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Abstract: The use of supercapacitors (SCs) to store regenerative braking energy from urban rail
trains is able to achieve a good energy saving effect. This paper analyzes the current balance
method of stationary energy storage devices (ESDs). At the beginning of the paper, the mathematical
model of the DC traction power system, which includes trains, ESDs and traction substations,
is established. Next, based on this, the SC state-based control strategy (SCSCS) is proposed, which can
adjust the charging voltage of the ESD according to the SC voltage and current, then the charging
current of the ESD can be reasonably distributed under the voltage difference of ESDs, and the SC
voltage and current stress can be reduced. In order to determine the optimal controlling parameters,
the optimization model is proposed and solved by the genetic algorithm. The analysis of the case
study also shows the effectiveness of the proposed control strategy and optimization algorithm.
Finally, the rationality of the proposed strategy is verified by experiments.
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1. Introduction

Recently, more and more urban rail transit systems are adopting energy storage devices (ESDs)
to recover the regenerative braking energy, or to stabilize the traction network voltage. Batteries,
flywheels, supercapacitors (SCs), etc., are typically used as the energy storage elements for the
ESDs [1–4]. Battery storage with the advantage of high energy density for the situations where a
large amount of energy must be reserved is widely used [5]; however, this relatively restricted the
development with a small power density and short service life, and maybe, new material components
can be used in the future [6]. The action mechanism of the flywheel is similar to SC, but stored as
kinetic energy. The supercapacitor with the advantages of high power density, long cycle life period
and wide temperature range has become the most suitable storage component matched with the
operation characteristics of urban rail transit.

The performance of supercapacitors varies due to the different electrode or electrolyte materials.
Carbon electrodes are widely used with the advantages of low cost and high surface area. The metal
oxide electrode material has high capacitance and low internal resistance, but the cost and the rated
voltage are not high. The high voltage of SC can be achieved by using organic electrolyte, but it has
a large internal resistance, which limits the maximum available power of the SC. Compared with the
organic electrolyte, the rated voltage of aqueous electrolyte SC is not high, but the price is low [5,7,8].

As the supercapacitor’s (SC) production technology is quite mature, ESD based on SC has been
applied in a number of urban rail lines all over the world. Bombardier developed the MITRAC
(Modular Integrated TRACtion) [2,9] energy saver using SC with a capacity of 1 kWh and a maximum
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power of 300 kW. Siemens uses SC with a capacity of 2.5 kWh and peak power of 700 kW for
SITRAS-SES (Static Energy Storage System) [2,10], which has already been in operation in Bochum,
Cologne, Dresden, Madrid and Beijing.

There have been many related research works on the application of ESD and the problems of the
energy management strategy, and the capacity configuration of ESD have been studied by [11–16];
and in [17–24], the control strategy of ESD has been studied. In [17,18], a control strategy considering
acceleration and state of charge (SOC) of SC was proposed to reduce the impact of regenerative braking
energy on the traction network voltage; however, this paper only considered a single ESD wherever
in modeling, simulation or experiment. In [19], the method of determining the basic characteristic
parameters of the stationary ESD using nonlinear programming was proposed, and the randomization
of the train operation was considered in the design, but the specific optimization procedure was
not given in the paper. In [20], the proposed control strategy could predict the maximum kinetic
energy of the ESD based on the traction force and acceleration of the train, but the author did not
give the correlation coefficients’ calculation method of the SC voltage command. The power flow
controller in [21] was designed based on the traction network voltage and SOC of SC, and the operating
range of the ESD was divided according to the traction network voltage; however, this algorithm
would cause oscillation for the reason that it ignored the matching between the ESD’s charging power
and the train’s braking power. In [22], a small signal model of the ESD was established, and the
three closed-loop control strategy based on the traction network voltage, SC voltage and current was
presented. However, Due to the large time constant of the supercapacitor, the bandwidth of the bus
voltage loop is pulled down, and the low value of the bus voltage loop bandwidth does not have a fast
response to the dynamic changes of the DC bus voltage.

