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Abstract 

The multi-port energy router (ER) is an effective topology for integrating train traction load, AC load, the energy 
storage system and photovoltaic(PV) energy. The start and stop process of urban rail transit trains and the access of 
distributed energy sources to rail transit ER lead to serious fluctuations of DC bus power, so it is necessary to route 
energy between different ports, involving multi-operating modes, while seamless switching is a major challenge. In 
this paper, a hierarchical coordinated control strategy is proposed to enable the multi-port ER to operate in a coor-
dinated fashion under the conditions of train parking, acceleration, constant power driving and deceleration, and 
to switch seamlessly under various working conditions. The energy central dispatching layer sends working condi-
tion instructions by sampling the state information of each port, while the microgrid control layer adopts central-
ized control, receiving upper working condition instructions and sending drive signals to the local control layers to 
maintain the balanced energy flow of each port. In the local control layers, the PV adopts the improved perturbation 
and observation method of power control (PC-P&O), while the ES system adopts voltage loop control with an SOC 
influence factor, voltage loop control with switching factor and power loop control according to the different working 
conditions, so as to transmit the required train load power accurately and maintain the stability of the DC bus voltage. 
Finally, the effectiveness of the proposed hierarchical coordination control is verified by MATLAB/Simulink simulations.
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1  Introduction
Urban rail transit is recognized as a low energy consump-
tion, lower pollution, fast, convenient and safe transpor-
tation tool. With the great promotion of Made in China in 
2025, it is proposed to build advanced rail transit equip-
ment with technological innovation, high quality and 
greenness. Therefore, the rail transit industry has become 
one of the most competitive and innovation-driven fields 
in China. With the rapid development of urban rail tran-
sit, energy saving and intelligence are important develop-
ment trends [1].

In the urban rail transit system, there is frequent start-
ing, accelerating, braking, etc. In operation, the train 
traction power fluctuates significantly, which may cause 
serious security issues to the connected power grid and 
rail transit network. On the other hand, in order to allevi-
ate human dependence on fossil energy, intermittent and 
volatile distributed energy generation systems are inte-
grated into the rail transit system network on a large scale 
[2–4]. It is thus difficult for the power supply network of 
urban rail transit to withstand large power fluctuations, 
and consequently an energy router (ER) is introduced to 
systematically manage energy flow [5].

As the key technology of the energy internet and dis-
tributed generation access to the microgrid, an ER has 
the functions of distribution, transmission and dis-
patch of electricity [6]. An ER is composed of a series of 
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controlled components, which can be used as the intelli-
gent interfaces of distributed energy, power grid, load and 
other equipment, so that energy in the network can be 
reintegrated and managed through the ER. At the same 
time, connecting a PV system, an energy storage device, 
train traction load and AC load in rail transit into an ER 
can realize multi-level distribution and controllable flow 
of power, better power quality and less power loss [7–10].

With the increasing popularity of renewable distrib-
uted generation, a large number of ’energy producers’ are 
rapidly emerging and connected to an ER. For urban rail 
transit, it is proposed that the PV system connect to the 
1500 V DC network of rail transit through DC/DC con-
version after analyzing different access methods, in [11]. 
In view of the rail transit traction power supply system 
with PV, it is advocated to collect the feedback energy of 
rail transit braking or excess electricity generated by PV 
through energy storage devices [12], so as to facilitate 
the secondary use of electricity and improve power sup-
ply efficiency. The battery and supercapacitor are the two 
main energy storage devices adopted. The introduction 
of a multi-energy storage system in an ER structure can 
improve the flexibility of system operation [13], whereas 
in [14], a self-energy storage system is introduced into 
the ER to improve the power fluctuation bearing capac-
ity and stabilize the network voltage. In order to quickly 
respond to power change, a supercapacitor module is 
introduced in the topology design of a rail transit net-
work in [15, 16]. Through the circuit analysis of the ER, 
reliable topology structures and control strategies of ER 
of rail transit are proposed in [17–19].

