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H I G H L I G H T S

• Trackside PV power integrated into the traction power system of urban rail transit (URT) is studied.

• Trackside PV installation in suburban elevated URT Line is economically feasible in Shanghai.

• A DC side PV integration scheme and energy management strategy has been suggested.

• Simulation models based on the characteristics of URT power system and moving trains are developed.

• Challenges and future directives for DC side PV integration in URT system are outlined.
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A B S T R A C T

The trackside of suburban elevated urban rail transit (URT) line is a potential platform for placing Photovoltaic
(PV) panels. This paper has made a comprehensive study of trackside PV power integration into the direct
current (DC) traction power supply system of URT. With the elevated section of Metro Line 11 in suburban
Shanghai as an example, the potential PV installation capacity has been evaluated. Based on the unique feature
of the DC traction power supply system, a DC side PV integration scheme and control strategy has been pro-
posed. The simulation models based on the electrical characteristics of URT power system and the moving train
have been especially developed as an effective tool to perform the scenario analysis of different PV integration
schemes, and an energy saving parameter “k” has been proposed to evaluate the energy saving effect. It con-
cludes that DC side PV integration can help to compensate the traction voltage and reduce the catenary trans-
mission loss in the traction stage of trains, thereby it has a higher energy saving rate. Even better performance
can be achieved with both PV and energy storage system (ESS) integrated into the DC traction power system. The
energy saving result can achieve the effect of “1 + 1 > 2”, which means the total amount of energy savings is
even larger than the sum of PV or ESS working alone. Moreover, the traction power quality and safety will also
be improved.

1. Introduction

URT has become the preferred solution to solve traffic congestion in
large and medium-sized cities in China because of being fast, safe,
punctual, and having a large passenger capacity [1,2]. However, it is
also a huge energy consumer. In Shanghai, the annual energy con-
sumption of URT is more than 1.9 billion kWh. The energy conservation
problem is becoming increasingly prominent [3].

As a kind of renewable energy, PV power generation has no pollu-
tion and no noise, and it is convenient and flexible to install [4], which
has been widely used in many fields [5,6]. A number of studies have
been carried out on PV plants [7], PV grid connection systems and

control strategy [8,9]. It is very attractive to install PV panels in URT
system. The future development of URT urgently needs the introduction
of this green, sustainable and low-carbon technology. There have been
already some demonstrative projects in URT. Singapore has installed
1 MW of PV system on the roof of metro depots, which can reduce
carbon emissions by 500 tons per year. The Belgian Railway Company
has built a 3KM long PV tunnel with a power capacity of 3 MW. Indian
Railways installed PV modules on the roof of trains to provide venti-
lation, lighting, and air conditioning [10]. Japan’s JR Railway Com-
pany installed a 453KW PV unit on the roof of the Tokyo platform,
which is expected to generate 340MWh of electricity per year and re-
duce carbon emissions by 101 tons [11]. Shanghai Shentong Metro
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Company also started construction of PV roof for 6.8 MW vehicle seg-
ment [12]. Those demonstrative cases show that PV access to rail
transit can achieve direct energy consumption and utilization of the
terminal, which not only reduces the operating cost, but also effectively
reduces the power transmission loss, thereby achieving the goal of
green low carbon development of URT. Therefore, it is of great value to
study the application of PV power in URT system.

The integration mode of PV is determined by the characteristic of
URT power supply system. There are two possible PV integration
modes: AC (alternative current) side access and DC side access. The AC
side access mode either inverts the PV power into the low voltage
system, or feeds it back to the power grid. The DC side access mode
converts PV power into DC traction power system and provides traction
power to the train directly.

Currently, the AC side PV access mode, which is easier to imple-
ment, is adopted by most of the above demonstrative projects and at-
tracts more attention of researchers. Jin et al. [13] expounded the
feasibility and energy efficiency of PV power generation system in URT
system, and proposed to use low voltage side access in elevated stations
to provide a prospect for changing the energy supply mode of URT.
According to the characteristics of URT and the advantages of PV
system, Wang et al. [14] put forward the application scheme of PV
integration in the elevated station, depot parking lot and elevated
section. Pankovits et al. [15] propose a topology of PV integration into
the URT system, while Meng et al. [16] proposed to combine ESS with
PV power generation to achieve full use of PV energy. Şengör et al. [17]
proposed a railway station energy management system model com-
posed of PV and ESS, indicating the future development trend of URT.
Beyhan et al. studied the feasibility of using PV power for the interior
lighting of the urban rail vehicles [18].