In fact, none of the above discussed papers take the current balance of ESDs into account.
Additionally, in the process of analyzing and designing control strategies, it is not only necessary to
consider the control of a single ESD, but also to take the current balance of the storage devices into
account, which the papers above have neglected. In this paper, the current balancing problem of
distributed SC-ESD is discussed. When the train is running under the traction network, the position
and time distribution of the train is not uniform for the reason that the train’s movement is influenced
by the line slope, operating diagram and so on. If the control strategy of the ESD is designed without
considering the current balance strategy, some ESDs need to bear a relatively large amount of work
load, while others just bear a little, so the devices with large working load will prematurely age, and
this situation is what we do not want to see. Therefore, we propose the SC state-based control strategy
(SCSCS) aiming at solving the current balance problem to make the charging current of the devices
tend to be the same, namely the working load of the supercapacitors tend to be the same.

The remainder of this paper is organized as follows. In Section 2, the ESD’s operating model is
established, and the operating characteristics of the proposed SCSCS are analyzed, then the effects
of the controlling parameters on the system are studied, as well. In addition, in order to achieve the
optimal effect of the balanced flow, the optimized controlling parameters of the SCSCS are proposed
in Section 3. Finally, in Section 4 the effectiveness of the proposed control strategy is proven via
experiments, and the concluding remarks are given in final.

2. The Model and Control of ESD

2.1. The Traction Power Supply System Model of Urban Rail Transit

The structure diagram of the urban rail DC traction power system to which SC-ESD is applied is
shown in Figure 1. The system includes the traction substations, trains and SC-ESDs. The ESD and
traction substation are in parallel and are connected with trains through the traction power network.
The traction substation is only able to change the AC power into DC power with the use of the diode
rectifier, which does not have the characteristic of reversibility. The ESD and traction substation supply
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energy to traction trains at the same time. When the trains are braking, the surplus regenerative
braking energy is recycled by the ESDs and stored in the SCs.

Braking Powering

Mains

DC/DC

ESD

Mains

DC/DC

ESD

Figure 1. Structural diagram of the DC traction power system. ESD, energy storage device.

In order to analyze the operating characteristics, the mathematical model of the DC traction power
system is required. Therefore, this paper integrates the model of the SC-ESD, the train and the traction
substation into the DC traction power system model, after which, further research can be carried out.
Meanwhile, in order to reveal the nature of the system, this paper makes the following simplifications
and assumptions for the DC traction power system:

1. The charging voltage threshold of ESD is higher than the no-load voltage of the traction
substation, and when the train is braking, the ESD is charged, at which time the traction network
voltage is higher than the no-load voltage of the traction substation and, at the same time, the traction
substation is out of operation; due to the reverse cut-off characteristic of the rectifier unit, the model
does not include the traction substation.

2. The power of the ESD and capacity of the SC are sufficiently large, which will not cause the
failure of the train’s regenerative braking. Thus, the brake resistor does not work.

3. The response time of the ESD is short enough, so that there is no deviation between the charging
voltage instruction value and the actual value.

4. The ESD is installed in each traction substation.
According to the above simplifications and hypothesis, the model can be obtained as shown in

Figure 2. E1 − En display the ESDs, where n is the number of traction substations, ij and uj show the
charging current and charging threshold voltage of j-th ESD, j ranges from one to n, VEH is the train,
r is the unit resistance of the railway, Lj shows the distance between j-th station and j + 1-th station,
xT is the distance from the train to the k-th station and iT(xT , t) and vT(xT , t) are the current and the
voltage of the train. In the model, the train is braking between the k-th station and k + 1-th station.
This operation will lead to the voltage of the traction power network increasing and trigger the ESD to
change into the charging mode, while at the same time, the regenerative braking current flows to the
ESD through the traction network.
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Figure 2. Model of ESDs in train braking mode.

