between the steel rail and ground are nonlinear. Furthermore,
the traction impedance is also recognized as nonlinear. Compared with the impedance calculation
of the power system, the impedance calculation of the traction network is much more complicated.
In this paper, the impedance model of the traction network based on ACTPSS is built by the method of
the simplified equivalent model.

3.1. The Simplified Equivalent Model of Traction Network

The original circuit model of the traction network is shown in Figure 5. Viewed from the output
port of the traction substation, the impedance of the traction network consists of several equivalent
impedances of the conductor-ground circuit [26].
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·
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·
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·

U′, the length of the traction network is l, and the current of the

traction network is
·
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It is known from Equation (1) that the z is nonlinear and cannot be calculated by formula flexibly.
It is assumed that the current of steel rail can flow into the ground instantly, or the current of the
ground can flow into the steel rail instantly, and the current can flow into the output port of the
traction substation with the same amplitude as well. Then, the admittance γ between the steel rail
and the ground can be considered to approach infinity, and the conduction current of steel rail can be
considered to tend to 0. Taking these assumptions as the simplification condition, Equation (2) can be
expressed as:

lim
γ→∞

1
2
(1− kz)

·
I
[
e−γ(l−x) + e−γx

]
≈ 0 (2)

In Equation (2), kz = z12/z2. The mutual impedance is z12, the self-impedances are z1 and z2,
and the distance between the locomotive and the traction substation is x.

Then, the current of the steel rail
·

IT and the ground
·

IG can be recognized as:
·

IT(x) =
·

IT = kz
·
I

·
IG(x) =

·
IG = (1− kz)

·
I

(3)

The simplified impedance model of the traction network is illustrated by Figure 6 [26]. The model
is composed of two current loops. In the first loop, the current flows through the traction network and
the ground. In the second loop, the current flows through the steel rail and the ground. The second
current loop just reflects the induced current, which is far bigger than the conduction current.
According to the light of this simplified impedance model, the unit length impedance of the traction
network z can be figured out by the calculation of the self-impedance of the first and second loop.
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According to the Carson theory [27], the ground can be recognized as virtual wire. Then, Equation (4)
can be expressed as: 

z1 = r1 + 0.05 + j0.1446g Dg
Rε1

Ω/km

z2 = r2 + 0.05 + j0.1446g Dg
Rε2

Ω/km

z12 = 0.05 + j0.1446g Dg
d12

Ω/km

(4)

In Equation (4), the r1 and Rg1 represent the effective resistance and equivalent radius of the first
loop, respectively; r2 and Rg2 represent the effective resistance and equivalent radius of the second
loop, respectively; the Dg represents the depth of the equivalent earth-return circuit; d12 is the center
distance between the conductor in the first and second loop.

Therefore, the z can be calculated as follow:

z = z1 −
z12

2

z2
(5)
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According to Equation (5), the impedance of the traction network zl with the length l can be
expressed as follows:

zl = z× l (6)

3.2. The Impedance Calculation for the Traction Network of ACTPSS

In ACTPSS, the induced current is far bigger than the conduction current of the second loop.
When the distance between locomotive and traction substation is longer than 5 km, the conduction
current can be ignored, and the impedance of the traction network can only be calculated by the
inducted current. Generally, the error between the calculation result and the actual model is within
5%. Therefore, the simplified equivalent model of the traction network is always adopted. The wire
type of GLCA-100/215 was selected as the traction network wire in this paper. Then, r1 = 0.184 Ω/km,
r2 = 0.295 Ω/km, Rg1 = 8.56 mm, Rg2 = 12.2 mm, d12 = 5850 mm. According to the simplified equivalent
model of the traction network, the impedance can be calculated as shown in Table 1.

Table 1. The impedance calculation results of the traction network.

