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Abstract: The integration of photovoltaic and the energy storage system into traction power
supply systems under railway power conditioner (RPC) or voltage source converter (VSC)
access structures changes the original pure AC system into a hybrid AC/DC system. At
the same time, which access structure of photovoltaic and the energy storage system has
higher system stability and which has better adaptability are rarely mentioned in the stability
analysis of traction power supply systems with photovoltaic and the energy storage system.
Firstly, in this paper, impedance models for the two types of access structures of photovoltaic
and energy storage systems are established, and the port impedance characteristics and
stability influencing factors are analyzed from the aspects of system parameters and controller
parameters. Second, combining the two typical working conditions of PV and the ESS access
traction power system, from the perspective of stability, the robustness of the two access
structures under the influence of negative impedance characteristics and the adaptability of
access are compared. Compared to traditional stability analysis methods, the GMPM (Gain
Margin and Phase Margin) criterion employed in this paper integrates both the dynamic
characteristics and frequency response of the system, making it particularly suitable for
small-signal stability analysis. Keeping the rest of the conditions the same under two typical
working conditions, the RPC access structure has higher system stability when the two
access structures input and output 35kW of active power, respectively. Finally, the simulation
results in the MATLAB/Simulink simulation platform also confirm the better adaptability
of the RPC access structure.

Key words: energy storage system, impedance model, photovoltaic, railway power condi-
tioner, stability analysis, traction power supply system
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1. Introduction

Table 1 explains some of the abbreviations used in the article.

Table 1. Abbreviations

Railway power conditioner | RPC

Voltage source converter | VSC

Photovoltaic PV

Energy storage system ESS

The traction power supply system represents a significant component of railway operation,
with a notable impact on the overall energy consumption of railway transportation. It is projected
that by 2030, the electrification rate of railways will exceed 78%. As the electrification rate of
railways continues to rise, traction energy consumption is expected to experience a corresponding
increase. In order to promote the low-carbon development of the railway industry, it is required that
the total carbon emissions of railways peak in 2030. In addition, the scale of green railways, the
proportion of green locomotives, and the proportion of green electricity use will gradually increase.
Electrified railway development in high-altitude mountainous regions is currently experiencing
significant expansion. This trend aligns with broader initiatives aimed at implementing low-carbon
transportation infrastructure. As a result, there is an increasing focus on enhancing the quality
of traction power supply in these challenging terrains. Additionally, the integration of renewable
energy sources into newly constructed high-altitude mountain railway systems has emerged as
a pressing consideration in the sector. Taking the Qinghai-Tibet Railway as an example, it passes
through the solar energy resource-rich region in Northwest China, and there is a large amount
of unused land along the railroad line that can be developed and utilized, so PV is very suitable
to be accessed to the traction power supply system to alleviate the tense situation of energy
supply and demand [1]. The integration of large-scale PV into traction power supply networks
introduces new complexities. These systems must simultaneously manage the inherent fluctuations
of traction loads and the variability of PV generation, both of which can impact the stability of the
traction power supply system. In this context, the incorporation of the energy storage system (ESS)
serves a dual purpose: mitigating the effects of these fluctuations and improving the utilization
of regenerative braking energy. The situation is further complicated in regions characterized by
weak local power grids, extended steep gradients, and other challenging topographical features,
which can affect the stability of the traction network. Given these circumstances, the combined
integration of PV and the ESS into the traction power supply system represents a significant area
of focus in railway electrification strategies. For PV ESS access to the traction power supply
system, Reference [2] proposes an active and reactive power combination trend control strategy,
based on the ESS to maximize the regenerative braking energy and PV energy to make full use
of. Reference [3] proposes a method for optimizing the capacity allocation of the PV ESS based
on a technology-economic evaluation system, which can reduce the railway operating costs and
improve the PV ESS utilization. In addition, after the access of the PV ESS, on the one hand, it can
realize the large-scale utilization of renewable energy and nearby consumption, and on the other
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hand, it can promote the transformation of the energy structure to the direction of multi-energy
complementarity, laying a foundation for the construction of the Global Energy Internet [4].