On the basis of Figure 2, the line’s current equation and voltage equation at the left and right side
of the train are expressed as (1), and (2) will be obtained from it.
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∑
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n
∑

j=k+1
ij + uk+1

iT(xT , t) =
n
∑
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ij

(1)



vT(xT , t) = iT(xT , t)rxT(1− xT
Lk
) + uk(1− xT

Lk
) + uk+1

xT
Lk

ik = iT(xT , t)(1− xT
Lk
) +

uk+1−uk
rLk

−
k
∑

j=1
ij

ik+1 = iT(xT , t) xT
Lk

+
uk−uk+1

rLk
−

n
∑

j=k+1
ij

(2)

Based on (2), it is known that ik and ik+1 are influenced by the distance xT from the train to k-th
substation; meanwhile, ik+1 is larger and ik is smaller, while xT is larger, for the reason that the larger
xT means the greater impedance between the train and the k-th substation; and the train’s braking
current absorbed by the k-th substation is small, while the braking current absorbed by the k + 1-th
is large.

The charging current of other ESDs can be found in Figure 2 and is able to be expressed as
(3) and (4). The two equations respectively stand for the charging current at the left and the right side
of train, and it is obvious that the expressions of the charging current of the ESD on the left and right
sides of the train are symmetrical. The train’s terminal voltage vT can be obtained from (2). vT is
influenced by a large number of factors, including the train braking current iT , the point of the train
xt, impedance per unit line r, charging voltage uk and uk+1 for adjacent ESDs, while the regenerative
braking voltage is not affected by other ESDs.

i1 = u2−u1
rL1

i2 = u3−u2
rL2

+ u1−u2
rL1

...
ik−1 =

uk−uk−1
rLk−1

+
uk−2−uk−1

rLk−2

ik = iT(xT , t)(1− xT
Lk
) +

uk+1−uk
rLk

+
uk−1−uk

rLk−1

(3)



ik+1 = iT(xT , t) xT
Lk

+
uk−uk+1

rLk
+

uk+2−uk+1
rLk+1

ik+2 =
uk+1−uk+2

rLk+1
+

uk+3−uk+2
rLk+2

...
in−1 = un−2−un−1

rLn−2
+ un−un−1

rLn−1

in = un−1−un
rLn−1

(4)

In fact, in order to set up (3) and (4), the charging threshold voltage of the ESD must also satisfy
(5) and (6), which shows that the diode, which is in series with the voltage source, is guaranteed to
be connected. {

up−1 ≤ up
up+1−up

Lp
≥ up−1−up

Lp−1

p ∈ [2, k] (5)

{
uq−1 ≥ uq
uq−1−uq

rLq−1
≥ uq+1−uq

rLq

q ∈ [k + 2, n] (6)

For the constant threshold control strategy (CTCS), multiple ESDs use the same charging voltage
threshold, which can be expressed as (7):

u1 = · · · un = uchar = uchar.b (7)
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where uchar.b is the static charge threshold for ESD, and this value is fixed after ESD is debugged.
Substituting (7) into (3) and (4), the charging current under the CTCS for ESD is obtained, as shown

in (8): 
i1 = 0, · · · , ik−1 = 0
ik = iT(xT , t)(1− xT

Lk
)

ik+1 = iT(xT , t) xT
Lk

ik+2 = 0, · · · , in = 0

(8)

From (8), the regenerative braking energy of the train can be recovered only by the ESDs adjacent
to the train, the charging current changes with the varying regenerative braking current and the
location of the train and the charging current of the remaining ESDs is zero, which means that the
others are in standby mode when this train is braking. This control method will lead to the ESDs on
line not being able to be put into operation when the train is braking and cannot share the regenerative
braking energy. The SC in the working state must bear a large voltage and current stress.

2.2. The SC State-Based Control Strategy

Taking (3) as an example to analyze the charging current characteristics of the ESD, it is obvious
to see that the braking current iT of the train only affects the charging current ik of the nearest ESD Ek,
and the ik decreases with the increase of the distance between the train and the ESD Ek. The charging
currents of all of the ESDs are influenced by the charging voltage, line impedance and spacing of the
ESDs. As the line impedance, the distances between the ESDs, braking current and position of the
train are not controllable, the charging current can be adjusted by controlling the charging voltage of
the ESD.