The Type of Impedance Value

The self-impedance of traction network z1 = 0.234 + j0.728 (Ω/km)
The self-impedance of steel rail z2 = 0.345 + j0.706 (Ω/km)

The mutual impedance z12 = 0.05 + j0.318 (Ω/km)
The unit length impedance of traction network z = 0.2527 + j0.598 (Ω/km)

4. The Power Flow Analysis for Traction Network of ACTPSS

4.1. The Improved PQ Decomposition Algorithm

The PQ decomposition algorithm, which can be used to calculate the power flow, is based on the
simplified power flow calculation progress of the polar coordinate formula in the Newton-Raphson
algorithm [28]. Generally, in the transmission line equivalent model of the AC high voltage power
grid, it is considered that x >> r, where the x is the line reactance and r is the line impedance. Therefore,
the active power is mainly affected by the voltage phase, while the reactive power is mainly affected
by the voltage amplitude. If the effect of voltage phase change on reactive power distribution and the
effect of voltage amplitude change on active power distribution are ignored, Equations (7) and (8) can
be obtained as follows:

∆P = H∆θ (7)

∆Q = LU−1∆U (8)

From Equations (7) and (8), it is known that the correction equation of the active power ∆P and
the reactive power ∆Q can be iterated, respectively. Compared with the 2n-order linear equations of
the Newton-Raphson algorithm, the PQ decomposition algorithm transforms it into two n-order linear
equations. The calculation time can be reduced sharply. However, in the iteration, the coefficient matrix
H and L, which belong to the asymmetric matrix, are changing constantly. Thus, it is necessary to
change coefficient matrices into the symmetric matrices so that the calculation can be further simplified.
Because of the relatively little voltage phase difference between two ports of the circuit, it can be
supposed as follows: 

cos δij ≈ 1
Gij sin δij � Bij
Qi � U2

i Bii

(9)

Then, the expression of the Jacobian matrix can be expressed as:

Hij = Lij = UiUjBij (10)
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Hii = Lii = U2
i Bii (11)

Then, Equations (7) and (8) can be rewritten as:

∆P = UBU∆θ (12)

∆Q = UBU
(

U−1∆U
)
= UB∆U (13)

In Equations (12) and (13), the U is the diagonal matrix of the effective value of node voltage,
and the B represents the susceptance matrix.

By multiplying Equations (12) and (13) with U−1, Equations (14) and (15) can be obtained
as follows:

U−1∆P = B′U∆θ (14)

U−1∆Q = B′′∆U (15)

The matrix forms are shown as follows:
∆P1/U1

∆P2/U2
...

∆Pn/Un

 = B′


V1∆θ1

V2∆θ2
...

Vn∆θn

 (16)


∆Q1/U1

∆Q2/U2
...

∆Qm/Um

 = −B′′


∆U1

∆U2
...

∆Um

 (17)

In Equations (16) and (17), the coefficient matrices B′ and B” have the same form. The B′ is
the n order matrix and the B” is the n – m − 1 order matrix, where the m represents the number
of the PV node. Both the B′ and B” are imaginary parts of the admittance matrix, and both are
symmetric matrices.

However, the transmission line reactance of the traction network in ACTPSS is not much larger
than the resistance, thus the PQ decomposition algorithm cannot be applied directly. Based on the
PQ decomposition algorithm, the improved PQ decomposition algorithm is proposed to calculate the
power flow of the traction network.

The impedance model of the traction network is shown in Figure 7a. The model after simplifying
the impedance between node i and node j into the two parallel impedances model is shown in Figure 7b.
The value of the simplified model is identical to the original mode. The value of the simplified model
can be expressed as Equation (18):{

Y′ = −j 1
X

Y′′ = R
R2+X2 + j

(
1
X −

X
R2+X2

) (18)

In Equation (18), the X is the line reactance of the original model, the R is the line resistance
of the original model, and the unit of them is Ω. If we suppose that the real part of the Y′′ is 0,
the transmission line reactance of the traction network can be sufficiently larger than the resistance,
and the condition Gijsin δij << Bij can be satisfied. To make sure that the power flow calculation will
not be wrong and the system can keep balance after the change of the impedance, the lacking power
part will be added by the other power sources in node i and node j. The way to add the power sources
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can be determined by Figure 7c. Combined with the node voltage and the modified Y′′, the power of
node i and node j can be illustrated as:

Pi = Ui
[
G′′
(
Uj cos θij −Ui

)
+ B′′Uj sin θij

]
Qi = Ui

[
G′′Uj sin θij + B′′

(
Uj cos θij −Ui

)]
Pj = Uj

[
G′′
(
Ui cos θij −Uj

)
+ B′′Ui sin θij

]
Qj = −Uj

[
G′′Ui sin θij + B′′

(
Ui cos θij −Uj

)] (19)
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Figure 7. The models of the traction network. (a) The impedance model of the traction network; (b) the
parallel equivalent impedance model of the traction network; (c) the simplified equivalent impedance
model of the traction network.