The issue of traditional traction network power splitting can be addressed by integrating PV
and the ESS into the traction power supply system through the RPC. This provides a conduit for
the dynamic exchange of energy within the power supply area, thereby reducing reactive power
and negative sequence hazards to a certain extent. In addition to the RPC access structure for PV
and the ESS, it can also be connected to the traction power supply using the most mature VSC
currently under research. PV and the ESS are connected to the traction power supply system via
a DC bus. The AC bus on the locomotive side and the DC bus constitute an AC/DC hybrid system
through the traction converter. As with microgrids based on PV and the ESS, the integration of
PV and the ESS into traction power supply systems will inevitably result in a number of issues,
including power quality problems, traction network voltage stability issues, traction network load
prediction problems, and changes to the parameters of the original relay protection structure [5].
The existing research lacks an analysis of the impact of locomotive loads on the PV and ESS side
after PV and the ESS is connected to the traction power supply system, as well as an analysis of the
global impact of the intermittent PV on the original traction network and the impact on locomotive
operating characteristics. Currently, the majority of related research is conducted by examining
the coupling relationship and influencing the mechanism between the locomotive and the grid.
For the RPC access structure, paper [6] first proposed to connect the photovoltaic array to the
traction power supply through the RPC. Under the selection of an appropriate control strategy, this
structure can compensate for the reactive power and negative sequence problems of the traction
power supply system when connected to the traction power supply system, but it does not address
the stability of the structure. In [7], a harmonic interaction analysis of the photovoltaic array
connected to the traction power supply through the RPC was conducted, and a system harmonic
current analysis model was established to investigate the harmonic interaction and adaptability
of the PV-ESS- locomotive-grid coupling system. Nevertheless, the mechanism by which this
structure affects stability was not investigated. The impedance model of the PV- locomotive-grid
coupling system was established in [8] based on the above RPC access traction power supply
system structure. Finally, a low-frequency stability analysis of the structure was carried out based
on the extended forbidden zone criterion. Nevertheless, the structure did not consider system
stability when the ESS was incorporated, and the impedance model on the AC side was unwieldy.
References [9] and [10] present a systematic approach to establishing the AC side impedance model
of the electrified railway locomotive-grid coupling system. The improved forbidden zone criterion
and the improved sum-norm criterion are employed to analyze the stability of the established
system. The conservativeness of the two criteria was analyzed, but the stability of the system was
not analyzed with the PV and ESS structure connected. The study presented in [11] examines an
integrated locomotive-grid coupling system utilizing a single-phase modular multilevel converter
RPC. It introduces a novel third-order AC conductance model capable of capturing multi-harmonic
characteristics. This model is applied to analyze the mechanisms behind low-frequency oscillations
in the locomotive-grid coupling system. However, the research does not extend to an analysis
of stability in the traditional RPC structure incorporating PV and ESS access. Additionally, it
does not provide a comparative analysis of these traditional structures. Reference [12] proposes
a coordinated control strategy for the RPC based on ESS integration, while robust stability analysis
is performed for the system with conventional and coordinated control under forward and reverse
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power flow, but in this paper, system stability analysis is performed only for the RPC structure with
access to the ESS, and the integrated system stability under the influence of PV fluctuations is not
taken into account. In [13], an ESS was integrated into the PV traction power supply structure based
on RPC access. This not only optimized the consumption of the PV but also avoided the situation of
power being sent back to the grid. Nevertheless, this paper did not examine the stability of the entire
system following the addition of the ESS. For the VSC access structure, Reference [14] proposes
a single-phase current control strategy based on the distributed photovoltaic power generation
system connected to the AC bus through the VSC and then connected to the traction power supply
system through the inverse V/V traction transformer, which can compensate for the three-phase
unbalance. However, the literature does not analyze the stability of the three-phase photovoltaic
power generation system connected to the traction power supply system. Reference [15] considered
the asymmetric system of the three-phase structure of the traction power supply system accessing
the grid, and deduced the locomotive single-input single-output impedance model applicable to
the traction power supply system accessing the three-phase grid, but this paper only analyzes
and studies the low-frequency oscillatory phenomenon of the locomotive-grid coupling, and does
not consider the stability of the system under the access of PV and the ESS. The structure of the
photovoltaic three-phase traction power supply system is the basis for the proposed hybrid traction
power supply system scheme with integrated PV, as outlined in Reference [16]. In conjunction with
the proposed power quality analysis method, the adaptability of the hybrid traction power supply
system and the dynamic influence mechanism of each component are evaluated and analyzed,
and the feasibility of the scheme is verified. The study examines the multi-factorial influence
mechanisms affecting power quality in PV access traction power supply systems. However, the
research does not extend to an analysis of the access scheme’s adaptability from a system stability
perspective. Reference [17] examined a three-phase access scheme and found that the scheme had
no effect on three-phase unbalance, as verified by simulation. Nevertheless, the access capacity
of PV will influence the three-phase voltage unbalance and output power factor. Additionally, this
paper does not examine the access scheme from a stability standpoint. Reference [18] proposed
a new three-phase access traction power supply system structure and a three-stage distributed
voltage coordination control strategy. This strategy addresses the traction network voltage limit
problem and improves the overall power supply level.

In summary, the current literature on the stability of PV and the ESS using the RPC and VSC in
traction power systems is still limited. While some studies have investigated new access structures
and converter control strategies, they mainly focus on optimizing the static characteristics of the
system and the control performance. However, from the perspective of system stability, there is
a relative lack of studies that comparatively analyze the stability and adaptability of different
access structures under typical working conditions. As railways are an important pillar of national
economic development, the promotion of new energy for large-scale access to the traction power
supply system has become an important part of the national energy security strategy. Therefore,
the study of the stable access structure of PV and the ESS in traction power supply can promote
the development and promotion of new energy technology in the field of traction power supply,
and help to realize the “double carbon target”, which is of great significance in scientific research
and practice. In light of the aforementioned considerations, this paper will establish the impedance
models of PV, the ESS, RPC, and VSC based on the two PV and ESS access structures of the
RPC and VSC, and analyze the impedance characteristics of the RPC and VSC ports. Considering
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the various working conditions during the actual operation of locomotives, the two most typical
working conditions of the traction power supply system with PV and the ESS are selected to
analyze the influence of the system parameter changes on the system stability under the two access
structures, and based on the analysis of the influence mechanism, the stability and adaptability of
PV and the ESS under the two access structures are compared and analyzed.

2. Impedance modeling with the traction power supply system
with PV and ESS

The topology of the traction power supply system with the PV and ESS studied in this paper
is shown in Fig. 1, including photovoltaic, the energy storage system, railway power conditioner
(RPC) and three-phase voltage source converter (VSC).
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Fig. 1. The topology of the traction
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The traction power supply system under the RPC access structure is mainly composed of
PV, the ESS, RPC, step-down transformer, etc. PV and the ESS are connected to the common
capacitor in parallel through a DC/DC converter, and then connected to the DC side of the RPC
through a DC bus, and the AC side is filtered and connected to a 27.5 kV traction feeder on both
sides through a step-down transformer, etc. The traction power supply system under the VSC
access structure mainly consists of PV, the ESS, VSC, PV-side transformer and so on. PV and the
ESS are connected to the DC side of the VSC through the DC bus. The PV side transformer (2/3
transformer) adopts the inverse structure of the traction transformer (3/2 transformer) to provide
three-phase symmetrical, sinusoidal, and stable grid-connected voltages to the VSC, and the AC
side is filtered and spanned across the two sides of the 27.5 kV traction feeder.
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2.1. Impedance modeling under RPC access structure

The system topology and control strategy in Fig. 2 show PV and the ESS connected to the
traction power supply system based on the RPC.