In (3) and (4), the charging current of the ESD is affected by changing the charging threshold value
of the devices. In addition, if changing the charging threshold according to the SCs’ stress, the ESDs
with large stress can share a part of the charging current; therefore, SCSCS is investigated in this paper.
The main concept of this control strategy is to establish the corresponding relationship between the
voltage and current of the SC and the charging threshold voltage of the ESD. The various charging
threshold values are formed based on the different voltage and current of the SCs, which can control
the charging current of each ESD. The SCSCS diagram is shown in Figure 3, and the strategy is given
by the following equation: 

u1 = uchar.b + λ(uuc.1 − uuc.low) + γiuc.1

u2 = uchar.b + λ(uuc.2 − uuc.low) + γiuc.2
...
un = uchar.b + λ(uuc.n − uuc.low) + γiuc.n

(9)

uchar is the dynamic charging threshold value, and λ and γ are coefficients. uuc.low displays the
lowest voltage value of SCs. When the ESD is charging, we firstly use (9) to simulate the charging
threshold value at this time, then output the SC’s charging power instruction, which is generated by
the controller Guc; finally, we output the control instruction based on the SC current controller GI .
The controller would dominate the system according to the update value uchar, which varies with the
voltage and current of the SC.

In order to better illustrate the effects of the SCSCS on the charging current of the ESD, we will
combine (9) with (3) and (4), and the charging currents of each of the devices on the line under the
SCSCS will be gained and expressed in (10) and (11).
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rLk+1

ik+2 =
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+

λ(uuc.k+3−uuc.k+2)+γ(iuc.k+3−iuc.k+2)
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...
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+ λ(uuc.n−uuc.n−1)+γ(iuc.n−iuc.n−1)

rLn

in = λ(uuc.n−1−uuc.n)+γ(iuc.n−1−iuc.n)
rLn−1

(11)

iT(xT , t) > 0⇒ ik, ik+1 > 0⇒{
iuc.k, iuc.k+1 > 0
uuc.k, uuc.k+1 ↑

⇒


iuc.k − iuc.k−1 > 0
uuc.k − uuc.k−1 > 0
iuc.k+1 − iuc.k+2 > 0
uuc.k+1 − uuc.k+2 > 0

⇒

ik−1, ik+2 > 0⇒
{

iuc.k−1, iuc.k+2 > 0
uuc.k−1, uuc.k+2 ↑

⇒
iuc.k−1 − iuc.k−2 > 0
uuc.k−1 − uuc.k−2 > 0
iuc.k+2 − iuc.k+3 > 0
uuc.k+2 − uuc.k+3 > 0

⇒ · · ·

(12)

In order to better analyze the influence of (9) on the ESD current distribution, we give the changing
trend of each ESD’s working state when the train is braking, which is displayed as (12). When the
train is braking, the voltages of SCs are the same, and the currents are zero; the ESD charging currents
corresponding to (10) and (11) are the same as (8); that means only the k-th and k + 1-th stations
generate charging current, and iuc.k, iuc.k+1 > 0; in the process of charging, the SC voltages of the k-th
and k + 1-th stations are increasing; thus iuc.k − iuc.k−1 > 0, uuc.k − uuc.k−1 > 0, iuc.k+1 − iuc.k+2 > 0,
uuc.k+1 − uuc.k+2 > 0. From (10) and (11), ik−1, ik+2 > 0, so the train’s braking current is distributed to
different ESDs, instead of only focusing on the two ESDs, like the situation under the CTCS strategy.
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Figure 3. Structural diagram of ESDs using supercapacitor state-based control strategy (SCSCS).
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It is obvious that all of the ESDs on the line could recycle the regenerative braking energy after
using the SCSCS with the SCs’ voltage and current differences between the station and the adjacent
station when the train is in braking mode. When λ and γ are larger, the ESD is more sensitive to the
SC voltage and current; thus, the effect of the auto-shared current is better, as well.