In Equation (19), the G” is the conductance of the modified model, the B” is the susceptance
of the modified model, and the unit of them is S. When the condition Gijsinδij << Bij has been
satisfied, the subsequent calculation of the improved PQ decomposition algorithm is same as the
PQ decomposition algorithm. In the power flow calculation of the improved PQ decomposition
algorithm to the traction network, the locomotives are considered as the power sources, and the traction
substations are recognized as the equivalent node models of voltage source. The equivalent mathematic
model of ACTPSS, which can apply the improved PQ decomposition algorithm, is exhibited in Figure 8.Energies 2019, 10, x FOR PEER REVIEW  10 of 21 
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4.2. The Power Flow Calculation of ACTPSS

In this section, the improved PQ decomposition algorithm is applied to calculate the power flow
and to verify the operation stability of the system. The software PAST is used to build the model shown
by Figure 9. The model consists of three traction substations and seven locomotives and simulates the
condition in which several locomotives run in a certain section. The type of locomotive is CRH380A,
the active power is 9600 kW, and the power factor is 0.99.

Under the ideal state, the output voltages of traction substation SS1, SS2, and SS3 are coincidental,
thus they can be recognized as the balanced node. The ZSS1, ZSS2, and ZSS3 represent the resistances
of the three traction substations, respectively. The value of them is set as 0.5 + j3.375 Ω in this model.
The Zi (i = 1, 2 . . . 6) represents the resistance of the traction network, and the value of unit length is
set as 0.2527 + j0.298 Ω. The Li (i = 1, 2, . . . 7) represents the seven locomotives, respectively, and the
locomotive can be seen as a PQ node because the power of locomotive is constant. In conclusion,
the system model is composed of 10 nodes.
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Figure 9. The equivalent model of ACTPSS.

Power flow calculation results of ACTPSS are listed in Table 2. In this paper, the voltage values of
node 4 and node 10 in the model are the lowest, which are 21.3758 kV. Obviously, 21.3758 kV is still
higher than 19 kV. At this condition, the locomotive can continue to run, which indicates that ACTPSS
proposed in this paper can ensure the locomotive operates normally.

Table 2. The power flow calculation results of ACTPSS.

Node Voltage Amplitude U (kV) Voltage Phase α (rad) Complex Power S (MVA)

1 27.500 0.000 25.484 + j10.218
2 27.500 0.000 21.159 + j6.625
3 27.500 0.000 25.484 + j10.218
4 21.3758 −0.35922 −9.6 + j(−1.37)
5 25.9499 −0.11363 −9.6 + j(−1.37)
6 24.3719 −0.20953 −9.6 + j(−1.37)
7 26.4185 −0.09387 −9.6 + j(−1.37)
8 24.3719 −0.20953 −9.6 + j(−1.37)
9 25.9499 −0.11363 −9.6 + j(−1.37)

10 21.3758 −0.35922 −9.6 + j(−1.37)

The line impedance exists in the traction network model. By using the node voltage and node
admittance matrix, it can be calculated that the total power of the system is 72.135 + j27.062 MVA,
the total consumption power of the system load is 67.2 + j9.595 MVA, and the total power loss of
the system is 4.935 + j17.472 MVA. The power loss of every line between two nodes is illustrated in
Table 3. The power losses are expressed in the form of complex power with the inductive reactive
power. Because the distance between the locomotive and the node is different, the power loss of the
line between the nodes is different.

Table 3. The power losses of ACTPSS.