AC 220kV
W Traction power
VIV Traction supply system
Transformer mm
AC 27.5kV
LMAJ

A
B
C

a-Phase r[S-Phase

Fig. 2. The topology of the trac-

tion power supply system with

PV and ESS under the RPC ac-
cess structure

The impedance modeling of the DC-DC converter in this paper is based on the continuous
conduction mode. On the PV output side, a boost circuit structure is used to connect to the DC
bus. At the same time, PV is intermittent and uncertain, and the traction power supply system
must ensure extremely high reliability and stability after commissioning. Therefore, in order to
eliminate the uncertain effect of PV and ensure the safe operation of electrified railways, the PV
unit must be equipped with an ESS connected to the DC bus through a bidirectional DC-DC
circuit structure. According to the small signal modeling method, the secondary disturbance term
is ignored and the small disturbance component is separated from the steady-state component to
obtain the following small signal linear analytical model for PV and the ESS:

dip, . 7
Ly, _dt = Upy + (Dpv - l)udCJW + Udc_pvdpy (1)

ditge_pv A ST
CPVT = (1= Dpy)ipy = Ipvdpy + lac_py

dfb 2 ~ 7 i
Ly— +iprp = iy — Uge_pdp — Dpliace b

Ade 5 r 3
Cb% = ]hdb + Dpip — idcl,

where L, is the inductance of the PV output side, i, is the PV output current, up,,, is the PV
output voltage, C,,, is the energy storage capacitance on the PV DC bus side, ug¢_py is the PV port
DC output voltage, igc_py is the PV port DC output current, and dj,,, is the boost circuit duty cycle
signal. Ly, is the inductance of the ESS output side inductance, r}, is the ESS output side resistance,
up, is the ESS output voltage, ij, is the ESS output current, dp, is the bidirectional DC-DC circuit
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duty cycle signal, Cp, is the ESS DC bus side energy storage capacitance, ug._p is the ESS port
DC output voltage, iz._p is the ESS port DC output current. Combining the control strategy in
Fig. 2, the impedance model of PV and the ESS can be obtained:

Age_ sL,, + Fp, (s
Zpy-ow = 5 = et ) : 3)

ldc_pv Apvsz + Bpy (s)s+ (1 - Dpv) + Epy (s)
ﬁd b SLh + Fb N (S)

Zp o = 7 = 5 o , )
ldc_b Apat_oS* + Bpat o (S) 5+ Epar_o (5)
e SLy, + Fpar i (s

Zy o = fdc,h _ i b+ Fpar_i (5) ’ 5)
ldc_b Apar_is? + Bpar_i (5) 5 + Epar_i (8)

where:
Apv = vava’

pr(s) = Udc,vai,vapv - Ivai,vav,vapv,

Epv(s) = (1 - Dpv)z + (1 - Dpv)(lvai,pv + Udc,vai,vav,pv)’

va(s) = Udc,vai,pv’

Apar_o = CpLyp,

Bpato(8) = IbGi_boGy_boLp + Cors = Uac_bGi_boCb,

Epar_o(5) = IbGi_boGy_pors + D}, = (Ude_Gi_b0Gv_bo + IbGi_bo)Dbos

Fpar_o(8) = =Uac_bGi_bo + Tbs

Apar_i = CpLyp,

Bpar_i(s) = Cprp + Uac_bGi_piCp,

Epar_i(s) = Dy, = I,Gi_pi D,

Fpar_i(s) = =Uac_pGi_pi + 7p.

Gi_pv($5) = kpi_pv + kii_pv/s is the PV current loop transfer function.

Gy_pv(8) = kpy_pv + kiv_py/s is the PV voltage loop transfer function.

Gi_bo(S) = kpi_bo + kii_bo/s is the current loop transfer function in the ESS discharge state.

Gy _bo(8) = kpv_bo + kiv_bo/s is the voltage loop transfer function in the ESS discharge state.

Gi_bi(s) = kpi_pi + kii_pi/s is the current loop transfer function in the ESS charging state and

Gy _pi(s) = kpy_pi + kiv_pi/s is the voltage loop transfer function in the ESS charging state.

Due to the symmetry of the RPC topology, only the a phase is selected for analysis. Taking
the @ phase as an example, a single phase can be equivalent to a single-phase full-bridge inverter.
The small-signal linear analysis model of the @ phase of the RPC is as follows:

dip g
dr
(2Dg - 1);5 + ledAR = ;LR > (6)
dilge R »

dr + is = idc,R

ﬁg = 2Udc,RdAR +(2Dg = Dilge_r — Lr

Cr

where u, is the grid voltage, ug._g is the RPC DC input voltage, ig-_gr is the RPC DC input
current, Lg is the RPC filter inductance, Cg is the RPC DC energy storage capacitance, iy g is the
RPC AC output current, and dp is the drive duty ratio of the two switches Q; and Q4. In order to
achieve stable energy transmission, it is important to ensure the stability of the DC bus voltage.
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The outer loop control of the RPC access structure uses constant DC voltage control, and the inner
loop current loop is the RPC output current control. According to the control strategy in Fig. 2,
the RPC impedance model is:

fdc_R (2Dg — 1) Ag(s)

_in — % = . 7
Zrn = = = () — Er()AR() @

where
AR(s) =2Ugc_rGi_R + SLR,
Br(s) = 2Dg — 1 +2U4c_rGv_rGi_R)2I;G; R + 1),
Er(s) = [2I;Gy_rG;_r — (2Dg — 1)Cgs].
G;_r(s) = kpi_r + kij_r/s is the RPC current loop transfer function and
G, _r(S) = kpy_r + kiy_r/s is the RPC voltage loop transfer function.