Under various working conditions of rail transit, using 
a multi-port ER makes it easy to realize multiple forms 
of power supply, high reliability, and distributed power 
plug-and-play access. While energy can be routed in 
the ER, seamless switching of working conditions is a 
difficult issue [20, 21]. In [22], the hierarchical and dis-
tributed optimization method is adopted to decompose 
the microgrid dispatching scene into a single microgrid 
and energy routing sub-problems. This can achieve the 
seamless connection of energy flow in the dispatching 
process and improve the dynamic performance of the 
system. In [23], it is proposed to realize the switching of 
working conditions based on DC bus voltage signal, but 
it requires a wide working bus voltage range to ensure 
the reliable switching of working conditions, and hard 
switching could cause large voltage fluctuations [24]. A 
hierarchical and coordinated railway energy management 
system for an electric traction substation is studied in 
[25]. The system significantly reduces the cost and energy 
consumption of train operation. In [26], a HES droop 
control strategy is proposed to achieve on-grid, off-grid 
and seamless switching process. A seamless switching 

method between working conditions is developed in [27], 
but it only involves the switching between grid-connect 
and off-grid, and cannot make all converters switch 
seamlessly. In order to realize the switching of all working 
conditions, a control strategy based on event response is 
proposed in [28, 29], but it is still a hard switching, which 
can cause a large fluctuation of DC bus voltage at the 
switch instant. To solve the problem [30], it is proposed 
that the DC bus voltage is controlled by energy storage 
in the ER to avoid an adverse effect on power quality 
when working conditions are switched [31]. However, 
the energy storage capacity needs to be large enough to 
maintain a small fluctuation of bus voltage during the 
switching of working conditions.

Based on the above considerations, a hierarchical coor-
dination control strategy is proposed for the six-port ER 
of urban rail transit. Given differing working conditions 
and switching conditions, an improved perturbation 
and observation method of power control is adopted for 
PV, while energy storage uses three kinds of control, i.e., 
voltage loop control with SOC influence factor, voltage 
loop control with switching factor and power loop con-
trol with train power prediction, all to realize the power 
distribution and transmission for urban rail transit train 
operation. It shows that the hierarchical coordination 
control strategy of ER can realize the seamless switching 
of working conditions and the coordinated operation of 
multiple working conditions by simulating the switching 
of different working conditions in the process of a train 
start and stop process.

2 � ER topology and hierarchical coordinated 
control framework

2.1 � ER topology
The topology of the multi-port ER of urban rail transit 
proposed in this paper is shown in Fig. 1. The ER ports 
include: power grid, AC load of train electricity, train 
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Fig. 1  Topology of multi-port energy router
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traction load, battery, super capacitor and PV ports. 
The 35  kV power grid is connected to the 1500  V DC 
bus through the 24-pulse uncontrolled rectifier circuit, 
and the AC load of the train is connected to the DC bus 
through the three-phase full-bridge inverter circuit. The 
PV module is connected to the DC bus through the boost 
converter, while the battery and supercapacitor energy 
storage modules are connected to the DC bus through 
the bidirectional Buck/Boost circuits.

The multi-port ER provides access ports for train trac-
tion load, PV, energy storage and the power grid, so that 
energy in the rail transit power supply network can be 
flexibly controlled. It is of great importance to ensure the 
regeneration of train traction energy and to maximize PV 
energy for the safe and stable operation of the rail transit 
power supply network under the access of new energy.

2.2 � Hierarchical coordinated control framework
The hierarchical coordinated control strategy can real-
ize seamless switching between various working condi-
tions. This not only makes full use of distributed energy 
sources, but also improves the system stability of the rail 
transit power supply network. The proposed hierarchical 
coordinated control framework shown in Fig. 2 is divided 
into three layers according to the priority levels. The first 
layer is the central dispatching layer with the highest pri-
ority, and the centralized controller of the ER responds to 
the scheduling preferentially according to its own work-
ing conditions when there are scheduling instructions. 
The energy dispatching center of the urban rail transit 
distributes dispatching instructions to the centralized 
controller of the ER manually or automatically according 
to the departure timetable, dispatching situation, traffic 
status, train operation status, and ER status.

The second layer is the microgrid control layer, and the 
response priority is secondary to the first layer. When the 
microgrid control layer receives a scheduling instruction, 
the working condition instructions are issued to each 
controller according to the collected port information 
and ER status. Even if there is no scheduling instruction, 
the appropriate working condition can be selected based 
on the current working state of each controller. Among 
them, PV and energy storage can realize distributed con-
trol to a large extent, and only receive switch blocking or 

opening signals at the moment of access or removal. The 
third layer is the local control layer with the lowest pri-
ority, receiving the drive signal of the microgrid control 
layer. The local controller controls the switch action of 
each converter circuit, and uploads the working states of 
the converters to the microgrid control layer.

