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Abstract: Aiming at the problems of the negative sequence governance and regenera-
tive braking energy utilization of electrified railways, a layered compensation optimization
strategy considering the power flow of energy storage systems was proposed based on the
railway power conditioner. The paper introduces the topology of the energy storage type
railway power conditioner, and analyzes its negative sequence compensation and regenera-
tive braking energy utilization mechanism. Considering the influence of equipment capacity
and power flow of the energy storage system on railway power conditioner compensation
effect, the objective function and constraint conditions of the layered compensation opti-
mization of the energy storage type railway power conditioner were constructed, and the
sequential quadratic programming method was used to solve the problem. The feasibility
of the proposed strategy is verified by a multi-condition simulation test. The results show
that the proposed optimization compensation strategy can realize negative sequence com-
pensation and regenerative braking energy utilization, improve the power factor of traction
substations when the system equipment capacity is limited, and it also has good real-time
performance.
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1. Introduction

With the development of high speed and heavy loads of electrified railways, negative sequence
and regenerative braking energy have gradually become the important factors that restrict the green
and energy-saving development of electrified railways and the safe and stable operation [1, 2].

In terms of reducing the negative sequence current of electrified railways, the railway power
conditioner (RPC) has been paid much attention by many scholars because it is capable of
transferring the active power of two supply arms and compensating the reactive power to fully
compensate the negative sequence current component of three-phase traction substations [3, 4].
In [5], the system stability of the RPC with an LCL filter is analyzed, and the corresponding
converter control strategy is proposed. An optimization strategy of the RPC negative sequence
current compensation under multiple constraints is proposed in [6], and the real-time performance
of the solution algorithm is analyzed. [7] takes the Italian railway as an example to discuss the
economic problem of using the energy storage system to recover regenerative braking energy
along the railway. Based on the idea of using the energy storage system to suppress power
fluctuation [8, 9], some scholars proposed to add the energy storage system (ESS) in the DC
side of the RPC to realize the negative sequence current compensation and utilization of braking
regenerative energy [10–12]. However, the addition of the ESS will introduce a new energy
flow on the DC side of the RPC, the negative sequence current complete compensation strategy
for the energy storage type RPC (ESRPC) system is reformulated in [13]. The RPC control
strategy based on the ultracapacitor energy storage system is proposed in [14], and a multi-source
energy management strategy for the energy storage system and new energy access to the traction
power supply system is proposed in [15]. To sum up, the current researches on the ESRPC are
mostly focused on the topology of the ESRPC, negative sequence complete compensation method
and corresponding converter control strategy, and there are few researches on compensation
optimization considering the limited capacity of ESRPC equipment.

In this paper, the structure of the ESRPC system is introduced, and the mechanism of ESRPC
negative sequence compensation and regenerative braking energy utilization is analyzed. The
layered compensation optimization method of the ESRPC was proposed, and the charging and
discharging strategy of the ESS and the compensation optimization mathematical model of the
ESRPC under limited equipment capacity were established. The model was solved by using the
sequential quadratic programming (SQP) method. Finally, through the simulation model, the
proposed strategy is tested from multiple perspectives, and the feasibility and effectiveness of the
proposed strategy are verified.