2.2. Impedance modeling under VSC access structure

Figure 3 shows the system topology and control strategy when PV and the ESS are connected
to the traction power supply system based on the VSC.

A AC 220kV
B T

c
M,_J_I_L,_M_J Traction power
VIV Traction supply system
Transformer
s il —
ﬁ a-Phase B-Phase @

Fig. 3. The topology of the trac-

tion power supply system with

PV and ESS under the VSC ac-
cess structure

On the PV output side, a boost circuit structure is used to connect to the DC bus. The ESS is
connected to the DC bus via a bi-directional DC-DC circuit structure. The DC bus is connected to
the DC side of the VSC, and the rest is consistent with the RPC access topology. The modeling of
PV and ESS impedance is the same as the RPC access structure. The small signal model of the
VSC in the dg rotating coordinate system is as follows:

d fd dAd 0-w fd
dr qu w 0 fq

lq

1

2L

Dy
Dy

1
2Lysc

1
Lysc

A

Ude_VSC +

Udc_vsc

ﬁdl, )
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=3 [Dang | ]+ 3 [dad, | ] 9
K 4[ d g iq 4 d dq Iq ()
digc_vsc _ » 5
Cvsc———— = lgc_vsc — L, (10)

dr

where: ug._vsc is the three-phase converter DC input voltage, Rysc, Lysc are the inverter output
side resistance and filter inductance, id, iq are the inverter output current under the d and g axes,
uq, ug are the inverter output voltage, dy, d, are the inverter duty cycle signals in the d and
g—axes, and w is the angular frequency. iyz._vsc is the three-phase inverter DC input current, i5 the
three-phase converter port input current, and Cysc is the three-phase converter DC energy storage
capacitance. Similarly, when PV and the ESS are connected to the traction power supply through
the DC bus, a constant DC bus voltage control strategy is usually used to ensure the stability of
the DC bus voltage. According to the control strategy in Fig. 3, the VSC impedance model is:

Zusc.in = lide_vsc _ Ay(s)
- fdc,VSC Ay (5)Cyscs + B, (s) + Cy(s) — Dy(s) + Ey(s)’

(1)

where
Ay (s) = 4Ugc_vsc(Uac_vscGi_vsc(s) + 2Lyscs),
By (s) = 3G, _vsc(s)Gi_vsc($)Udc_vsc (21 Lyscs + DqUgc_vsc),
Cv(s) = 6wLysc(IyUqgc_vscGv _vsc(s)Gi_vsc(s) + Daly — Dgla),
Dy (s) = 3Ugc_vscGi_vsc(s)(Dalg + Dyly),
Ev(s) = 3Uge_vsc(D3 + D),
G;_vsc(s) = kpi_vsc + kii_vsc/s is the VSC current loop transfer function, and
G, _vsc(s) = kpy_vsc + kiv_vsc/s is the VSC voltage loop transfer function.

3. Impedance characteristics analysis of RPC and VSC ports

The traction converter in the traction power supply system with PV and the ESS can be
equivalent to a flexible interconnection device. By connecting the DC bus with the AC bus
through the flexible interconnection device, the bidirectional energy flow can be realized [19]. By
classifying the locomotive operating conditions, two typical operating conditions are selected to
analyze the impedance model and the overall system stability. Case 1 is the traction condition, in
which energy flows from the DC side of the PV-ESS to the AC side of the locomotive through the
traction converter and also flows to the DC load. Case 2 is the braking condition, in which energy
flows from the AC side of the locomotive through the traction converter to the energy storage
device and the DC load, and also from the PV side to the energy storage device and the DC load.
This chapter analyzes the traction state.

3.1. Effect of system parameters on closed-loop input impedance

When the converter exchanges power with the outside world, the DC side capacitance of the
converter can inhibit the fluctuation of the DC bus voltage to a certain extent by absorbing and
releasing the energy [20]. Therefore, it is worthwhile to study in detail the influence mechanism
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of the variation of the DC side capacitance parameters on the input impedance of the converter.
The closed-loop input impedance of the RPC is selected for study and analysis, keeping other
parameters unchanged, when the value of the DC side capacitance is varied from 5 mF to 100 mF,
the input impedance bode plot of the RPC is shown in Fig. 4(a).

As shown in Fig. 4(a), in the medium and high frequency bands, the phase angle of the RPC’s
closed-loop input impedance does not change with the change of the DC side capacitance, and
a negative impedance characteristic appears. In the low-frequency band, as the DC side capacitance
value increases, the resonance peak of the RPC’s closed-loop input impedance does not change,
and the resonance frequency gradually decreases. As the DC side capacitance value increases, the
phase of the RPC’s closed-loop input impedance changes faster with frequency, but this does not
affect the stability of the RPC’s closed-loop input impedance.

The VSC closed-loop input impedance is selected for analysis and other parameters are held
constant. Figure 4(b) shows the bode plot of the VSC closed-loop input impedance as the value of
the DC-side capacitance varies from 2 mF to 100 mF.
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Fig. 4. Bode plot of RPC and VSC closed-loop input impedance with varying capacitance on the DC side

It can be seen that in the mid-frequency and high-frequency bands, the phase angle of
the closed-loop input impedance of the VSC does not change with the change of the DC side
capacitance, and exhibits a negative impedance characteristic in the full-frequency band. In the
low-frequency band, the resonance peak of the closed-loop input impedance of the VSC does
not change as the DC side capacitance value increases, while the resonance frequency gradually
decreases. As the DC side capacitance value increases, the phase of the VSC’s closed-loop
input impedance changes faster with frequency, but it does not affect the stability of the VSC’s
closed-loop input impedance.