The unbalanced energy flowing into the DC bus during 
transition is fully absorbed by the DC bus capacitor. The 
fluctuation of bus voltage depends on the unbalanced 
energy and DC capacitance, as:

where Pgrid, Ppv, Pbat, Psc, Ptrain, Pload are the power flow-
ing into the DC bus from the 35 kV power grid, PV, bat-
tery, super capacitor, train traction load and AC load. C 
is the equivalent DC bus capacitance, uc1 and uc2 are the 
DC bus voltages before and after the working condition is 
switched, respectively.

The different characteristics of battery and supercapac-
itor in the energy storage system are shown in Fig. 3. The 
battery has high energy density but low power density, so 
the battery capacity is large and can store a large amount 
of energy. Its instantaneous power flow is small so it is 
not suitable for instantaneous absorption or release of 
a large amount of power. However, the supercapaci-
tor has low energy density but high power density, and 
can instantaneously release or absorb large amounts of 
power. Therefore, the access of battery and supercapaci-
tor improves the flexibility of the ER.

The microgrid control layer can make the ER perform 
as an energy router with variable ports, e.g., six-port, 
…, two-port, according to the PV output, energy stor-
age state-of-charge (SOC), urban rail transit train oper-
ation state (train parking, acceleration, constant power 
driving, deceleration) and the scheduling instruc-
tions of the central dispatching layer. Therefore, a uni-
fied coordinated control strategy is needed to realize 
the safe and stable operation under various working 
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conditions, and realize the seamless switching between 
different working conditions.

According to the start and stop process of the train, 
as well as the different working conditions of the light 
intensity and energy storage SOC, different control 
strategies are adopted to control the energy storage to 
provide a large amount of energy during the accelera-
tion phase of the train, and to stabilize the bus voltage. 
During the deceleration phase of the train, the PV is 
controlled to reduce its output and the energy storage 
is controlled to quickly absorb energy and stabilize the 
bus voltage.

3 � ER control strategy
3.1 � Control strategy of three‑phase full bridge DC/AC 

inverter
The circuit realizes bidirectional flow of energy 
between the AC load and the DC bus, and ensures the 
power quality of the AC load when the bus voltage 
fluctuates, so as to realize the safe and stable opera-
tion of the electric load on the train. Figure 4 shows the 
main circuit and control diagrams of the three-phase 
full-bridge inverter with LC filter. Rl is the equivalent 
resistance considering various damping factors in the 
inverter, such as filter inductance internal resistance, 
dead-time effect, conduction voltage drops of switches 
and line impedance, Ll is the filter inductance, and Cl is 
the output filter capacitor.

The three-phase full-bridge inverter circuit adopts 
the voltage loop control strategy. The voltage of the AC 
side is measured by voltage sensors, and the phase of 
the measured AC voltage is then detected by the phase 
locked loop (PLL) for d-q decomposition. After com-
paring with the set d- and q-axis voltages, the errors are 
sent to the PI controllers to generate the dq axis voltage 
reference Vd,q*, before transforming back to generate 
the three-phase reference voltage Vref, which is sent to 

the PWM generator to generate the control signals for 
the switches. Vd,q* is given as:

where Kp and Ki are parameters of the voltage loop PI 
controllers. udq_ref and udq are the reference voltage of 
the dq axis and the measured dq voltage of the AC load, 
respectively.

3.2 � Control strategy of energy storage system
The control of the energy storage system is the most criti-
cal part of the urban rail transit ER. The energy storage 
system acts as power source when the train load is high, 
and stores energy when the train load is low to main-
tain the stability of the bus voltage. When the train is in 
urgent need of power support during the acceleration 
phase, the energy storage quickly releases power, whereas 
during the deceleration phase of the train the power 
required drops sharply, and the energy storage quickly 
absorbs the traction energy and smooths the bus voltage 
fluctuation.