2. Energy storage railway power conditioner system topology

The system topology of the ESRPC is shown in Fig. 1. The 110 kV three-phase alternating
voltage of the AC power grid is stepped down into two single-phase power supply sources at a rank
of 27.5 kV by a V/v transformer, and the two power supply arms of 𝛼 and 𝛽 are respectively used
to provide electric energy for train driving. The RPC is composed of two back-to-back converters
VSC𝛼, VSC𝛽 and the intermediate DC side supporting capacitor C. The two converters are
respectively connected to the outlets of 𝛼 and 𝛽 power supply arms through the step-down
transformers 𝑇𝛼 and 𝑇𝛽 . The ESS is made of an energy storage medium and a bidirectional
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DC/DC converter. The energy storage medium is connected to the DC side of the RPC through
a bidirectional DC/DC converter. Among them, the RPC system communicates with the two
power supply arms of 𝛼 and 𝛽, balances the active power of the two arms, and adjusts the reactive
power. At the same time, it is also the hub of power exchange between the energy storage system
and the two power supply arms of 𝛼 and 𝛽. The energy storage system must go through the two
RPC converters VSC𝛼 and VSC𝛽 to realize the recovery and utilization of the regenerative braking
energy of the two power supply arms and reduce the peak power demand during the traction of
the two arms. To simplify the analysis process, system losses and efficiency differences between
components are ignored.

Fig. 1. ESRPC system structure

3. The negative sequence compensation and regenerative braking energy
utilization mechanism of ESRPC

Let’s assume that in the system structure shown in Fig. 1, the voltages of the two power supply
arms 𝛼 and 𝛽 are: {

U𝜶 = 𝑈𝛼 𝑒𝑖−( 𝜋
6 )

U𝜷 = 𝑈𝛽 𝑒
𝑖−( 𝜋

2 )
, (1)

where 𝑈𝛼 and 𝑈𝛽 are the rms voltages of the two power supply arms and 𝑈𝛼 = 𝑈𝛽 .
Without considering harmonics, the load currents of the two power supply arms are:{

IL𝜶 = 𝐼L𝛼 𝑒𝑖(− 𝜋
6 −\L𝛼)

IL𝜷 = 𝐼L𝛽 𝑒
𝑖(− 𝜋

2 −\L𝛽) , (2)

where: 𝐼L𝛼 and 𝐼L𝛽 are the rms values of the load currents of the two power supply arms,
respectively; \L𝛼 and \L𝛽 are the power factor angles of the two arms respectively.
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In Figure 1, assuming that after conversion to the primary sides of 𝑇𝛼 and 𝑇𝛽 , the active
compensation currents provided by the energy storage system for the two power supply arms are
𝐼sav𝛼 and 𝐼sav𝛽 , then after compensation by the energy storage system, the load currents of the
two power supply arms are:

I′L𝜶 =

√︃
(𝐼L𝛼d + 𝐼sav𝛼)2 + 𝐼2

L𝛼q 𝑒
𝑗 (− 𝜋

6 −\L𝛼)

I′L𝜷 =

√︃(
𝐼L𝛽d + 𝐼sav𝛽

)2 + 𝐼2
L𝛽q 𝑒

𝑗 (− 𝜋
2 −\L𝛽)

, (3)

where: 𝐼L𝛼d and 𝐼L𝛽d are the active components of the load currents in the two arms, respectively;
𝐼L𝛼q and 𝐼L𝛽q are the reactive components of the load currents in the two arms, respectively.

From (3) it follows that if the active components of the load currents in the two arms of 𝛼 and
𝛽 are equal after compensation, then on the primary sides of 𝑇𝛼 and 𝑇𝛽 , the active compensation
components 𝐼𝛼cd and 𝐼𝛽cd provided by the ESRPC for the load current of the two power supply
arms are: {

𝐼𝛼cd = −0.5(𝐼L𝛼d − 𝐼L𝛽d) + 0.5(𝐼sav𝛼 + 𝐼sav𝛽)

𝐼𝛽cd = 0.5(𝐼L𝛼d − 𝐼L𝛽d) + 0.5(𝐼sav𝛼 + 𝐼sav𝛽)
. (4)

It can be seen from (4) that no matter what the active current 𝐼sav𝛼 and 𝐼sav𝛽 compensated
by the ESS to the two power supply arms, when the power flow is distributed on the DC side of
the RPC, the active current compensated by the ESS to the two power supply arms is always the
same. Therefore, when formulating the charging and discharging strategy of the energy storage
system, only the total compensation current 𝐼sav z of the ESS to the traction substation can be
considered. At this point, 𝐼sav z satisfies:

𝐼sav z = 𝐼sav𝛼 + 𝐼sav𝛽 . (5)

Suppose that after ESRPC compensation, the load currents of the two power supply arms are:{
I𝜶 = 𝐼𝛼 𝑒𝑖(− 𝜋

6 −\𝛼)

I𝜷 = 𝐼𝛽 𝑒
𝑖(− 𝜋

2 −\𝛽)
, (6)

where: 𝐼𝛼 and 𝐼𝛽 are the rms values of the load currents of the two power supply arms after com-
pensation, respectively; \𝛼 and \𝛽 are the power factor angles of the two arms after compensation
respectively.

According to the symmetrical component method, the magnitude of the negative sequence
current 𝐼a2 on the three-phase side of the traction substation after ESRPC compensation is:

𝐼a2 =

√
3

3𝑘

√︂(
𝐼𝛼 cos

( 𝜋
3
+ \𝛼

)
− 𝐼𝛽 cos \𝛽

)2
+
(
𝐼𝛽 sin \𝛽 − 𝐼𝛼 sin

( 𝜋
3
+ \𝛼

))2
, (7)

where 𝑘 is the ratio of the primary and secondary sides of the V/v connection traction transformer.
The rms values of the load currents of the two power supply arms after compensation can be

expressed as: 
𝐼𝛼 =

√︃
(𝐼L𝛼d + 𝐼𝛼td + 0.5𝐼sav z)2 +

(
𝐼L𝛼q + 𝐼𝛼cq

)2
𝐼𝛽 =

√︃(
𝐼L𝛽d + 𝐼𝛽td + 0.5𝐼sav z

)2 + (
𝐼L𝛽q + 𝐼𝛽cq

)2 , (8)
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where 𝐼𝛼td and 𝐼𝛽td are the transfer currents of the RPC between the two power supply arms, and
both satisfy 𝐼𝛼td = −𝐼𝛽td.

From (7) and (8), it can be seen that if the 𝐼𝛼td, 𝐼𝛽td, 𝐼𝛼cq, 𝐼𝛽cq and 𝐼sav z that make 𝐼a2 → 0
can be obtained, the compensation for the negative sequence current on the three-phase side of
the traction substation and the utilization of regenerative braking energy can be realized.

4. The layered compensation optimization strategy

The layered compensation optimization strategy of the ESRPC is shown in Fig. 2. Firstly,
according to the dq coordinate components 𝐼L𝛼p, 𝐼L𝛽p, 𝐼L𝛼q and 𝐼L𝛽q of the load current on the
two power supply arms of 𝛼 and 𝛽, formulate the charging and discharging strategy of the energy
storage system, determine the active current 𝐼sav z compensated by the ESS for the traction power
supply system, and through the calculation of the DC/DC command current, the bidirectional
DC/DC command current 𝐼sav that controls the charging and discharging of the energy storage
system is obtained; Secondly, considering the constraints of the ESRPC equipment capacity
and the three-phase side power factor of the traction substation after compensation, the ESRPC
compensation current is optimized with the goal of 𝐼a2 → 0. Thus, the active currents 𝐼𝛼td and
𝐼𝛽td that the RPC can transfer and the reactive currents 𝐼𝛼cq and 𝐼𝛽cq that can be compensated
are determined. Finally, 𝐼𝛼td, 𝐼𝛽td, 𝐼𝛼cq, 𝐼𝛽cq and 𝐼sav z are combined into ESRPC two-port target
current vectors Imc𝜶 and Imc𝜷 as the command currents of the two back-to-back converters
VSC𝛼 and VSC𝛽 in Fig. 1. It is worth noting that, since the harmonic compensation process
of the ESRPC is basically consistent with that of the RPC, and the compensation of the load
fundamental wave current and the load harmonic current can be carried out separately, this paper
only considers the optimization of the ESRPC fundamental wave compensation current, without
considering harmonic compensation.