3.2. Effect of voltage-current loop factor on closed-loop input impedance

When PV and the ESS access the traction power system through the RPC, it is necessary to
control the two single-phase inverters. This is because changes in the current and voltage loop
factors will affect the system’s stability. To investigate this, the RPC closed-loop input impedance
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was selected for analysis. The other parameters were kept constant. When the value of the voltage
loop scaling factor K, increased from 0.01 to 0.5, the bode plot of the RPC closed-loop input
impedance is shown in Fig. 5(a).

As can be seen from Fig. 5(a), in the low-frequency band, the resonance peak of the RPC
closed-loop input impedance decreases gradually as the voltage loop scaling factor increases, and
at the same time, the phase angle of the RPC closed-loop input impedance tends to flatten out
gradually with the change of frequency. Figure 5(b) shows the bode plot of the RPC closed-loop
input impedance when keeping other parameters unchanged, and when the value of the voltage
loop integration factor K; increases from 2 to 100.
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Fig. 5. Bode plot of RPC closed-loop input impedance as the voltage loop scaling factor and integration
factor varies

In the low-frequency band, the resonance peak of the RPC closed-loop input impedance
gradually increases with an increase in the voltage loop integration factor and reaches the maximum
when the value of the voltage loop integration factor, K;, is increased to 46. The resonance peak
gradually decreases as the integration factor continues to increase, while the phase angle of
the RPC closed-loop input impedance gradually tends to be non-flat with frequency. After the
integration factor is increased to 46, the RPC closed-loop input impedance exhibits negative
impedance characteristics in the full frequency band. It is verified that the magnitude and phase of
the RPC closed-loop input impedance basically do not change with the change of current loop
scaling factor and current loop integration factor.

When PV and the ESS are connected to the traction power supply through the form of the VSC,
the closed-loop input impedance of VSC is selected for the study and analysis. Figure 6(a) shows
the bode plot of the closed-loop input impedance of the VSC when keeping the other parameters
unchanged, and when the value of voltage loop scaling factor K, increases from 0.2 to 5.

From Fig. 6(a), it can be seen that in the low-frequency band, the resonance peak of the VSC
closed-loop input impedance gradually decreases with an increase in the voltage loop scaling
factor, while the phase angle of the VSC closed-loop input impedance tends to gradually flatten
with the change of frequency. Figure 6(b) shows the bode plot of the VSC closed-loop input
impedance as the value of the voltage loop integration factor K; increases from 2 to 100.
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Fig. 6. Bode plot of VSC closed-loop input impedance as the voltage loop scaling factor and integration
factor varies

In the low-frequency band, as the voltage loop integration factor increases, the resonance
peak of the VSC closed-loop input impedance gradually decreases and the resonance frequency
gradually increases. At the same time, the phase angle of the VSC closed-loop input impedance
gradually becomes steeper as the frequency changes. It has been verified that the magnitude and
phase of the VSC closed-loop input impedance basically do not change with the change of current
loop scaling factor and current loop integration factor.

4. Stability analysis of traction power supply system with PV and ESS
under typical operating conditions

This chapter combines the traction and braking conditions of the actual operation of the
locomotive, and under these two typical conditions, based on the RPC and VSC two-way PV-ESS
access traction power supply system structure, the stability of the AC/DC hybrid system is analyzed.

4.1. Stability analysis method

In analyzing the stability of small signals in the system, the Middlebrook criterion was first
used to determine the stability of the system impedance ratio. However, because it requires the
system to satisfy the condition that the equivalent output impedance of the source subsystem is
much smaller than the equivalent input impedance of the load subsystem throughout the frequency
band [21], it is too conservative in actual application, and the actual system cannot satisfy the
conditions of the criterion. Therefore, the GMPM (gain margin and phase margin) criterion, which
is an improved version of the Middlebrook criterion, states that when the polar plot of the system
impedance ratio Z,(s)/Z;(s) is outside the forbidden region, the stability of the system can be
guaranteed, and the system can ensure 6 dB magnitude margin and 60° phase margin [22]. The
GMPM criterion narrows the range of the impedance ratio prohibited region and reduces the design
conservatism. For the topology and model of the traction power supply system with PV and the ESS,
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the magnitude and phase angle of the equivalent input impedance of the power-side subsystem of
the system, the equivalent input impedance of the load-side subsystem can be acquired. Therefore,
it is important to use this criterion to analyze the stability of the system, and lays the theoretical
foundation for the stability analysis of the traction power supply system with PV and the ESS. The
sub-loop gain of the traction power supply system with PV and the ESS in this paper is:

Zo(s)

I(s)=— o)’

12)

where Z,(s) is the output impedance of the source subsystem under different operating conditions
and Z;(s) is the input impedance of the load subsystem under different operating conditions.
Therefore, it is only necessary to ensure that the Nyquist curve of 7'(s) does not enter the forbidden

region to ensure the stability of the system. The system parameters are listed in Table 2.