The energy storage system adopts basic double closed-
loop voltage and current control. The voltage loop is 
formed by comparing the DC voltage with the reference 
value before feeding into the PI controller, whose output 
is then compared with the energy storage current and the 
error is fed into the PI controller in the current loop. An 
output Vref is produced and sent to PWM generator to 
generate switching signals. The control equation can be 
expressed as:

where Kp1 and Ki2 are PI controller parameters of the 
voltage loop, whereas Kp2, Ki2 are PI controller param-
eters of the current loop. Vdc_ref and Vdc are the reference 
and measured DC bus voltages, respectively. Ibat is the 
measured battery output current.

When the SOC of energy storage reaches the limit, the 
switches controlled by energy storage are blocked. This 
could result in sudden disappearance of certain energy 
storage power which will lead to the fluctuation of DC 
bus voltage. To ensure that the SOC approaches the nor-
mal working limit gradually, when the SOC of energy 
storage is approaching the limit, an SOC influence factor 
KS is introduced at the output of voltage loop, so that the 
power flow of energy storage is reduced in a controlled 
manner. The energy storage control strategy diagram is 
shown in Fig. 5, and the expression of KS is shown in (4) 
as:
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Fig. 4  DC/AC inverter control strategy diagram
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where SOCL _ risk and SOCH _ risk are the upper and lower 
risk limits of the battery SOC, respectively. SOCL _ limit 
and SOCH _ limit are the normal operation limits of the 
battery SOC.

Since the energy storage system in the ER includes a 
battery and supercapacitor, the coordination between 
them needs a transition process, as the sudden cut-in or 
removal of energy storage will cause the fluctuation of 
bus voltage. When the state is switched, the switching 
factor KR is introduced, as shown in Fig. 6 and given as:

where Kref is the set PI controller gain, t0 and t are the 
state switching time and current time, respectively. Δt is 
the set switching time interval.

Th supercapacitor can provide large power in a short 
period, and so can provide for the power demand when 
the train is accelerated. However, the PI control of the 
voltage loop has hysteresis, which cannot fully exploit the 
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advantages of the supercapacitor. Therefore, the power 
loop control is adopted for peak cutting and valley fill-
ing of train, as shown in Fig. 7. The supercapacitor adopts 
power control to collect the power of the train through 
the microgrid control layer, and then divides by the volt-
age of the supercapacitor to obtain the reference current, 
which is compared with the measured current before 
feeding to the PI controller. Finally, the generated Vref is 
sent to the PWM generator to control the switches and 
the control equation can be expressed as:

where Kp3 and Ki3 are the PI controller parameters of 
the current loop, Usc is the voltage of the supercapaci-
tor, Pref is the train power collected by microgrid con-
trol layer, and Isc is the measured output current of the 
supercapacitor.

3.3 � Control strategy of PV system
Traditional PV control adopts maximum power point 
tracking (MPPT), which can output the maximum power 
according to the light intensity and temperature, but the 
power cannot be controlled actively.

When light is sufficient and the SOC of energy storage 
is high, there is surplus energy in the ER, so it is desir-
able to limit the PV output power to ensure that energy 
storage is in the normal working state. Therefore, an 
improved perturbation and observation method for 
power control (PC-P&O) is proposed. The PV control 
block diagram is shown in Fig.  8, and the control strat-
egy can switch between the normal P&O MPPT strategy 
and the PC-P&O control strategy according to different 
working conditions.

When the local control layer receives the instruc-
tion of limiting PV power to Pref from the microgrid 
control layer, PV rapidly reduces the output power to 
Pref through PC-P&O. When the PV output power 
decreases, the change of duty ratio is consistent with 
the previous one, while the operation is contrary to the 
previous one when the PV output power increases. At 
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the same time, when the difference between PV output 
power and Pref is large, the duty ratio step Δd will also 
increase to ensure that the reference power point can 
be reached quickly.

When the train is decelerating, the traction power 
flows back to the DC bus. In order to ensure the stabil-
ity of the bus voltage and release the pressure of energy 
storage from absorbing energy, the PV is controlled by 
PC-P&O to reduce its output to further ensure the sta-
bility of the bus voltage.