Interestingly, the voltage generated by PV panels, generally around
600–800 V DC, matches coincidently with the DC traction voltage. It
means that the PV power could be integrated directly into the DC
traction power system with less power loss through a simple DC/DC
power converter. Moreover, the DC side PV access mode can also work
with ESS which will not only reduce energy transmission loss, but also
help to stabilize the traction network voltage. Nevertheless, there are
few studies on DC side access mode. Hayashiya et al. [19] studied the
feasibility of using smart grid technology for rail transit power supply
systems, and pointed out that DC side access mode can reduce energy
consumption and transmission loss, but only through estimation. Cic-
carelli et al. [20] explored the feasibility of connecting PV and super-
capacitor ESS to DC traction systems, and analyzed the PV cost. Sayed
et al. [21] proposed a DC/DC converter topology of the PV system
connected to the DC side, but did not make an in-depth study on the PV
power consumption strategy. In addition, Green et al. [22] and the
mutation change charity 10:10 are working together on the topology
and control mode of direct access to the traction power supply system
using PV panel along both sides of the track. So far, there has not been
any related report on DC side access demonstrative project.

There are several installation alternatives of PV panel in URT which
can be the train roof, parking lot, depot roof, sound barrier, the elevated
platform roof and the two sides of elevated line. In this paper, with
elevated Metro Line 11 in suburban Shanghai as an example, we focus
on the feasibility of PV installation along the trackside of suburban
elevated line as the probability of this area being shaded by tall
buildings is less than that in downtown area. Based on the character-
istics of URT power supply system, a comprehensive study is made of
PV integration into the DC traction power system in terms of potential
PV installation capacity, possible PV access points, energy saving rate
and power quality improvement. The novelty of this paper is sum-
marized as follows:

(i) Feasibility and installation potential of trackside PV installation in
suburban elevated line has been evaluated with Shanghai Metro
Line 11 as an example.

(ii) Based on the unique electrical characteristics of URT power supply
system, simulation models of URT power system and the moving
train have been especially developed as an effective tool to perform
the scenario analysis of different PV integration schemes.

(iii) A DC side PV integration scheme and energy management strategy
has been proposed. Scenario analysis has been performed to assess
the energy saving characteristics of DC side PV integration. An
energy saving rate parameter ‘k’ has been proposed to evaluate the
energy saving effect.

(iv) Comparative analysis has been made on AC and DC side PV in-
tegration in terms of energy saving effect, power supply quality
and safety, and we conclude that DC side PV integration has more
advantage in terms of energy saving rate and power quality im-
provement.

The paper is structured as follows: Section 2 is mainly about the
technical and economic analysis of the feasibility of trackside PV in-
tegration based on the data of Shanghai URT Line 11. Section 3 dis-
cusses the unique characteristics of URT power system, and a brief DC
side PV integration scheme and energy management strategy has been
proposed accordingly. In Section 4, the energy saving effect analysis of
DC side PV integration has been performed based on simulation.
Section 5 is a comparative analysis of AC and DC side PV integration in
terms of energy saving effect, power supply quality and safety. Then in
Section 6, the challenges and future opportunities are summarized and
finally Section 7 summarizes this research.

2. Feasibility of trackside PV installation in suburban elevated
URT line

2.1. Potential capacity of trackside PV installation

In the past two decades, URT has developed rapidly in China. As of
April 2019, 38 cities have opened subways. Among them, Shanghai
Metro has a mileage of 705 km, ranking the first in the world. It is
noteworthy that the URT lines usually have long, elevated sections in
the suburbs of China’s big cities. The track side along the elevated
sections, which is free of the shading of tall buildings, can be used for
PV installation.