Table 2. System parameters for traction power supply system with PV and ESS

Module Parameter Parameter Module Parameter Parameter
symbol value symbol value
. Riine /€, 0.1,
Line parameters mne CRr/uF 5000
Xiine/©2 0.2 r/)
Cpy /uUF 200 RPC Lr/H 0.01
Boost converter kpv_R> 0.02,
Lpy/MH 0.0025 kiv R 10
kpv_pv, 0.02, kpi_R» 1,
kiv_pv 0.2 kii R 6
kpi_pv 0.15,
Kii_py 146 Cysc/uF 2200
VSC
L H .
Coss INF 200 vsc/tt 0.095,
Cvsc/uF 220
Bidirectional DC-DC k 0.2
Less/H 0.1 pv-VSC- -
ess kiv VSC 10
kpv,ess, 0.02, kpi,VSC’ 25,
kiv,ess 1.3 kii,VSC 8388
kpi,esxs 0.5,
kii,ess 50

4.2. Equivalent circuits for two typical operating conditions

The impedance stability analysis of the traction power supply system with PV and the ESS
requires the derivation of the equivalent impedance circuits according to two typical operating
conditions, and the stability analysis of different access structures is performed under the assumption
that there is sufficient light for each access structure. The mains voltage is converted to the AC bus
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side and the locomotive is equivalent to a constant power load. Taking the RPC and VSC two-way
PV and ESS access traction power supply system structure as an example, based on the traction
conditions of the locomotive, if the output of the PV-ESS is used as the “source” and the input of
the converter is used as the “load”, when the traction power required by the locomotive is large,
the energy gap that cannot be provided by PV and the ESS will be supported by the grid. The
equivalent circuits under traction conditions are shown in Figs. 7 and 8.

DC BUS
ACBUS - — — — + — — — _ACBUS
([~ =
o[~ =&
= ~|
PG phase | p-Phase _/
= Upv_eq Ubat_ outeq Ua_eq Uﬁ_eq
I Zdcioad
. = —_ =
AL =
E — va_oui Zb_oul Za_in Z,B_m
[ | = | DC Z/me_load
Direction of e Load Zline_pv Zlme_bat Zl/'ne_a Zline_ﬁ
energy flows g
(a) Schematic diagram of energy flow (b) Thevenin equivalent circuit
Fig. 7. The traction power supply system with PV and ESS under the RPC access structure
DC BUS
ACBUS. — —
O = U U, U []
I — [T | E- pv_eq bat_outeq VSC_eq Zoctoad
y 1 =
\_vsc <« —>
: — Z pv_out Zb_out Z VSC_in
sl I — []
E — L | | | DC Zline_load
L - Load Zline_pv Z line_bat Zline_ vsC
Direction of — el
energy flows

(a) Schematic diagram of energy flow

(b) Thevenin equivalent circuit

Fig. 8. The traction power supply system with PV and ESS under the VSC access structure

When the locomotive is in braking condition, the Thevenin equivalent circuit is similar to the

above. Set the line impedance to:

Ziine = Riine + Jj Xiine, 80 that:
va,eq = va,out + Zline,pv’
Zbutjneq = Zp_in *+ Ziine_vat>

Zhat,outeq = Zp_out + Ziine_bat»
ch,eq = Zacload * Ziine_loads

Za,eq = Za_in * Zine_a>
Z,B,eq = Zﬁ,in + Zlineﬁa
Zvsc_eq = Zvsc_in t Ziine_vsc-
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Therefore, the equivalent impedance under typical operating conditions for the two access
structures is shown in Table 3.

Table 3. Equivalent impedance of PV-ESS access based on RPC and VSC structure

RPC traction . . VSC traction VSC brakin
. RPC braking condition . o &
condition condition condition
Equivalent
output ZRPC_out = ZRPC_outR = ZvsC_out = ZvSC_outR =
impedance Zpv_eqZpar_outeq | —Zpv_eql|Za_eqllZp_eq | Zpv_eql|Zbat_outeq | —Zpv_eql|Zvsc_eq
Equivalent
input ZRpC_in = ZRPC_inR = Zysc_in = ZysSC_inR =
impedance Za,eq”ZB,eq”ch,eq Zbat,ineqHch,eq ZVSC,eq”ch,eq Zbat,ineq”ch,eq

4.3. Analysis of factors affecting stability under changing system parameters

According to the data in Table 1, the DC bus voltage level is set to 700 V. Since the DC side
capacitance plays an important role in establishing the energy transmission link between the DC
and AC sides, then, when the locomotive is in traction conditions, the DC side capacitance is
changed to observe the stability change trend under the two access structures of the RPC and VSC,
as shown in Fig. 9.
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Fig. 9. Variation trend of the Nyquist curve of the impedance ratio of the RPC and VSC access structure
under traction condition with the change of the DC side capacitance

Analyzing the above figure, as the DC side capacitance gradually increases, the impedance
ratio of the two access structures gradually moves away from the forbidden region on the Nyquist
curve. Therefore, increasing the DC side capacitance under the two access structures accordingly
can improve the system stability. The Nyquist curves for the RPC and VSC access structures when
the locomotive is in braking condition are shown in Fig. 10.
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Fig. 10. Variation trend of the Nyquist curve of the impedance ratio of the RPC and VSC access structure
under braking condition with the change of the DC side capacitance

As can be seen from the figure, under braking condition, the impedance ratio of the RPC access
structure moves away from the forbidden region with an increase in the DC side capacitance,
and the system stability of the RPC access structure can be improved by appropriately increasing
the DC side capacitance. Observing the VSC access structure, when the DC side capacitance
is increased from 1 x 1073 Fto 2 x 1073 F, the impedance ratio of the VSC access structure is
far from the forbidden region on the Nyquist curve, but when the DC side capacitance is further
increased, the curve approaches the forbidden region.

The above analysis is basically the same as the situation reflected by the actual system. The DC
side capacitance is important for establishing a stable DC bus voltage and is also the basis for the con-
verter to ensure stable transmission of DC side power. Therefore, selecting an appropriate DC side
capacitance can effectively improve the stability of the traction power system with the addition of PV.