2.3. Simulation Comparison

In this paper, we perform the simulation and obtain the quantitative interpretation of the
characteristics with the proposed strategy. Taking the traction power network shown in Figure 2
as an example, we obtain the simulation model, with the hypotheses that k = 1, n = 4, xT = 1 km,
Lj = 2 km, the power of regenerative braking train is 2 MW, braking time is 20 s, the distance between
E1, the starting braking point is 0.892 km and the braking stop position is 1.104 km. The maximum
voltage of the SC is 625 V; the initial voltage is 312.5 V; and the static charging threshold of the ESD is
840 V.

The simulation results with the CTCS are displayed in Figure 4. When the train is braking, the
voltage of the traction power network rises, which has a maximum value of 840 V, and E1 and E2

will change into the charging mode. Because the charging threshold values of all of the ESDs are
same, the braking current of the train cannot be transmitted to the E3 and E4 by the traction power
network. In addition, the train is running closely to E1 when the train begins to brake, so at this time,
E1’s charging current is slightly larger than E2’s, and E1’s charging current decreases as E2’s charging
current rises during the whole process of braking. E3 and E4 are both in standby mode, and the curve
is coincident. The braking current is invariant when the train is braking, while in the charging mode of
SC, the voltage of SC increases, and the current gradually decreases from the maximum value. At the
beginning of the braking mode, there is a lower voltage, and the maximum current value is 3360 A for
SC; and at the time of 20 s, the SC’s voltage rises up to 570.6 V.

0 5 10 15 20
300

400

500

600

Time (s)

u uc
 (

V
)

(b)

0 5 10 15 20
0

1000

2000

3000

4000

Time (s)

i uc
 (

A
)

(d)

0 5 10 15 20
836

837

838

839

840

841

Time (s)

u j (
V

)

(a)

0 5 10 15 20
0

500

1000

1500

Time (s)

i j (
A

)

(c)

 

E1
E2
E3
E4

Figure 4. Simulation result with the constant threshold control strategy (CTCS). (a) ESD voltage; (b) SC
voltage; (c) ESD current; (d) SC current.
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The simulation results using the SCSCS with the controlling parameters λ = 0.2 and γ = 0.025
are shown in Figure 5. when the train begins to brake, the ESD will generate different charging
threshold voltages due to the fact that the current inertia of the SC is much lower than its voltage
inertia. In fact, it can be seen that the inertia of the SC current is determined by the filter inductance, and
the time constant of the filter inductance is much smaller than the time constant of the SC. Therefore,
four storage devices will be charged at the same time, and the charging current of the storage device
gradually decreases with the increase of the distance between the device and the train. The change
of the SC voltage is a cumulative process during the period of charging. Later on, the current of
each SC tends to be consistent, and the train’s braking current is almost divided equally. As can be
seen, the current curve of the ESD is combined with the characteristics of the above two controlling
parameters; the parameter γ plays a major role at the beginning of braking, and each of the devices
could rapidly auto-share the current. This shows that the combination of the parameters λ and γ can
reduce the current and the voltage stress of the SC through the whole braking process.
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Figure 5. Simulation results under the SCSCS with the controlling parameters λ = 0.2 and γ = 0.025.
(a) ESD voltage; (b) SC voltage; (c) ESD current; (d) SC current.

Table 1 shows the data of the simulation results for the two sets of controlling parameters.
The computation period of SC’s Root Mean Square (RMS) current is 20 s, and the SC’s voltage is the
value at the end of the charging process. E1 and E2 are in the same operation states, while E3 and
E4 are not charged with the original control strategy. After applying the proposed strategy, the SC
currents of E1 and E2 decrease, and the currents of E3 and E4 increase, all of which play a certain role
in the current balance.
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Table 1. Simulation consequences for different controlling parameters.