In what follows, we use Shanghai Metro Line 11 as an example and
analyse the potential of the trackside PV capacity, and it is a quite re-
presentative metro line in China’s big cities, which is featured by the
long elevated suburban section. Shanghai Metro Line 11 has an oper-
ating mileage of about 82 km, starting at the Disney Station in southeast
Shanghai, crossing the city centre, and ending at Huaqiao Station in
northwest Shanghai. The city centre section runs underground, and the
suburban section is elevated. There are 14 elevated stations in all, with
a length of approximately 22.5 km. The possible trackside PV in-
stallation space can be the area between the track and the side barrier,
as shown in Fig. 1.

Shanghai is located at the forefront of the Yangtze River Delta in
China, with the coordinates of 31o14′ north latitude and 121o29′ east
longitude. It has an annual sunshine of 1665.3 h and an annual average
daily radiation of 12317.8 kJ/m2 [23,24]. According to the study of
Zang et al. [25], the yearly optimum tilt angle of solar panel in
Shanghai is =

°α 24. 2 .The space which can be used for placing the PV
panel for Line 11 is 1.60 m wide, and thus the installable area is ap-
proximately 39,500 m2 for a single line. Since URT has uplink and
downlink lines, the total available area is about 79,000 m2. Suppose the
effective possible area is 80% and the efficiency of PV modules is 15%,
the PV capacity could be around 9.48MWp, and the annual power
generation is about 11,840,000 kWh.

Table 1 shows the data of the elevated suburban sections of URT in
Shanghai and Beijing by December 2018. Most of the lines have long
suburban elevated sections, which are suitable for PV installation. It can
be seen that suburban URT lines provide a new platform for distributed
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PV power generation system and has great application potentials.

2.2. Return of investment (ROI) of trackside PV installation

ROI is another key issue to consider in the feasibility study of
trackside PV installation in URT system. The on-grid price of PV power
generation set by the National Development and Reform Commission of
China is 1 yuan/kWh in Shanghai, and the yearly revenue generated by
the PV system is 11,840,000 yuan accordingly. With the current cost of
roof PV in China being about 10,000 yuan/kW, the one-time investment
of trackside PV system in the suburban section of Line 11 will be
94,800,000 yuan and the ROI will be about 8 years. With the PV cost
getting down and the power generation efficiency enhanced [26], the
time cost for the ROI will be even less. According to Jinyue Yan et al,

the subsidy-free PV electricity price can be even achieved in China with
the development of PV technology [27]. The trackside PV installation
which takes full advantage of the idle space on either side of the ele-
vated track is very promising. It will bring huge economic and social
benefits for a city like Shanghai.

3. PV power integration into the DC traction power system

3.1. Possible PV access points in URT power system

In China, the input of the URT power supply system is AC power
grid, and the output is DC traction power system (750 V or 1500 V) and
AC low voltage system (400 V). The DC traction power system provides
traction power to the train by converting 35 kV AC input into 750 V or
1500 V DC output; the AC low voltage system provides lighting, ven-
tilation and air conditioning power to stations by transforming 35 kV
AC input into 400 V AC output.

Fig. 2 illustrates one of the typical structures of URT power supply
system. The input is a 35 kV AC voltage source transformed from the
110 kV AC city power grid. The output of URT power supply system is
the 400 V AC system transformed through the step-down substation and
1500 V DC traction power system converted by the traction substation.

According to the feature of URT power supply system, the possible
grid connection points for PV power access is shown in Fig. 3. The AC
side access point can be 35 kV or 400 V AC bus and DC side access point
is the 1500 V DC bus.

The AC side PV access mode can be realized through a grid-con-
nected inverter to ensure that the output power meets the voltage and
frequency requirements of the AC bus [28,29]. The energy management
strategy of AC side access is relatively simple and can refer to the ex-
isting research findings in related fields [30,31]. The disadvantage of
AC side access is that it always needs an inverter to ensure the proper

Fig. 1. PV Installation diagram on one track side of elevated URT line (a) The
track of elevated line (b) Possible PV installation location on the track side.

Table 1
Data of some elevated suburban lines in Shanghai and Beijing.