3.4 � Effectiveness evaluation index of control strategy
Switching between different working conditions will 
inevitably lead to fluctuation of the DC bus voltage. 
In order to reduce the fluctuation, a coordinated con-
trol strategy is adopted to realize seamless switch-
ing between working conditions and stabilize the bus 

voltage. The voltage fluctuation index Vol_volatility is 
defined as:

where k and n are the starting and ending voltage sam-
pling points of the switching process, Vdc_i is the ith DC 
bus sampling voltage, and Vdc_ref is the reference DC volt-
age. It should be noted that the voltage fluctuation index 
needs to be maintained within 3% to ensure the safe and 
stable operation of the whole system.

4 � Design and switching of working conditions
4.1 � Design of traction load power and PV output
The change trend of train power during start and stop is 
shown in Fig. 9. As seen, the traction power of the train 
is 0 during the stop stage, and rises rapidly when the train 
starts to accelerate. When the speed of the train reaches 
a certain value, the traction power decreases, and then 
maintains a constant power. During the braking stage, 
the traction power decreases rapidly, and after it drops to 
zero, the traction power releases a period of energy to the 
1500 V DC bus before recovering to zero again when the 
train stops. In this simulation, the traction power is set to 
3 MW when the train runs at constant power, the maxi-
mum traction power can reach 5 MW during the accel-
eration stage, and the minimum power is -1 MW during 
the deceleration stage.

Figure 10 shows the maximum output power diagram of 
PV controlled by the MPPT algorithm under certain setting 
light intensity and temperature fluctuations. By simulating 
the changes of light intensity and temperature in different 
periods, the output power of the PV system is changed.

4.2 � Parking condition
The port state and control mode of the parking condi-
tion are shown in Table 1. For the grid, C represents grid 
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connection and D represents grid disconnection. For the 
energy storage control strategy, VC represents voltage 
loop control, PC represents power loop control, whereas 
for energy storage status, SOCBat, SOCSC and SOCES rep-
resent the state of charges of the battery, supercapacitor, 
and energy storage system, respectively.

During train parking, six basic conditions (C1.1–C1.6) 
are divided according to the SOC of energy storage and 
PV energy during day and night, as listed in Table 1.

(1) When PV energy is sufficient while the SOC of 
energy storage is less than 60%, PV adopts the P&O 

MPPT algorithm, energy storage adopts the voltage and 
current double closed-loop control, and the power grid is 
connected to the ER through the 24-pulse uncontrolled 
rectifier circuit, as in C1.1. When the SOC of energy stor-
age is in the range of 60–80%, the power grid is discon-
nected, and the energy storage is charged by PV, as in 
C1.2. When the SOC of energy storage is in the range of 
80–90%, which is approaching the upper limit, the con-
trol strategy of PV is switched to PS-P&O to reduce its 
output power to charge the energy storage slowly, as in 
C1.3. When the SOC of energy storage is higher than 
90%, the PV and energy storage ports are disconnected, 
as in C1.4.

(2) When the PV energy is insufficient at night, PV 
is disconnected, and the energy storage is charged by 
the grid, as in C1.5. When the SOC of energy storage is 
higher than 90%, the grid and energy storage are discon-
nected, as in C1.6.

4.3 � Accelerating condition
The port states and control modes of the accelerating 
condition are shown in Table 2. When the train is acceler-
ating, the grid port is always connected. Since the energy 
storage system is charged under the parking condition, 
the energy storage SOC is usually in full state when accel-
erating, so an insufficient SOC of energy storage is not 
considered in this condition. The accelerating condition 
is divided into four basic conditions (C2.1-C2.4) accord-
ing to the PV energy and the accelerating power.

(1) When the PV energy is sufficient, PV adopts P&O 
MPPT algorithm, the battery adopts the voltage and cur-
rent double closed-loop control, and grid is connected. If 
the train power (Ptrain) is lower than the value when the 
train runs at constant power(Pcp), the supercapacitor is 
disconnected. In the contrary state, the supercapacitor 
adopts power loop control, so the required power higher 
than Pcp in the train accelerating stage is provided by the 
rapid release of power from the supercapacitor.

(2) When the PV energy is insufficient at night, PV is 
disconnected, and the control modes of the other ports are 
consistent with those when the PV energy is sufficient.

4.4 � Constant power condition
The port states and control modes of the train running at 
constant power condition are shown in Table 3. In such a 
condition, the grid is always connected, and it is divided 
into six basic working conditions (C3.1–C3.6) according 
to PV energy and the SOC of energy storage.