Line Power Losses Line Power Losses

1–5 line 0.499 + j3.365 6–7 line 0.307 + j0.726
2–7 line 0.325 + j2.194 7–8 line 0.307 + j0.726
3–9 line 0.499 + j3.365 8–9 line 0.199 + j0.471
4–5 line 1.3 + j3.077 9–10 line 1.3 + j3.077
5–6 line 0.199 + j0.471 Total 4.935 + j17.472

4.3. The Calculation of Output Power Under Different Locomotive Location

Since the different location of the locomotive directly affects the output power of each traction
substation, the influence of different locomotive locations on the output power of substation with two
traction substations is analyzed as an example. The model is established in Figure 10.



Energies 2019, 12, 754 11 of 20

Energies 2019, 10, x FOR PEER REVIEW  11 of 21 

 

The line impedance exists in the traction network model. By using the node voltage and node 
admittance matrix, it can be calculated that the total power of the system is 72.135 + j27.062 MVA, the 
total consumption power of the system load is 67.2 + j9.595 MVA, and the total power loss of the 
system is 4.935 + j17.472 MVA. The power loss of every line between two nodes is illustrated in Table 
3. The power losses are expressed in the form of complex power with the inductive reactive power. 
Because the distance between the locomotive and the node is different, the power loss of the line 
between the nodes is different. 

Table 3. The power losses of ACTPSS. 

Line Power Losses Line Power Losses 
1‒5 line 0.499 + j3.365 6‒7 line 0.307 + j0.726 
2‒7 line 0.325 + j2.194 7‒8 line 0.307 + j0.726 
3‒9 line 0.499 + j3.365 8‒9 line 0.199 + j0.471 
4‒5 line 1.3 + j3.077 9‒10 line 1.3 + j3.077 
5‒6 line 0.199 + j0.471 Total 4.935 + j17.472 

4.3. The Calculation of Output Power Under Different Locomotive Location 

Since the different location of the locomotive directly affects the output power of each traction 
substation, the influence of different locomotive locations on the output power of substation with 
two traction substations is analyzed as an example. The model is established in Figure 10.  

Traction substation (SS1)

Traction 
network

 Traction substation (SS2)

SS1 SS2

S1，I1 S2，I 2

S12，I 12SSS1，ISS1 SSS2，ISS2

1 2

Locomotive
 load

Locomotive 
load

ZSS1 Z12 ZSS2

 
Figure 10. The model of ACTPSS with two traction substation. 

Two locomotives are located at point 1 and 2 in Figure 10. The locomotive is considered as a 
single-particle model in the analysis. The output current of traction substations SS1 and SS2 are iss1 
and iss2, respectively. The line impedances between the traction substations SS1 and SS2 to the 
locomotive are Zss1 and Zss2, respectively. The line impedance between point 1 and point 2 is Z12. The 
currents of locomotives 1 and 2 are i1 and i2, respectively. 

According to the Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL): 

1 21 2 1 12 12 2SS SSSS SS SS SSV V Z I Z I Z I− = + −
    

 (20) 

1 12 1SSI I I− =
  

 (21) 

12 2 2SSI I I− =
  

 (22) 

Assuming that the output voltage of the SS1 and SS2 are VSS1 and VSS2, and the currents I1, I2 of 
the locomotive are known, then Equations (21) and (22) can be simplified as: 

Figure 10. The model of ACTPSS with two traction substation.

Two locomotives are located at point 1 and 2 in Figure 10. The locomotive is considered as
a single-particle model in the analysis. The output current of traction substations SS1 and SS2 are
iSS1 and iSS2, respectively. The line impedances between the traction substations SS1 and SS2 to the
locomotive are ZSS1 and ZSS2, respectively. The line impedance between point 1 and point 2 is Z12.
The currents of locomotives 1 and 2 are i1 and i2, respectively.

According to the Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL):

·
VSS1 −

·
VSS2 = ZSS1

·
ISS1 + Z12

·
I12 − ZSS2

·
ISS2 (20)

·
ISS1 −

·
I12 =

·
I1 (21)

·
I12 −

·
ISS2 =

·
I2 (22)

Assuming that the output voltage of the SS1 and SS2 are VSS1 and VSS2, and the currents I1, I2 of
the locomotive are known, then Equations (21) and (22) can be simplified as:

·
ISS1 =

(Z12 + ZSS2)
·
I1 + ZSS2

·
I2

ZSS1 + Z12 + ZSS2
+

·
VSS1 −

·
VSS2

ZSS1 + Z12 + ZSS2
(23)