City Line No. Length Number of elevated stations

Shanghai Line 5 30 km 18
Line 8 12Km 4
Line 9 12 km 4
Line 16 50 km 10
Line 17 17 km 6

Beijing Line 5 9 km 7
Line 13 40 km 15

City power

AC 110 kV

Main substation

AC  35(33) kV

+
DC 1500 V

Train

Rail

AC 400 V

Traction 
substation

Step-down 
substation

Fig. 2. The diagram of URT power supply structure.

transformer

transformer

transformertransformer

AC load

DC load

AC 110 kV Grid AC33/35 kV
(1)

AC 400V
(2)

(3)
DC 750/1500V

Fig. 3. The possible grid connection points for PV power access.
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integration of PV power into the AC bus, which will introduce harmonic
pollution to the original system and increase the operation cost.
Moreover, if PV power is integrated into the 35 kV AC bus and sent back
to the urban grid, the bidirectional power flow between the grid and the
URT power system will cause voltage fluctuation and increase the risk
of short-circuit, which will not only affect the normal deployment of the
power sector, but also poses a safety hazard to the operation of rail
vehicles [32].

As mentioned in Section 1, the DC side PV access mode can feed the
PV power directly into the DC traction power system through a simple
DC/DC converter, which is more efficient compared with AC side ac-
cess. Since the PV power will not be sent back to the upper level AC
system but absorbed by the trains, the power quality and harmonic
pollution issues are not so dominant [33]. Another unique advantage is
that the DC side access mode can help to stabilize the voltage fluctua-
tion of traction power system caused by the frequently switching op-
eration mode of the train. In the following part, based on the char-
acteristics of DC traction power system, the DC side PV access scheme
and energy management strategy are fully discussed.

3.2. Characteristics of DC traction power system

The DC traction power system of URT is a time-varying interactive
system. The unique feature is characterized by its load — the moving
train. The power delivered to the train is mainly supplied by the two
nearby traction power stations. When the train is moving, the im-
pedance between the traction power substation and the train is also
changing, and the voltage drop in the catenary cannot be neglected.
Meanwhile, the train frequently switches the working mode from ac-
celerating, coasting to braking, which will cause serious voltage fluc-
tuation.

Fig. 4 is a schematic diagram the typical speed profile of the metro
train between two stations and the corresponding catenary voltage
fluctuation under different working modes of the train. The speed
profile of the metro train is predefined by the metro train timetable. ‘U0’
is the rated catenary voltage without moving train, which is usually
around 1500 V. For a DC 1500 V URT traction power system, the
working voltage fluctuation ranges from 1000 V to 1800 V.

There are three typical operation stages for the train running be-
tween two stations: stage ‘1’ is the acceleration stage, stage ‘2’ is the
coasting stage, and stage ‘3’ is the braking stage. In stage ‘1’, the train is
accelerating, and the power demand is increasing. The maximum power
of a single train can reach up to 4 MW or even higher, and the current
transmitted through the catenary can reach 3000A or even higher,
which will cause significant catenary voltage drop at the pantograph. In

stage ‘2’, the train is coasting, and the power demand is much less
compared with stage ‘1’. In this stage, the power is mainly consumed by
the constant low power load such as air condition and ventilation
system. Therefore, the current transmitted through the catenary will be
much smaller and the voltage fluctuation is much less accordingly. In
stage ‘3’, the train is braking. It will first regenerate the braking energy
to the nearby accelerating trains through the DC catenary resulting in
the catenary voltage rise. If the regenerative voltage exceeds the
threshold, generally set as 1780 V, the on-board resistor will be trig-
gered to consume the extra braking energy.

Usually, the baking energy of the train is about 40% of the tractive
energy. However, in the actual working scenario of URT, the braking
energy cannot be fully utilized through regenerative braking because
the nearby trains may not work in acceleration mode or have enough
capacity to absorb the braking energy.

3.3. PV access scheme and energy management strategy in DC traction
power system

With the purpose of efficient use of braking energy and smoothing
the voltage fluctuation of DC traction power system, a DC side PV ac-
cess scheme with ESS is proposed, as shown in Fig. 5. The PV is con-
nected to the DC bus and the ESS via a single input, dual-output DC/DC
converter. The ESS is connected to the DC bus through a bidirectional
DC/DC converter which enables double direction power flow.

Based on the above PV access scheme, a brief DC side energy ab-
sorption and utilization concept is developed, as shown in Fig. 6.