(1) When the PV energy is sufficient, PV adopts 
the P&O MPPT algorithm and the grid is connected. 
When the SOC of the battery is higher than 30%, the 
voltage and current double closed-loop control is 
adopted, while the supercapacitor is disconnected. 
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Fig. 10  Working condition design of PV system

Table 1  Port state of the stop state and the control mode

Case Status Control mode

PV SOCBat PV Bat Grid

Day

C1.1 Adequate  < 60% P&O VC C

C1.2 Adequate 60–80% P&O VC D

C1.3 Adequate 80–90% PS- P&O VC D

C1.4 Adequate  > 90% D D D

Night

C1.5 Deficient  ≤ 90% D VC C

C1.6 Deficient  > 90% D D D

Table 2  Port state and control mode for acceleration condition

Case Status Control mode

PV Ptrain PV Bat SC

Day

C2.1 Adequate  ≤ Pcp P&O VC D

C2.2 Adequate  > Pcp P&O VC PC

Night

C2.3 Deficient  ≤ Pcp D VC D

C2.4 Deficient  > Pcp D VC PC
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When the SOC of battery is in the range of 20–30%, 
the supercapacitor is connected to the ER by the VC 
control strategy if the supercapacitor SOC is higher 
than 20%, and if the SOCs of battery and superca-
pacitor are both lower than 20%, the storage system is 
disconnected.

(2) When the PV energy is insufficient at night, PV 
is disconnected, and the control modes of the other 
ports are consistent with those when PV energy is 
sufficient.

4.5 � Decelerating condition
The port states and control modes of decelerating condi-
tion are shown in Table 4. In such a condition, the power 
grid is always connected, and the battery always adopts 
voltage and current double closed-loop control. The 
working condition is divided into five basic conditions 
(C4.1–C4.5) according to the PV energy and the SOC of 
energy storage.

(1) When the PV energy is sufficient and the SOC of 
the supercapacitor is less than 80%, PV adopts the MPPT 
algorithm, while the supercapacitor adopts voltage and 
current double closed-loop control. When the SOC of 
the supercapacitor is between 80 and 90%, PV adopts PS-
P&O control, and when the supercapacitor SOC is above 
90%, it is disconnected.

(2) When the PV energy is insufficient at night, PV is 
disconnected. If the super capacitor SOC is less than 
90%, it adopts voltage and current double closed-loop 
control, otherwise it is disconnected.

4.6 � Design of working condition switching
(a) Switching of energy storage control

When the energy storage is connected to or discon-
nected from the ER, the voltage and current double 
closed-loop control with influence factor KR is adopted. 
Through KR, the impact of cut-in or cut-off of energy 
storage on bus voltage can be greatly reduced, such as 
from C2.1 to C3.2, C3.1 to C3.2, and C3.1 to C4.1

Whenever the energy storage is removed from the 
ER because SOC is about to exceed the working range, 
such as from C1.3 to C1.4, C3.2 to C3.3, C4.2 to C4.3, 
the impact on the ER can be alleviated by using the volt-
age and current double closed-loop control with SOC 
influence factor KS, which greatly reduces the impact of 
switching working conditions on DC bus voltage.

During working conditions from C2.1 to C2.2, and 
C2.3 to C2.4, when the train is under acceleration and 
the traction power is larger than the value when running 
at constant power, the supercapacitor changes from the 
standby state to the power control state to quickly pro-
vide the additional train traction power exceeding Pcp.

(b) Switching of PV control
When the PV energy is sufficient, and the SOC of 

energy storage is about to reach the upper limit or the 
train is in a state of deceleration, the PS-P&O control is 
adopted to alleviate the energy absorption rate to protect 
the service life of energy storage or suppress the excessive 
increase of bus voltage caused by train deceleration. For 
example, the working conditions from C1.3 to C1.4, and 
C4.1 to C4.2, can achieve the purpose of alleviating the 
bus voltage fluctuation.

5 � Simulation and analysis of working conditions
In order to verify the effectiveness of the proposed coor-
dinated control strategy, the existing control strategy is 
simulated and analyzed first, and then the control strat-
egy proposed in this paper is simulated and analyzed 
under typical operating conditions.