Fig. 2. The layered compensation optimization method of ESRPC

4.1. Energy storage system charging and discharging strategy
According to the load current active components 𝐼L𝛼d and 𝐼L𝛽d of the two power supply arms

and the state of charge (SOC) of the energy storage medium, the charging and discharging strategy
shown in Fig. 3 is formulated to determine the compensation current 𝐼sav z of the energy storage
system.
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Fig. 3. Charging and discharging strategy of the energy storage system

In Figure 3, 𝐼𝑠𝑐 max is the maximum charge and discharge current of the energy storage system
converted to the primary side of the step-down transformer𝑇𝛼 and𝑇𝛽; 𝐼lim L is the charge threshold
of the energy storage system, and 𝐼lim H is the discharge threshold of the energy storage system.

4.2. ESRPC compensation optimization strategy considering energy storage output

A. Objective function

Based on (4), define the active power compensation degree 𝛾:

𝛾 = − 𝐼t𝛼d

0.5
(
𝐼L𝛼d − 𝐼L𝛽d

) =
𝐼t𝛽d

0.5
(
𝐼L𝛼d − 𝐼L𝛽d

) , 𝛾 ∈ [0, 1] . (9)
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In order to achieve the purpose of the ESRPC negative sequence compensation and regen-
erative braking energy utilization, the ESRPC optimization goal is determined as the problem
of minimum negative sequence current when considering ESS output. Incorporating (8) and (9)
into (7), the optimization objective function with 𝛾, 𝐼𝛼cq and 𝐼𝛽cq as decision variables can be
determined as:

min 𝐼a2 =

√
3

3𝑘

√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√√

©«

√︃(
𝐼L𝛼d − 0.5𝛾

(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

)2 + (
𝐼L𝛼q + 𝐼𝛼cq

)2
cos

(
𝜋

3
+ arctan

(
𝐼L𝛼d − 𝐼L𝛽d

𝐼L𝛼d − 0.5𝛾
(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

))
−
√︃(

𝐼L𝛼d − 0.5𝛾
(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

)2 + (
𝐼L𝛼q + 𝐼𝛼cq

)2
cos

(
𝜋

3
+ arctan

(
𝐼L𝛼d − 𝐼L𝛽d

𝐼L𝛼d − 0.5𝛾
(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

))

ª®®®®®®®®®®®®®¬

2

+

©«

√︃(
𝐼L𝛼d − 0.5𝛾

(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

)2 + (
𝐼L𝛼q + 𝐼𝛼cq

)2
sin

(
𝜋

3
+ arctan

(
𝐼L𝛼d − 𝐼L𝛽d

𝐼L𝛼d − 0.5𝛾
(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

))
−
√︃(

𝐼L𝛼d − 0.5𝛾
(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

)2 + (
𝐼L𝛼q + 𝐼𝛼cq

)2
sin

(
𝜋

3
+ arctan

(
𝐼L𝛼d − 𝐼L𝛽d

𝐼L𝛼d − 0.5𝛾
(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

))

ª®®®®®®®®®®®®®¬

2 . (10)

B. Constraint conditions
Suppose the equipment capacity of the RPC is 𝑆RPC, then the equipment capacity constraints

of the ESRPC system are:
√︃[

−0.5𝛾
(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

]2 + 𝐼2
𝛼cq ≤ 𝑆RPC

𝑈𝛼√︃[
0.5𝛾

(
𝐼L𝛼d − 𝐼L𝛽d

)
+ 0.5𝐼sav z

]2 + 𝐼2
𝛽cq ≤ 𝑆RPC

𝑈𝛽

. (11)

In order to avoid punitive charges due to too low power factor, the network-side power factor
constraint conditions after ESRPC compensation should meet the following requirement:

(𝑃𝛼 + 𝑃𝛽)√︃
(𝑃𝛼 + 𝑃𝛽)2 + (𝑄𝛼 +𝑄𝛽)2

≥ 𝑄PF . (12)

According to (8) and (9), (12) can be rewritten as:

1√√
1+

(𝐼L𝛼q + 𝐼L𝛽q + 𝐼𝛼cq + 𝐼𝛽cq)2[
𝐼L𝛼d−0.5𝛾(𝐼L𝛼d−𝐼L𝛽d)+0.5𝐼sav z

]2 +
[
𝐼L𝛽d+0.5𝛾(𝐼L𝛼d−𝐼L𝛽d)+0.5𝐼sav z

]2

≥ 𝑄PF . (13)
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It can be seen from (10) that the ESRPC compensation optimization model is a single-objective
nonlinear programming model with multiple constraints. In order to meet the requirements of
convergence accuracy and real-time performance, the sequential quadratic programming method
[16] is used to solve the established optimization model to obtain 𝛾, 𝐼𝛼cq and 𝐼𝛽cq that satisfy the
objective function and various constraints.

C. Calculation of converter command current

According to the charging and discharging strategy of the energy storage system and the
compensation optimization model, the compensation currents 𝐼sav z, 𝐼𝛼cq, 𝐼𝛽cq and the active
power compensation degree 𝛾 are obtained. Through the calculation of the command current, the
reference command currents of the converters VSC𝛼 and VSC𝛽 and bidirectional DC/DC in the
ESRPC can be obtained.

Assuming that the ratio of the primary and secondary sides of the step-down transformer 𝑇𝛼
and 𝑇𝛽 are both 𝑘𝑇 , the reference command currents of VSC𝛼 and VSC𝛽 according to (8) and
(9) are: 𝑖

∗
ric𝛼 (𝑡) = 𝑘𝑇

[
0.5

(
𝐼sav z − 𝛾(𝐼L𝛼d − 𝐼L𝛽d)

)
sin𝜔𝑡 + 𝐼𝛼cq cos𝜔𝑡

]
𝑖∗ric𝛽 (𝑡) = 𝑘𝑇

[
0.5

(
𝐼sav z + 𝛾(𝐼L𝛼d − 𝐼L𝛽d)

)
sin𝜔𝑡 + 𝐼𝛽cq cos𝜔𝑡

] , (14)

where 𝜔𝑡 is the fundamental angular frequency, which can be obtained from the voltages of the
two power supply arms through the phase-locked loop.

Suppose the terminal voltage of the energy storage medium is 𝑈sav, and according to the
conservation of active power, the reference command current of the bidirectional DC/DC can be
expressed as:

𝐼∗sav =
𝑈𝛼 𝐼sav z
𝑈sav

. (15)

The obtained command current of each converter is used to control the action of each converter
switch tube, so that the actual output current can track the command current. At present, there
are many literatures on RPC and bidirectional DC/DC converter control methods [14,17]. Due to
space limitations, this article will not discuss them in detail.

5. Test verification and analysis

In order to verify the effectiveness of the proposed strategy, a simulation model was built
in MATLAB/Simulink according to the ESRPC topology structure shown in Fig. 1, and the
simulation results of the ESRPC under typical operating conditions were analyzed. The simulation
model parameter settings are shown in Table 1.

Through the preset working conditions, the load power changes of 𝛼 and 𝛽 power supply
arms are shown in Fig. 4(a). 1O~ 5O in the figure correspond to the five typical working conditions
in Table 2. The compensation power of the energy storage RPC system under different working
conditions is shown in Fig. 4(b), the power of the traction substation before and after compensation
is shown in Fig. 4(c), and the state of charge change of the energy storage medium supercapacitor
is shown in Fig. 4(d).
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Table 1. The simulation model parameters

System type Parameters Symbol Values Unit

Traction substation
V/v transformer ratio 𝑘 110/27.5 –
Substation capacity – 40 MVA