In the morning and evening peak hours, the irradiation intensity is
weak. There are more trains in operation with a larger passenger flow
volume. The train is in a heavy load state, and there is a great demand
for power in the traction stage, which will cause a large drop in the
catenary voltage. The PV power generation during this period, how-
ever, is inadequate. On the one hand, the small PV power generation
has little voltage compensation effect in this period of time, and on the
other hand, there exists power loss in the transmission process.
Therefore, during the peak hours of operation, the PV power generation
system does not supply power to the catenary directly, but stores energy
in the storage system to charge the energy storage device. The device
provides stable power to the grid through the stored energy in the
storage system, which compensates the catenary voltage in a timely
manner and thus ensures the security of the traction network. The en-
ergy management strategy in morning and evening peak hours is shown
in Fig. 6(a).

In the off-peak hours during the day, the irradiation intensity is
usually strong. When the traction network voltage is relatively low
(corresponding to the equivalent traction of the vehicle), the PV mod-
ules transmit power to the grid directly through the DC/DC converter.
As it does not pass through the energy storage device, the energy loss is
reduced. When the traction network voltage is relatively high (corre-
sponding to the equivalent regenerative braking of the vehicle), the PV
system charges the energy storage device, which then releases the en-
ergy when the traction network voltage drops to a certain value to

Fig.4. Typical speed profile of train and the corresponding catenary voltage
fluctuation.
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Fig. 5. A DC side PV access scheme with ESS.
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achieve better energy efficiency. In any of the above stages or at night,
the ESS in also involved in braking energy recovery. The energy man-
agement strategy in the off-peak hours is shown in Fig. 6(b).

The energy absorption and utilization strategy can be summarized
as follows: when the output PV power is lower than the minimum set
threshold PVmin, it will be used for charging ESS; when the output PV
power is higher than the minimum set threshold PVmin, and if the ca-
tenary voltage Unet < Umin (the set minimum catenary voltage
threshold), both PV and ESS will supply power to the catenary to fill the
voltage valley caused by the traction of the train. If Unet > Umax (the
set maximum catenary voltage threshold), ESS will absorb the power
generated by PV and regenerative braking of the train to shave the
voltage peak. If Umin < Unet < Umax, the PV power will be delivered
directly to the catenary which will help to reduce the energy con-
sumption from traction power station.

4. Discussion on energy saving effect of PV power integration into
DC traction power system

4.1. Energy saving rate parameter ‘k’

In order to evaluate the energy saving effect under different energy
management strategies, here we introduce a parameter ‘k’ to represent
energy saving rate. It can be calculated by the following expression:

=
−k W W

Wpv

0 1

(1)

where W0 denotes the original energy consumption of the traction
power system of URT without PV integration, W1 denotes that with PV
integration, and Wpv is the energy generated by the PV system. The
energy consumption of the traction power system of URT is calculated
based on the power flow of the traction power station. By introducing
this parameter, we can have a clear judgement of the energy saving
effect under different PV energy management strategies. Apparently,
the larger the value of k, the better the energy saving effect achieved.

In what follows, the energy saving effect with PV integration under
different energy management strategies will be studied through

theoretical analysis and simulation, and we use parameter ‘k’ as an
indicator to evaluate the energy saving effect.

4.2. Energy saving analysis under different scenarios

Based on the topology of Fig. 5, simulation models consisting of the
URT traction power system, the moving train, PV system, ESS and DC/
DC converters are developed in PSCAD/EMTDC. Those models can re-
flect the dynamic behaviour of the interactive and time-varying URT
power system, and can be used as an effective tool to perform the
scenario analysis [34].

We simulated the typical operation process of the train moving from
one station to another, including the working mode of accelerating,
coasting, braking, and stopping. The parameters of traction power
system, given in Table 2, are from Shanghai metro company. For the
purpose of simplification, the available PV power during the operation
of the train is 180 kW.

The main idea of the energy management strategy is that: when the
catenary voltage is lower than 1500 V, the power generated by PV
system will be fed to the DC bus so as to alleviate the catenary voltage
fluctuation caused by the acceleration of train. Meanwhile, ESS will
also supply power to the DC bus to help smooth the catenary voltage in
a timely manner. When the catenary voltage is higher than 1500 V, the
PV and the regenerated power will be absorbed by ESS.