5. Analysis of the adaptability of two PV-ESS access structures from the
perspective of system stability

As a new structure in the field of traction power supply research, the RPC has great potential
due to its modular expandability, easy controllability, and superior negative sequence reactive
power compensation capabilities. The VSC is a traditional grid-connected PV structure, and
research on its control strategy, operation characteristics, and fault analysis has been relatively
in-depth. However, due to the structure of the VSC itself, when the traction network is unloaded
or lightly loaded, the current backflow phenomenon will occur. At the same time, under the
influence of the double uncertainties of PV and traction loads, power quality problems such as
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three-phase unbalance will be aggravated [5]. When PV and the ESS are connected to the traction
power supply system with a VSC, the absorption rate of PV power will be reduced because
the PV power of the two arms cannot be dynamically adjusted, and the occurrence of the light
abandonment phenomenon will indirectly reduce the economic benefits [23].On the contrary, the
special structure of the two arms of the RPC combined with the charging and discharging capacity
of the ESS can effectively suppress the negative sequence current and two-arm harmonics in the
traction power supply system [24], thereby improving the output power factor reduced by the PV
access, and ensuring the economic benefits of the PV-ESS access to the traction power supply
system from the perspective of reducing the occurrence of light rejection. However, due to the
access of the ESS to the traction power supply system, the repeated charging and discharging of
the ESS will generate new power flows, which will lead to an increase in the complexity of the
RPC and control strategies [25]. In summary, it is not sufficient to draw conclusions from the
advantages and disadvantages of the two access structures alone, so it is necessary to conduct
in-depth research in combination with system stability analysis.

5.1. Comparison of the stability of the two access structures under typical operating
conditions

To analyze the system stability of the two access structures under two typical operating
conditions, the sum of the active power output of the two arms of the RPC and the active power
output of the VSC is set to 35 kW, and the active power output of the two arms of the RPC is equal.
When the same capacity of PV and the ESS are connected to the traction power supply system
through the same voltage level DC bus, the impedance ratio Nyquist curves of the two access
structures under traction and braking conditions are drawn on the same plane, as shown in Fig. 11(a).

As shown in Fig. 11(a), when the output is equal to the active power, the Nyquist curve of the
impedance ratio of the RPC structure is farther away from the forbidden region than the VSC struc-
ture. Therefore, when the locomotive is in traction conditions, the RPC access structure has higher
system stability. When the locomotive is in braking conditions, the sum of the active power input of
the two arms of the RPC and the active power input of the VSC are both 35 kW, as shown in Fig. 11(b).

When the same input active power is set, the Nyquist curves of the impedance ratio of the
RPC and VSC access structures are closer to the forbidden region than the Nyquist curves in the
traction condition. However, in the braking condition, the Nyquist curves of the impedance ratio
of the VSC access structure are closer to the forbidden region, so when the locomotive is in the
braking condition, the RPC access structure also has higher system stability.

Constant power loads (CPLs) have negative damping characteristics. When CPLs are connected
to the DC bus, they affect the stability of the system, reducing the system stability margin and system
damping [26]. Therefore, CPLs can be connected to the DC bus side under the two access structures,
and the robustness of the two access structures can be verified by increasing the access capacity
of the CPLs. The DC bus’s ability to withstand pressure can be measured and the access structure
with a higher system stability margin can be determined. When the capacity of the CPL is gradually
increased to the same extent in the two access structures, the trend of stability changes is observed.

In Fig. 12(a), under the RPC access structure, the RPC impedance ratio Nyquist curve first
gradually shifts to the forbidden zone as the CPL access capacity increases. This indicates that
the risk of system instability gradually increases with an increase in the CPL capacity while the
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Fig. 11. Nyquist curve of impedance ratio of RPC and VSC access structures under traction condition and

braking condition

stability margin gradually decreases. As the access capacity continues to increase, the Nyquist
curve enters the forbidden region, and the system is unstable. In Fig. 12(b), the system is in a stable
state except when the CPL is not connected.
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Fig. 12. Nyquist curve of impedance ratio of RPC and VSC access structure when the CPL access capacity
increases under traction condition

As the CPL access capacity increases, the Nyquist curve of the impedance ratio of the VSC
gradually moves away from the right half plane, and the system is unstable.
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Similarly, as shown in Fig. 13, under the RPC access structure, as the CPL access capacity
increases, the RPC impedance ratio Nyquist curves in the complex plane gradually move to the
left-hand side of the forbidden region, and the risk of system destabilization gradually increases.
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Fig. 13. Nyquist curve of impedance ratio of RPC and VSC access structure when the CPL access capacity
increases under braking condition

None of the curves crosses into the forbidden region, so the system remains stable for all CPL
access capacities analyzed. Under the VSC access structure, as the CPL access capacity increases,
the Nyquist curve of the VSC impedance ratio has a tendency to shift to the left in the complex
plane, the risk of system instability gradually increases, and the system stability margin decreases.
As the access capacity increases further, the Nyquist curve enters the forbidden region and the
system is destabilized.

The RPC has the characteristic of realizing the transmission of energy to the two power supply
arms. Unlike the VSC, the RPC access structure can output unequal active power by controlling
the two converters separately. After the PV power is connected to the RPC through the DC bus, the
problem of active power feedback in the traction power supply system can be solved by outputting
unequal active power to the two arms, and the maximum utilization of the PV can also be real-
ized [20]. Therefore, the imbalance between the output and input of the two arms of the RPC under
two typical operating conditions also needs to be studied, and the stability change trend is observed
when the output and input power of the two arms are unbalanced under the RPC access structure.