Table 3  Port state and control mode under constant power 
running condition

Case Status Control mode

PV SOCES PV Bat SC

Day

C3.1 Adequate SOCBat > 30% P&O VC D

C3.2 Adequate SOC-
Bat:20–30%
SOCSC: ≥ 20%

P&O VC VC

C3.3 Adequate SOC-
Bat:20–30%
SOCSC: < 20%

P&O VC D

C3.4 Adequate SOCES: < 20% P&O D D

Night

C3.5 Deficient SOCBat: > 30% D VC D

C3.6 Deficient SOC-
Bat:20–30%
SOCSC: ≥ 20%

D VC VC

Table 4  Port state and control mode of deceleration condition

Case Status Control mode

PV SOCSc PV Sc Grid

Day

C4.1 Adequate  < 80% PC-P&O VC D

C4.2 Adequate 80–90% PC-P&O VC D

C4.3 Adequate  > 90% PC-P&O D D

Night

C4.4 Deficient  < 90% D VC D

C4.5 Deficient  > 90% D D D
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5.1 � Existing control strategy
The traditional rail transit energy router control strategy 
does not distinguish between different working condi-
tions. During the start and stop of the train, the energy 
storage adopts double closed-loop voltage stabilization 
control, and the PV adopts P&O control strategy. The 
simulation results are shown in Fig.  11. It can be seen 
that the traditional control strategy has a great impact on 
the bus voltage fluctuation during the start and stop of 
the train, especially in the acceleration and deceleration 
phases, i.e., the DC bus voltage fluctuates more than 2% 
during acceleration and over 20% during deceleration. 
It can be seen that the traditional energy router control 
method is not suitable for rail transit application.

5.2 � Switching of typical working conditions in train 
parking

The proposed control strategy is adopted and Fig.  12 
shows the simulated results for switching between typical 
working conditions when the train is stopped. As seen, 
before 3.1 s, the ER is in the working condition C1.1. The 
SOC of battery is lower than 60%, the grid is connected, 
PV works in the MPPT state, and the battery is charged 
by voltage loop control. The SOC of the supercapacitor 
is less than 80% before 1 s and is charged by voltage loop 
control. After 1 s, the SOC is about to reach the limit and 
the voltage loop control with SOC influence factor KS is 
adopted. With the SOC oft the supercapacitor close to 
90%, the charging power is reduced gradually, as shown 
in Fig. 12.

During 3.1–8.5 s, the ER is in working condition C1.2, 
the battery SOC is between 60 and 80%, the power grid is 
disconnected, and PV is still working in the MPPT state. 
The battery is charged by voltage loop control, and the 
supercapacitor is disconnected because of reaching the 
charging upper limit. At 8.5 s, the battery SOC is higher 
than 80% and the working condition is switched to C1.3. 
After 8.5  s, the grid is still disconnected, the battery 
adopts the voltage loop control with SOC influence fac-
tor KS, and PV adopts the PS-P&O control to limit output 
power, to ensure slow charging of battery to prolong its 
life. It can be seen that the DC bus voltage fluctuation is 
less than 0.8% in the switching process of typical working 
conditions under train parking. This not only improves 
the service life of energy storage devices, but also real-
izes seamless switching of working conditions. From the 
results, the effectiveness of the proposed control strategy 
is fully verified.

5.3 � Switching of typical working conditions in train 
acceleration

In the working condition of C1.2 before 4 s, the train is in 
the parking state, the battery SOC is larger than 60% and 

is charged by voltage loop control, PV is in the MPPT 
state, while the power grid and supercapacitor are both 
disconnected, as shown in Fig. 13.

The train starts to accelerate between 4 and 5.2  s. The 
working condition is thus switched to C2.1 while traction 
power is lower than Pcp and the power grid is connected 
to the ER. The working condition is switched to C2.2 
between 5.2 and 6.8 s, during which time traction power 
exceeds Pcp. The supercapacitor is switched from standby 
state to power loop control to provide the required 
traction power exceeding Pcp. The working condition 
becomes C3.1 after 6.8  s, the train runs under constant 
power and the supercapacitor is disconnected. Similarly, 
the fluctuation of the DC bus voltage is lower than 1.2% 
during the whole process of acceleration. The proposed 
hierarchical coordinated control strategy enables the 
supercapacitor to realize accurate power distribution 
according to the instructions of microgrid control layer 
during acceleration, while it also maintains the stability 
of DC bus voltage and realizes the seamless switching of 
working conditions.