Parameters Values

λ 0 0.02
γ 0 0.025

Voltage of SC (V)

E1 559.6 492.1
E2 570.6 475.8
E3 312.5 435.3
E4 312.5 416.9

RMS current of SC (A)

E1 2230.3 1596.9
E2 2282.7 1445.4
E3 0 1083.5
E4 0 919.4

3. Controlling Parameters Optimization

3.1. Optimization Algorithm

Based on the simulation in Section 2.3, it is clear that the current-sharing characteristic for SCSCS
is affected by the controlling parameters, and appropriate controlling parameters can have better
effects on the system. Therefore, a series of optimization methods is analyzed in the following to
determine the optimal controlling parameters with the SCSCS.

The SC current is positive in charging mode and negative in discharging mode. In order to
evaluate the current of the SC, the RMS value of the current is used in this paper, and the RMS current
value of the SC is calculated by (13):

Iuc.j =

√
1
T

∫ T

0
i2uc.jdt (13)

Iuc.j is the RMS current value of the j-th SC; T is the operating cycle time for the system; and iuc.j
displays the instantaneous current of j-th SC.

In mathematics, the sample variance is generally used to evaluate the discrete degree of a set of
data. The greater the sample variance is, the greater the discrete degree of the data will be. Therefore,
this paper considers using the sample variance of the SC current RMS value to evaluate the current
balance effect of the control strategy, in which the sample variance is smaller and the current balance
effect of the control strategy is better. The objective function is represented in (14), and optimization
variables are also shown as (15):

Minimize F(X) =
1

n− 1

n

∑
j=1

(Iuc.j − Iuc)
2 (14)

X = [λ, γ] (15)

Iuc is the mean current for the SCs (16):

Iuc=
1
n

n

∑
j=1

Iuc.j (16)

It is necessary to determine the constraint conditions for the voltage and current of the SC to
ensure the normal operation; these conditions are expressed as (17):

Subject to

{
1
2 uuc. max ≤ uuc ≤ uuc. max

−iuc. max ≤ iuc ≤ iuc. max
(17)
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where uuc. max and iuc.max respectively display the maximum voltage and maximum current of SC;
the lower limit of the voltage is the half of the maximum value. Such an arrangement not only ensures
the full utilization of the SC’s configuration capacity, but also allows the converter duty cycle to work
in a reasonable range.

In order to maximize the energy saving effect of the SC-ESD, the energy consumption on the
braking resistor should be as small as possible, so the constraint condition for braking resistors is
defined as (18):

Ebre =
m

∑
j=1

∫ T

0
ub.jib.jdt = 0 (18)

where m is the number of trains, and ub.j and ib.j are the braking resistors’ voltage and current for
j-th train.

Metro trains are different from passenger cars, as their operation is not random, but has a fixed
operating profile. The power flow of the traction power network and the ESDs is fixed as well, which
will lead to the operation conditions being confirmed, and a set of controlling parameters would be
found with the results of the optimal current balance effect for the ESDs.

In this paper, a simulation model of multi-train operation is developed and shown as Figure 6
to simulate the the power flow of the traction power network and the ESDs’ working states. At the
beginning, we enter the line conditions and train parameters into the model to calculate the power and
displacement data of single-train operation. Then, we combine the single-train operation data and the
headway into the multiple train profile distribution module to calculate the power and displacement of
each train on the line. To calculate the state of SC-ESD, the control algorithm and capacity configuration
information are required. In the end, all of these data are simulated in the traction power supply
network model to get the voltage and current of each ESD, the current of braking resistors, and so on.

Model of Traction 
Network

ESD1
Control 
Strategy

ESDn
Control 
Strategy

ESD1 
Configuration

ESDn 
Configuration

…
…

Voltage of SCs

Current of 
Braking 

Resistors

Current of SCs

Power 
Distribution 

of Multi-Train

 Traction
Calculation of 
Single-Train

Departure 
Interval

Vehicle 
Parameters

Line
Parameters

Power of 
single train

Position of 
trains

Power of 
Trains

Position of 
single train

Figure 6. Multi-train operation model.