·
ISS2 =

ZSS1
·
I1 + (ZSS1 + Z12)

·
I2

ZSS1 + Z12 + ZSS2
−

·
VSS1 −

·
VSS2

ZSS1 + Z12 + ZSS2
(24)

In the actual condition, there must exist the voltage drop along the traction network. Therefore,
the power flow calculation of the traction network also needs a similar method. Generally, the power
loss of the traction network is ignored, and the power is also calculated by the voltage V. If we suppose
that V = VN∠0◦ and S = VNI, then Equations (25) and (26) can be acquired after multiplying the
conjugate value of Equations (23) and (24) with the VN.

SSS1 =

( ·
Z12 +

·
ZSS2

)
S1 +

·
ZSS2S2

·
ZSS1 +

·
Z12 +

·
ZSS2

+

( ·
VSS1 −

·
VSS2

)
VN

·
ZSS1 +

·
Z12 +

·
ZSS2

(25)

SSS2 =

·
ZSS1S1 +

( ·
ZSS1 +

·
Z12

)
S2

·
ZSS1 +

·
Z12 +

·
ZSS2

−

( ·
VSS1 −

·
VSS2

)
VN

·
ZSS1 +

·
Z12 +

·
ZSS2

(26)

Based on Equations (25) and (26), it can be obtained that the output power of the traction substation
contains two parts. One part is decided by the parameter of the locomotive itself; the other is unrelated
to the parameter of itself, which is called the cyclic power.
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The simulation that sets three traction substations in the system is also achieved. In this simulation,
the locomotive runs from the start (0 km) to the end (150 km). When the locomotive is at seven different
locations, the output power of the traction substations are illustrated as shown in Table 4.

Table 4. The output power of traction substations.

Distance 0 km 25 km 50 km 75 km 100 km 125 km 150 km

Traction substation 1 9.848 8.803 5.007 0.789 0.458 0.073 0.091
Traction substation 2 0.93 0.79 4.627 8.088 4.627 0.79 0.93
Traction substation 3 0.091 0.073 0.0458 0.789 5.007 8.803 9.848

Total 10.869 9.666 9.6798 9.666 10.092 9.666 10.869

Fitting the data of Table 4, the relationship between the distance and the output power ratio of
each traction substation is expressed as Figure 11. It can be known by Figure 11 that the output power
is varied with the change of the distance between the locomotive and the substation. Compared with
the present traction substation, 10 percentages of the output power can be reduced by the traction
substation of ACTPSS (approximately), which could have significant economic influence on the China
railway system.Energies 2019, 10, x FOR PEER REVIEW  13 of 21 
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5. The Simulation Analysis and Experimental Verification

5.1. The Simulation Analysis of Three-Model Three-Phase to Single-Phase Cascaded Converter Based
on ACTPSS

The simulation of the three-model three-phase to single-phase cascaded converter based on
ACTPSS was built, and the feasibility of the control strategy and modulation strategy was verified.
The simulation parameters are exhibited in Table 5.

Table 5. The parameters of the three-model cascaded converter simulation.

Parameters Value

The number of the cascaded model 3
The DC voltage of the single model 15 kV

The reference voltage of the traction network 27.5 kV
Power of the traction network 9.6 MW

The value of the capacitor in DC side 1 mF
The value of the fliter inductance 10 mH
The value of the fliter capacitor 10 µF

The carrier wave frequence of the inverter 1 kHz
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The output voltage waves of the three-phase 3L-NPC rectifiers are shown in Figure 12, and it can
be known that the voltages could achieve stability after about 0.17 s. As the output waves appeared,
the second-order ripple was suppressed by the LC filter. By the rectifiers, the steady and reliable DC
voltages could be obtained.
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The output voltage and current waves of the three-model 3L-NPC cascaded inverter after filter are
illustrated by Figure 13a. The uR and iR are the output voltage and current after the filter, respectively.
In order to display the voltage and the current wave of output load properly and in the same scope,
the current waveform was expanded by 50 times, the output voltage and current waveform were
closed to the standard sine waves, and the output voltage that had little harmonic component and
high power factor could be provided by the cascaded inverter. The 5-level output voltage waves of the
three-inverter and the output voltage of the cascaded inverter are shown in Figure 13b. The uab is the
13-level output voltage of the three-model cascaded inverter, of which the effective value is 27.5 kV.
The feasibility and availability of the cascaded inverter’s control strategy and modulation strategy
have been verified by Figure 13.
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5.2. The Simulation Analysis of ACTPSS

The simulation of ACTPSS was built, and three traction substations and three locomotives were
set in this simulation. The locomotives worked as the traction load. The parameters of the system are
illustrated in Table 6.