4.2.1. Scenario I: Energy saving analysis of PV system working alone
This scenario is designed to test the energy saving effect of URT

system with PV integration.
The catenary voltage fluctuation a with and without PV integration

is recorded, respectively, and the simulation results are shown in Fig. 7.
The voltage profiles of the train in acceleration, coasting and braking
stages are shown in Fig. 7(a), and the acceleration stage are specially
illustrated in Fig. 7(b). The PV system contributes to raising the ca-
tenary voltage in the acceleration stage in the first 24 s. In this stage,
the voltage drops up to about 140 V, and with the 180 kW PV in-
tegration, the catenary voltage can be increased by about 26 V. As the
power profile of the train is predefined, the catenary current delivered
to the train will be lower and the catenary transmission loss will be
reduced accordingly.

Table 3 shows the energy consumption of the DC traction power
system with and without PV integration. Interestingly, the energy
consumption in acceleration stage is reduced by 5.74 kWh with PV
integration, which is even larger than the power generated by the PV
system. The energy saving rate ‘k’ is 1.2. It can be explained as follows:
the PV system helps to increase the catenary voltage and reduce the
catenary energy loss, and therefore the total energy consumed by the
traction system become less.

4.2.2. Scenario II: Energy saving analysis of ESS working alone
This scenario is designed to test the energy saving effect of URT

system with ESS absorbing the regenerative braking energy. In the

Fig. 6. Schematic diagram of DC side energy management strategy. (a) Power
flow when PVout < PVmin (b) Power flow when PVout > PVmin.

Table 2
The parameters used in simulation.

Traction substation spacing 3 km

Traction distance (From I to II) 1.4 km
Unit impedance of catenary 34.36e−6 O/m
Unit impedance of rail 39.5e−6 O/m
System no-load voltage 1500 V
Rated capacity of traction station 8.8 MVA
Equivalent internal resistance of traction substation 0.05 O
Rated power of train 4 MVA
Maximum traction speed 80 km/h
Traction acceleration 0.9 m/s2

Braking deceleration –1.0 m/s2
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simulation, ESS will absorb the regenerative braking energy generated
by the train when the pantograph voltage is higher than 1780 V, and
release the stored energy to the DC traction network when the voltage is
lower than 1500 V. The simulation results are summarized in Table 4.
We can see that 3.6 kWh of the braking energy can be recovered by ESS.

4.2.3. Scenario III: Energy saving analysis of PV system and ESS working
together

This scenario is designed to test the energy saving effect of URT
system with PV and ESS working together. When the train is accel-
erating and the network voltage is lower than 1500 V, the ESS and the

PV system will jointly supply power to the DC traction network. When
the train is braking and the traction network voltage is too high, ESS
will absorb the excess energy.

The simulation results are shown in Fig. 8. In the acceleration stage,
the catenary voltage with 180 kW PV system is compensated by about
10 V. In the braking stage, the ESS absorbs the regenerative braking
energy, and helps to shave the peak voltage by about 70–80 V. Ap-
parently, the combined PV and ESS system effectively compensates the
traction network voltage, and helps to suppress the voltage fluctuation
caused by acceleration or braking of the train.

Table 5 summarizes the energy consumption of the DC traction
power system with PV and ESS. We can see that the total energy con-
sumption is saved by 9.7 kWh, and the energy saving rate ‘k ’ is about
2.0, which is even higher than PV system working alone.

4.3. Discussion of energy saving effect

Through further comparison of the data in Tables 3–5, another in-
teresting result can be found that the total amount of energy saving
(9.70 kWh) when PV and ESS work together is even larger than the sum
of PV or ESS working alone (9.34 kWh).

It can be explained as follows: in URT system, the train operates
with a predefined speed profile, which means that the power profile of
the train is also predefined. Since the integration of PV system will
increase the catenary voltage, the current demanded by the train will
decrease. Comparative simulation results of the train’s current and ca-
tenary voltage with and without PV integration in the acceleration
stage (0–24 s) are presented in Fig. 9. With PV integration, the catenary
voltage can be raised by about 26 V and the current is reduced by about
18A. Therefore, the catenary transmission loss caused by the catenary
resistance can be reduced. Consequently, the total energy consumption
of the whole URT system will go down.