As shown in Fig. 14, when the transmission power of the two arms of the RPC is unbalanced
and the degree of unbalance gradually increases, the Nyquist curve of the impedance ratio of the
RPC access structure under the two typical operating conditions does not change with an increase
in the transmission power unbalance degree, so when the output of the two arms is unbalanced
under the RPC access structure, the system stability basically does not change.
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5.2. Adaptability analysis of two access structures

By analyzing the Nyquist curves of the impedance ratios of the two PV-ESS access structures,
the RPC and VSC, under the two conditions of traction and braking, when the input and output
power of the two structures are the same and the capacity of the connected PV and ESS is the same,
the RPC access structure is farther away from the forbidden region than the VSC access structure,
so it can be judged from the perspective of system stability that the RPC access structure has higher
stability than the VSC access structure. At the same time, under the traction and braking conditions,
the same capacity of the CPL with negative damping characteristics is connected to the DC bus side.
As the capacity of the CPL increases by the same amount, the VSC access structure loses stability
before the RPC access structure, so the RPC access structure has better system robustness than
the VSC access structure. When the power transmitted by the two arms of the RPC is unbalanced
and the degree of unbalance gradually increases, the stability of the system does not change in
principle, so the RPC access structure can take into account the advantages of dynamic control
of both arms and high system stability. Under the RPC access structure, the dual arms of the RPC
and the ESS work together to achieve efficient utilization of the locomotive regenerative braking
energy, while the PV access reduces the long-term operating costs of the rail operator. Due to the
better stability of the RPC access structure, the stabilized traction power system reduces the safety
risk due to power failures, while allowing for denser train scheduling and increased line capacity.

To verify the conclusions of the stability analysis, a model of the two access structures was
built in MATLAB/Simulink. Taking the traction condition as an example, the simulation results
are shown in Figs. 15, 16 and 17.

By comparing the DC bus voltage of the two access structures, it can be seen that the DC
bus voltage can be stably maintained at 700 V under both structures. The DC bus voltage ripple
under the RPC access structure is smaller than that under the VSC access structure, and the AC
side output current under the RPC access structure is more stable than that under the VSC access
structure. The results under braking condition is similar and will not be discussed here.
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Fig. 16. Simulation waveform under traction condition with VSC access structure

The simulation results are consistent with the Nyquist curve results. When a 6.4 kW CPL is

connected to the two structures, the DC bus voltage ripple increases in the RPC access structure,

and the system stability decreases. In the VSC access structure, the DC bus voltage becomes

unstable

, and the system is unstable. The results under braking condition is similar and will not be

the simulation results also verify that the RPC access structure of the

]

discussed here. Therefore

PV-ESS has higher stability and system robustness than the VSC access structure.

the system stability analysis, system robustness analysis under the influence

of negative impedance characteristics, and system simulation results show that when the same

In summary,

capacity of the PV-ESS is connected to the traction power supply system through the DC bus,
when the two structures output the same amount of active power, the RPC access structure has
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Fig. 17. Simulation waveform of DC bus voltage after CPL access under traction condition

a greater system stability margin than the VSC access structure, and the RPC access structure
has better system robustness. Combined with the RPC access structure, it is also easy to control,
prevent power from being returned, and can absorb PV power to the greatest extent. Through
comparative analysis of the two, it is more stable and reliable to connect PV and the ESS to the
traction power supply system through the RPC access structure.

6. Summary and conclusion

The study begins by developing impedance models for various components of a traction
power supply system incorporating PV and the ESS. It then examines two distinct PV-ESS access
structures: one utilizing the RPC and another using the VSC. The research analyzes the port
impedance characteristics of both the RPC and VSC, considering the effects of system parameter
variations and controller parameter adjustments. Subsequently, the paper presents equivalent circuit
models for the RPC and VSC under two typical operating conditions. The investigation concludes
with an impedance-based stability and adaptability analysis of the traction power supply system
for both PV-ESS access structures. Based on this analysis, the following observations are made:

1. The influence of the change in the DC-side capacitance on the input impedance of the two
access structures was analyzed. It can be seen from the Bode plot that the change in the
DC-side capacitance only affects the resonant peak of the RPC and VSC input impedance,
and does not affect the magnitude of the input impedance. If the output filter inductance
is not selected properly, the input impedance of the two structures will be inverted, which
will affect the stability of the system.

2. Under the RPC access structure, increasing the voltage loop scaling factor will reduce the
magnitude of the input impedance. Increasing the voltage loop integration factor will not
only affect the resonant frequency of the input impedance, but also increase the magnitude
of the input impedance. The situation is similar for the VSC access structure, but when
the voltage loop integration factor increases, the magnitude of the input impedance will
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decrease. Under both access structures, the current loop factor has little effect on the input
impedance. From the impedance ratio Nyquist curve, it can be seen that under traction and
braking conditions, an increase in the capacitance on the DC side will improve the stability
of the traction power supply system with PV and the ESS under both access structures.

. This paper starts from the perspective of stability, and under two typical operating conditions,

the PV-ESS access capacity under the two access structures is the same, the output and input
power of the two arms of the RPC access structure and the VSC access structure are the
same, and the control strategies of the two access structures are the same. Compared with the
impedance ratio Nyquist curve, the RPC access structure is further away from the forbidden
region, so the RPC access structure has higher system stability than the VSC access structure.
When the same capacity CPL with negative damping is connected, under the two typical
operating conditions, the VSC access structure is more likely to become unstable than the
RPC access structure, so the RPC access structure has better system robustness than the
VSC access structure. Finally, combined with simulation analysis, it is comprehensively
determined that the stability of the traction power supply system with PV and the ESS under
the RPC access structure is higher, and it is more suitable as the PV-ESS access structure in the
background of a traction power supply system with a high proportion of new energy access.
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