Table 6. The parameters of ACTPSS.

Parameters Value

The number of the traction substation 3
The reference voltage of the traction network 27.5 kV

The value of the fliter inductance in network side 10 mH
The value of the fliter capacitor in network side 10 µF

The carrier wave frequence of the inverter 1 kHz

The locomotive 1 (R1) was set to run in 0.5–1.5 s, 2.5–3.5 s, and 4.5–7 s in the simulation, the
locomotive 2 (R2) was set to run in 1.5–2.5 s and 3.5–6.0 s, while the locomotive 3 (R3) was set to run in
2.5–5.0 s. The output current waves of the three traction substations and the current waves of the three
locomotives are shown in Figure 14.

The traction substation 1 (SS1) was connected with the traction network at 0.5 s, the start of the
system operation. The traction substation 2 (SS2) was connected with the traction network at 1.0 s,
and the traction substation 3 (SS3) at 2.0 s. In 0.5–1.0 s, only the R1 was under operation, and the
power was provided to the R1 only by the SS1, thus the current of the R1 was the same as the current
of the SS1 at this period. In 1.0–1.5 s, the power was supplied to the R1 by both the SS1 and the SS2.
In 1.5–2.0 s, only the R2 was under operation, and the power was supplied to the R2 by both the SS1
and the SS2. Because the distance between the R2 and the SS2 was shorter, the power supplied by the
SS2 was more than that supplied by the SS1. In 2.0–2.5 s, the power was supplied to the R2 by the SS1,
the SS2, and the SS3. Because the location of R2 was between the SS2 and the SS3, the power provided
by the SS1 was the least. In 2.5–3.0 s, the R1 and the R3 were under operation, and the power of them
was supplied by the three traction substations together. At this period, the R3 was on the right side of
the SS3, and the power provided by the SS3 was more than that supplied by the SS1 and the SS2.
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The output voltage waves of the traction substations and the voltage waves of locomotives in
0–3.5 s are exhibited in Figure 15. From the simulation results, it is clear that the output voltages of
the traction substations and the voltages of locomotives were adjusted properly when the traction
loads were input or excision. The voltages were maintained within the international prescribed scope,
from 19 kV to 29 kV, ensuring that the locomotives could be under the normal operation.Energies 2019, 10, x FOR PEER REVIEW  16 of 21 
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Figure 15. The voltage waves of the traction substations and the locomotives in 0–3.5 s.

The output current waves of the traction substations and the current waves of locomotives in
3.5–7.0 s are exhibited in Figure 16. In 3.5–4.5 s, the R2 and the R3 were under operation, and the power
of them was supplied by the three traction substation together. Because the distance between the R2,
the R3, and the SS1 was longer, the power supplied by the SS1 was the least. In 4.5–5.0 s, the R1, the
R2, and the R3 were under operation, and the power of them was also provided by the three traction
substations together. Because the R3 was farther from the SS1 and the SS2 than from the SS3, the power
supplied from the SS3 to the R3 was the most. In 5.0–6.0 s, when the SS3 was excision because of
fault, the R1 and the R2 were still under operation and obtained the power from the SS1 and the SS2.
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In 6.0–7.0 s, the R1 was under operation and located between the SS1 and the SS2. The power was
supplied to the R1 by the SS1 and the SS2 equally.Energies 2019, 10, x FOR PEER REVIEW  17 of 21 
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Figure 16. The current waves of the traction substations and locomotives in 3.5–7 s.