From the above discussion, it can be concluded that reducing the
catenary transmission loss is one of the key issues for improving the
energy saving effect. Effective energy saving can be achieved through
PV integration, as it will not only supply traction power to the train but
also help to reduce the catenary transmission loss. Through the com-
bination of PV and ESS, even better energy saving result and catenary

Fig. 7. Comparison of catenary voltage fluctuation with and without PV in-
tegration. (a) The simulated voltage profiles of train in acceleration, coasting
and braking stages. (b) The voltage profiles in the acceleration stage.

Table 3
Energy consumption of the traction power system with and without PV in-
tegration.

Wo Wpv △W

Energy consumption without PV 55.80 kWh / /
Energy consumption with PV 50.06 kWh 4.79 kWh 5.74 kWh

Table 4
Energy consumption of the traction power system with and without ESS.

Wo Wpv △W

Energy consumption without ESS 55.80 kWh / /
Energy consumption with ESS 52.20 kWh 0 kWh 3.60 kWh

Fig. 8. Comparison of catenary voltage fluctuation with and without PV & ESS
integration.

Table 5
Energy consumption of the traction power system with PV and ESS.

Wo Wpv △W

Original system 55.80 kWh / /
PV system with ESS 46.10 kWh 4.79 kWh 9.70 kWh
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voltage compensation can be realized, which shows the effect of
“1 + 1 > 2”. The comprehensive benefit of PV and ESS combination
will be further improved through optimized control strategy and system
design.

5. Comparison of DC and AC side PV integration in URT system

In this section, a comparative analysis will be made of AC and DC
side PV integration in terms of energy saving effect, power supply
quality and safety.

5.1. Benefit assessment of AC side PV integration

Currently, the URT distributed PV power generation system for
engineering applications mainly adopts AC side grid connection, as the
installation and connection technology is relatively mature.
Considering the system cost and grid security, special inverters for grid
connection are required in the system to ensure that the output power
meets the voltage and frequency requirements of URT power system.
The use of inverters will definitely increase the operational cost and
result in more harmonic pollution to the original power system.

In terms of energy saving rate and power supply quality, as AC side
PV integration is connected to the AC power system of URT, it cannot
provide voltage compensation to the DC traction power supply system
or reduce the catenary loss. Thus, the energy saving rate is ‘1’. If the

traction voltage decreases, it cannot fulfill the role of ‘valley filling’. In
some cases, the PV power may even be sent to the urban power grid,
causing the oscillation of the original power system and affecting its
normal operation. Thereby, the effect of energy saving and power
quality improvement of AC side PV access is not satisfactory.

5.2. Benefit assessment of DC side PV integration

According to the previous analysis, the advantages of DC side PV
access can be summarized as follows:

(i) DC side PV access can not only provide a backup power for train
traction but also compensate the network voltage (valley filling)
when the vehicle is in the traction stage. By doing this, the fluc-
tuation of the network voltage during traction is not too large and
the safety of the power supply network is improved.

(ii) The combination of PV and ESS can fulfill the role of ‘valley filling
and peak shaving’, which will suppress the traction voltage fluc-
tuation and benefit the operation safety of traction power system.
As the catenary loss will be reduced, the energy saving result can
achieve the effect of “1 + 1 > 2”. The technology of ESS for URT
braking energy recovery has been commercialized. The super-
capacitor-based braking energy recovery system developed by
Siemens has been successfully operated in Madrid and on Line 5 of
Metro Beijing. All in all, the comprehensive energy utilization will
be further improved with DC side access, which is conducive to
shortening the static investment recovery cycle.

(iii) Harmonic and power quality issues are not prominent. For DC side
PV access, the PV power can be integrated into the DC traction
system through a simple DC/DC converter. There is no prominent
problem with the power quality and harmonic pollution problems
compared with AC side PV access.

In summary, the DC side PV access is superior to B in improving
traction power supply safety and increasing comprehensive energy
utilization. It is more conducive to energy saving and emission reduc-
tion of URT.