5.4 � Switching of typical working conditions in constant 
power state

During the period of 0.5–3.2 s, the train is in an acceler-
ated state, and the working conditions change from C2.1 
to C2.2. The grid is connected, the battery adopts voltage 
loop control, and PV works in the MPPT state, as shown 
in Fig. 14.

At 3.2  s, the train is in the constant power driving 
state and the working condition is changed from C2.2 
to C3.1. The power grid, battery and PV do not change 
during working state switching, while the supercapaci-
tor switches from power loop control to standby state. 
At 9  s, the SOC is reduced to 30% because of the con-
tinuous discharge of the battery during constant power 

Fig. 11  Simulation waveform diagram of the traditional rail transit 
energy router control strategy
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driving, and the working condition is C3.2. The battery 
control mode is changed to voltage loop control with the 
SOC influence factor KS. At this time, the supercapaci-
tor is connected to the ER, and the voltage loop control 
with influence factor KR is switched to the normal volt-
age loop control after 0.5  s. When the supercapacitor 
SOC is less than 30% at 11 s, it is switched to voltage loop 
control with SOC influence factor KS. The SOC of the 

supercapacitor reaches the lower limit of 20% at 12.5  s, 
the working condition is switched to C3.3 and the super-
capacitor is disconnected. During the switching process 
of typical working conditions under constant power driv-
ing, the fluctuation of DC bus voltage is less than 1.3%, 
which indicates seamless switching of working condi-
tions and verifies the effectiveness of the proposed hier-
archical coordinated control strategy.

5.5 � Switching of typical working conditions in train 
deceleration

During the period of 3.5–6.8  s, the working condition 
is C3.1 and the train runs at constant power. The grid is 
connected, the battery adopts voltage loop control, PV 
works in MPPT state, and the supercapacitor is discon-
nected, as shown in Fig. 15.

At 6.8  s, the train is decelerating, and the working con-
dition is switched from C3.1 to C4.1. The supercapacitor 
is connected to the ER, and the voltage loop control with 
influence factor KR is switched to normal voltage loop con-
trol after 0.5  s. During the whole deceleration period, the 
PC-P&O control strategy is adopted to reduce serious fluc-
tuation of the bus voltage when the train regenerates energy. 
At 8.8  s, the train is in the parking state and the work-
ing condition is switched to C1.1, because the SOC of the 
battery is less than 60% and PV adopts the normal MPPT 
control. During the whole decelerating process, the DC 
bus voltage remains steady during the switching of various 
typical working conditions, and the bus voltage fluctuation 
index is only 1.6%. The results fully verify that the proposed 

C1.1 C1.2 C1.3

C D

PC-P&OP&OP&O

VC

KS-VC

D

D

VC VC
KS-VC

D

Fig. 12  Simulation waveform diagram of each port for switching 
between typical working conditions when the train is stopped

Fig. 13  Simulation waveform diagram of each port of the typical 
working condition switching under the acceleration state of the train

Fig. 14  Simulation waveform diagram of each port of the typical 
working condition switching under the constant power of the train
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hierarchical coordinated control strategy can integrate the 
seamless switching of various working conditions.

6 � Conclusion
Based on the topology of six-port ER for urban rail tran-
sit, this paper proposes a hierarchical coordination control 
strategy for multi-condition coordinated operation and 
seamless switching of an ER. According to the different 
working conditions, voltage loop control with SOC influ-
ence factor KS, switching factor KR and power loop control 
are adopted, so that the exchanged power of energy storage 
can be accurately controlled and coordinated, to ensure the 
service life of energy storage and stabilize the DC bus volt-
age. PV adopts the PC-P&O control strategy to ensure that 
its power is controlled and reduced when there is excessive 
energy. The effectiveness of the proposed hierarchical coor-
dinated control strategy is verified by MATLAB simulations, 
in which the ER is coordinated in operation under various 
typical working conditions of urban rail transit trains, and 
the indices of the DC bus voltage meet requirements.
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