The output voltage waves of the traction substations and the voltage waves of locomotives in
3.5–7.0 s are exhibited in Figure 17. From the simulation results, it is clear that the output voltages
of the traction substations and the voltages of locomotives were adjusted properly when the traction
loads were input or excision, and the voltages were maintained within the international prescribed
scope, from 19 kV to 29 kV, ensuring that the locomotives could be under the normal operation.
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Figure 16. The current waves of the traction substations and locomotives in 3.5‒7 s. 

The output voltage waves of the traction substations and the voltage waves of locomotives in 
3.5‒7.0 s are exhibited in Figure 17. From the simulation results, it is clear that the output voltages 
of the traction substations and the voltages of locomotives were adjusted properly when the 
traction loads were input or excision, and the voltages were maintained within the international 
prescribed scope, from 19 kV to 29 kV, ensuring that the locomotives could be under the normal 
operation.  
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The output active and reactive power of the traction substations are illustrated by Figure 18.
The converters inside the locomotives were controlled to operate with the unity power factor, thus the
locomotives could be considered the pure resistance load. Therefore, under the steady operation of the
locomotive, the reactive power was almost zero. When the locomotive started up or broke, the reactive
power was outputted to achieve the power balance of the traction network.
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5.3. The Exprimental Verification

The experimental platform of low power was built to verify the feasibility of the structure, control
strategy, and modulation strategy. The platform consists of three parallel substations, which were
composed of the three-model 3L-NPC cascaded converter.

The output voltage waves of the three-model 3L-NPC cascaded converter are shown in Figure 19.
Three 3L-NPC models were cascaded, thus the output voltage wave of each inverter was 5-level and
the wave of the 3L-NPC cascaded converter was 13-level. The output voltage waves of the experiment
were stable with the theoretical analysis.
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Figure 19. The output voltage waves of the three-model 3L-NPC cascaded converter. (a) The
relationship of the output voltage waves; (b) the output voltage waves in about one period (CH1:
the output voltage of cascaded converter; CH2: the voltage of the inverter 1; CH3: the voltage of the
inverter 2; CH4: the voltage of the inverter 3).

The output current waves of the three parallel traction substations and the load voltage wave are
exhibited in Figure 20. The same amplitude and phase of three current waves were obtained after about
50 ms to adjust. The current could be outputted by three traction substations equally. The feasibility of
the theoretical analysis and simulation could be verified by the results of the low power experiment.
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Figure 20. The output current waves of the three parallel traction substations and the load voltage
wave. (a) The waves under the adjusting state and stable state; (b) the relationship between the current
waves and the load voltage wave under the stable state (CH1: the output current of the SS1; CH2:
the output current of the SS2; CH3: the output current of the SS3; CH4: the voltage of load.).

6. Conclusions

In this paper, ACTPSS based on the three-phase to single-phase cascaded converter was studied
to solve the problems of power qualities and to cancel all the neutral sections in traditional TPSS. Based
on the research of ACTPSS, an improved PQ decomposition algorithm was proposed to calculate
the power flow of ACTPSS. As a result, the impedance model of the traction network was built and
analyzed. Then, the power flow situations under different operation conditions were analyzed. Finally,
simulation and experimental results were given to validate the proposed improved PQ decomposition
algorithm strategy. According to the aforementioned analysis and implementation, the following
advantages could be obtained:

(1) The induced current in the rail-earth loop was far greater than that in the conduction circuit.
As a result, when the distance between the locomotive and the substation was greater than 5 km, the
resulting impedance calculation error was less than 5%. Therefore, the simplified equivalent model of
the traction network was valid in the traction network impedance model of ACTPSS.

(2) The results showed that the minimum voltage of the traction network was higher than 19 kV,
which met the running requirements of locomotive load. The analyses indicated that the capacity of
the individual substation could be reduced by nearly 10%. The theoretical fundament of ACTPSS was
laid in this paper.

(3) The power losses of the ACTPSS between the nodes were calculated. According to the
calculation of the output power, the calculation results illustrated that the output power was affected
by the distance between the locomotive and the traction substation. The closer the distance between
the locomotive and the substation, the more power would output by the substation.

(4) On the basis of theoretical analysis, the correctness and validity of the proposed improved PQ
decomposition algorithm strategy were proven by the simulation and the experimental, which laid a
foundation for the application of ACTPSS.
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