6. An outlook on outstanding challenges and future research
opportunities for DC side PV integration in URT system

The issue of DC side PV integration into URT traction power system
can be classified into the field of DC micro-grid [35]. However, the
existing DC micro-grid is quite different from the URT DC traction
power system in both voltage level and working conditions. The ex-
isting technologies of integrating PV system into DC micro-grid are still
faced with great challenges when applied to the traction power system
of URT. Some challenges and future opportunities are as follows:

(i) Topological structure of the PV & ESS system

The topological structure of PV & ESS that satisfies the character-
istics and functional requirements of the long and narrow URT line is
the basis to realize DC side integration and efficient power generation
of the PV system.

(ii) Control strategy and the configuration of ESS

The system control strategy and grid-connection control algorithm
need to consider the operational characteristics of the PV system and
the URT traction network at the same time, so as to fully realize the PV
power generation function and achieve more efficient energy-saving
operations and energy flow control. The introduction of energy storage
devices can not only maximize the comprehensive benefits of the PV
power generation system, but also serve as an effective way to control
the URT vehicle-network energy flow [36]. How to optimize the

Fig. 9. Comparisons of the train’s current and voltage in the acceleration stage.
(a) The current absorbed by the train with and without PV integration (b) The
catenary voltage with and without PV integration.
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configuration of the PV power generation system and vehicle-network
energy flow control will be crucial, which directly affects the function
and economy of the system [37].

(iii) DC traction catenary state identification

The accurate and rapid identification of the equivalent traction,
equivalent braking, and short-circuit faults of the traction network is a
prerequisite for the PV & ESS to function safely. Although the DC
traction catenary state is very complex and the identification is difficult,
it is a key issue that must be solved.

(iv) The influence of power electronic equipment on system stability

PV & ESS are integrated into the DC traction power system through
DC/DC power converters. Due to the negative impedance character-
istics of power electronic devices, the system might be oscillated, posing
a risk to the stability of the traction system. Therefore, the research on
system stability should be conducted including the characteristics of
traction substation, PV converters, power converters of train and the DC
catenary impedance, which is drawing more and more attention in
recent research [38,39].

7. Conclusions

The trackside of elevated URT lines is an interesting but still un-
explored platform for PV integration. Based on the unique character-
istics of the URT power supply system and the data of URT Line 11 in
Shanghai, the paper has made a comprehensive study of PV integration
into the DC traction power system including potential PV installation
capacity, possible PV access points, energy saving rate and power
quality improvement. On the basis of the analysis, we can reach the
following conclusions:

(i) The trackside of elevated suburban URT lines of Shanghai provides
broad space for PV panel installation. The PV installation capacity
can reach 9.8 MWp for Line 11 in Shanghai. The ROI of PV system
is 8.27 years with an expected life of 20 years, which is worth
investing.

(ii) There are two types of PV integration into the traction power
system — AC side access and DC side access. The DC side access,
which integrates the PV power into DC traction power system di-
rectly, is superior to AC side access in terms of energy saving rate,
traction power quality and safety improvement.

(iii) In order to evaluate the energy saving result, a parameter ‘k’ has
been introduced to represent the energy saving rate in the paper.
Through numerical simulation, it is found that the key issue for
improving the energy saving rate of URT system is to reduce the
catenary transmission loss. The DC side PV integration can help to
compensate the traction voltage and reduce the catenary loss in the
traction stage of train, and thus it has a higher energy saving rate
compared with AC side access.

(iv) Even better energy utilization can be achieved with both PV and
ESS integrated into the DC traction power system. As the ESS can
be used to recover the braking energy, the catenary voltage rise
caused by regenerative braking can be suppressed. The result of
‘valley filling and peak shaving’ can be thereby fulfilled with PV
and ESS working together, which will improve the traction power
quality and safety. Moreover, the energy saving result can achieve
the effect of “1 + 1 > 2”, which means when PV and ESS work
together, the total amount of energy saving is even larger than the
sum of PV and ESS working alone.

(v) In spite of numerous advantages of PV integration into the DC
traction power system, there are still challenges for practical ap-
plications. Scientific and reasonable control strategies can help
increase the energy saving rate and improve the energy efficiency,

but it needs to consider the URT traction network load and its
operational characteristics. The control technology is complex and
needs to be further studied.
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