Step-down transformer ratio 𝑘T 27.5/1.5 –
RPC device capacity 𝑆RPC 4 MVA

RPC system Filter inductance 𝐿s 0.6 mH
Support capacitor C 10e–3 F

Intermediate DC side voltage 𝑈dc 3500 V

Energy storage system

DC/DC equipment capacity – 2 MW
Energy storage medium – Super capacitor –
Energy storage capacity – 0.07 MWh

Super capacitor capacitance – 140 F
Charge threshold 𝐼lim L 0.5 MW

Discharge threshold 𝐼lim H 4 MW
Depth of charge and discharge – 10%–95% –

(a) (b)

(c) (d)

Fig. 4. Compensation of ESRPC system under different typical working conditions: load active power of
two power supply arms (a); ESRPC compensation active power (b); traction substation power before and

after ESRPC compensation (c); SOC of energy storage medium (d)
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Table 2. Setting of typical operating conditions

Working conditions IL𝜶d/MW IL𝜶q/Mvar IL𝜷d/MW IL𝜷q/Mvar

1 –1.95 –1.02 1.50 0.76

2 2.98 1.49 –1.77 –0.93

3 2.49 2.03 1.00 0.51

4 2.00 1.03 3.00 1.51

5 –0.88 –0.46 –0.44 –0.23

In Fig. 4(c), 𝑃z is the total power provided by the traction substation for the load before com-
pensation, and 𝑃’z is the total power provided by the traction substation after compensation. It can
be seen from Figs. 4(b), 4(c) that the energy storage RPC system always has good dynamic per-
formance during the entire compensation process. The specific analysis of the negative sequence
compensation and power compensation effects under each working condition is as follows.

A. Working condition 1

In working condition 1, the 𝛼 power supply arm is in the regenerative braking condition, the 𝛽

power supply arm is in the traction condition, and the regenerative braking power is greater than
the traction power 0.45 MW. At this time, the energy storage system absorbs excess regenerative
braking energy and at the same time increases the power above the set charging threshold. It can
be seen from Fig. 4(b) that the charging power of the energy storage system is 0.99 MW. The
three-phase side current waveforms and amplitude changes of the traction substation before and
after compensation are shown in Fig. 5. The simulation results of working condition 1 are shown in
Table 3. The negative sequence current is reduced from 3.747 A before compensation to 0.106 A
after compensation, and the power factor is increased from 0.853 before compensation to 0.998.

(a) (b)

Fig. 5. Condition 1: three-phase current before and after compensation (a); three-phase current vector
diagram before and after compensation (b)
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It means that the proposed strategy not only can effectively recover regenerative braking energy,
but also has good negative sequence compensation and power factor compensation capabilities.

Table 3. Simulation results of working condition 1

Ia2/A QPF

Before the compensation 3.747 0.853

After the compensation 0.106 0.998

B. Working condition 2

In working condition 2, the 𝛼 power supply arm is in traction mode and the 𝛽 power supply
arm is in regenerative braking mode. At this time, the traction power is greater than a regenerative
braking power of 1.21 MW. The energy storage RPC system only needs to compensate for the
negative sequence and the energy storage system is in a standby state. The simulation results of
working condition 2 are shown in Table 4. It can be seen from Fig. 6 and Table 4 that after
compensation, the negative sequence current on the three-phase side of the traction substation is
reduced from the original 5.366 A to 0.021 A, and the power factor is increased from the original

Table 4. Simulation results of working condition 2

Ia2/A QPF

Before the compensation 5.366 0.908

After the compensation 0.021 0.999

(a) (b)

Fig. 6. Condition 2: three-phase current before and after compensation (a); three-phase current vector
diagram before and after compensation (b)
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0.908 to 0.999. The energy storage system is neither charged nor discharged. At the same time,
it can be seen from Fig. 4(d) that the energy storage system has no additional power loss during
standby.

C. Working condition 3
In working condition 3, the two power supply arms 𝛼 and 𝛽 are in traction mode at the same

time, the total traction power is 3.49 MW, and the traction power of the 𝛼 power supply arm is
greater than that of the 𝛽 power supply arm. At this time, the ESRPC system only balances the
active power of the two arms, without charging and discharging, and the energy storage system
is in a standby state. The simulation results of working condition 3 are shown in Table 5. It can
be seen from Fig. 7 and Table 5 that after compensation, the negative sequence current on the
three-phase side of the traction substation is reduced from the original 5.676 A to 0.132 A, and
the power factor is increased from the original 0.808 to 1.

Table 5. Simulation results of working condition 3

Ia2/A QPF

Before the compensation 5.676 0.808

After the compensation 0.132 1.000

(a) (b)

Fig. 7. Condition 3: three-phase current before and after compensation (a); three-phase current vector
diagram before and after compensation (b)

D. Working condition 4
In working condition 4, the two power supply arms 𝛼 and 𝛽 are in traction working condition

at the same time, and the total traction power is 5 MW, which is greater than the set peak-shaving
discharge threshold. While compensating for the negative sequence, the ESRPC system also
provides a portion of power for the loads of the two power supply arms. The simulation results
of working condition 4 are shown in Table 6. It can be seen from Fig. 8 and Table 6. that after
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the ESRPC system is compensated, the negative sequence current on the three-phase side of the
traction substation is reduced from the original 5.520 to 0.071, and the power factor is increased
from the original 0.891 to 1. The discharge power of the energy storage system is 0.966 MW.
While performing negative sequence compensation, it can also compensate part of the traction
power, reducing the power demand of the traction load on the traction substation.

Table 6. Simulation results of working condition 4

Ia2/A QPF

Before the compensation 5.520 0.891

After the compensation 0.071 1.000

(a) (b)

Fig. 8. Condition 4: three-phase current before and after compensation (a); three-phase current vector
diagram before and after compensation (b)

E. Working condition 5
In working condition 5, the 𝛼 and 𝛽 power supply arms are regeneratively braked at the same

time, and the total regenerative braking power reaches –1.32 MW. The energy storage type RPC
system needs to fully recover the regenerative braking energy and raise the power level of the
power supply arm above the valley filling charging threshold. It also needs to compensate for
the negative sequence on the three-phase side of the traction substation. It can be seen from
Fig. 4(c), 4(d) that the energy storage system is charged and the charging power is 1.824 MW.
Fig. 9 is the current waveform and amplitude diagram of the three-phase side of the traction
substation. The simulation results of working condition 5 are shown in Table 7. It can be seen
that after compensation, the negative sequence current is reduced from the original 1.596 A to
0.067 A, and the power factor is increased from the original 0.884 to 0.997.

The running environment of the simulation model is based on AMD R7 4800U, 12 GB, and
the maximum delay of program running is 17 ms. It can satisfy the calculation requirement of
real-time compensation.
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Table 7. Simulation results of working condition 5

Ia2/A QPF

Before the compensation 1.596 0.884

After the compensation 0.067 0.997

(a) (b)

Fig. 9. Condition 5: three-phase current before and after compensation (a); three-phase current vector
diagram before and after compensation (b)

6. Conclusions

Aiming at the problems of negative sequence control and regenerative braking energy recovery
as well as the utilization of electrified railways, the mechanism of negative sequence compensation
and regenerative braking energy utilization of the ESRPC is analyzed, and an ESRPC layered
compensation optimization strategy is proposed that takes into account the production of the
energy storage system under limited equipment capacity. When the system capacity is limited,
this strategy can consider the balance among renewable energy recovery, negative sequence
management and power factor compensation. It makes full use of the system capacity to achieve
the purpose of optimizing compensation, and has good real-time performance. The device capacity
optimization of the ESRPC system will be the focus of future research.
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