The optimization problem is very complex due to the nonlinearity of models, so intelligent
algorithms are applied here. The commonly-used intelligent algorithms include the partial swarm
optimization (PSO), the simulated annealing algorithm (SA), the genetic algorithm (GA), etc. PSO has a
fast convergence speed, but easily falls into the local optimum. SA has strong robustness, but requires
a long computation time. The genetic algorithm emulates Darwin’s theory of evolution. During the
process of reproduction, crossover and mutation, the population gets evolved, which helps jump out
of local convergence effectively. It has a strong global search ability and deals well with constraints.
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Therefore, in this paper, a genetic algorithm-based [25–27] optimization method is proposed to optimize
the controlling parameters of the SCSCS, which combines the genetic algorithm and multi-train
operation model. Figure 7 represents the optimization process: at the beginning, a series of random
variables will be gained and added into multi-train operation model. Under the determinate train
diagram, the multi-train operation model can be used to calculate the corresponding voltage and
current of SC-ESD and to calculate the variance current of SC. In the end, the individual of the
population is selected, and the crossover and mutation operation is also carried out by calculating the
degree of adaptation. On the basis of the calculation for multiple cycles, the genetic algorithm will
converge to the global optimization and determine the optimal solution.

VariancePopulation 
initialization

Multi-Train 
Operation  

Model

, 

Reached the 
termination 
condition?

N Objective 
function

Selection

Crossover
Genetic 

manipulation

Y End
Mutation

{

RMS

.1uci

.2uci

.nuci
…

Figure 7. Diagram of optimizing the controlling parameter method.

3.2. Case Study

This paper analyzes the influence of current balance effects with SCSCS in the real operation
system, by using the data of Beijing subway Line 10. There are seven traction substations in the
simulation. The SCs of each traction substation are connected by five modules in series and 14 modules
in parallel. The module is Maxwell 125 V/63 F, and the total energy storage is up to 9.57 kWh.
The discharging threshold of the storage device udis is equal to 835 V. The maximum power consumed
by the train is up to 3.26 MW in the traction mode and is 2.64 MW for the braking mode, and the start
threshold of the braking resistor is 970 V. Figure 8 shows the train operation diagram of the headway in
300 s and 600 s, and from the diagram, it is clear that with the increasing of the headway, the number of
trains at the same time will decrease, which will lead to the change of the working state of the traction
substation and ESD.

Based on Figure 8, it is obvious to know that there are eight pairs of trains in the opposite direction
on the whole line under the 300-s interval, but the trains will reduce to four pairs with the 600-s
interval; thus, this will lead to the working state variety of the traction substation and ESD. The greater
the value of headway is, the lower the utilization rate of the regenerative braking energy is; therefore,
in this condition, the introduction of the supercapacitor to recycle braking energy can reflect the vital
role of SC in energy saving.

Figure 9 shows each index’s simulation result of the traction power supply system with the
variation of the ESD’s charging threshold, in the situation where the headways of trains are 300 s and
600 s, the calculation period of the data is a headway and λ = γ = 0. When the charging voltage range
is 840 V to 940 V, the SC is charged with the lower charging threshold; the terminal voltage of train
cannot reach the start threshold value of braking resistor, and nearly all of the regenerative braking
energy is stored in the SC; thus, at this period of time, the charging voltage threshold has little effect
on the output energy of traction substation and the consumption on the braking resistors. Current
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variances will reach the minimum value 441.4 A2 and 106.3 A2, respectively, when the charging voltage
thresholds are uchar = 848 V and uchar = 840 V.
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Figure 8. Train operation diagram of different headways. (a) Headway in 300 s; (b) Headway in 600 s.
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When the charging voltage is 840 V, the current mean value achieves the peak, respectively at
111.8 A and 97.58 A. This is because the lower charging voltage affects the regenerative braking energy
transmission between the trains: the regenerative braking energy that should have been absorbed
by the adjacent vehicle is now stored in the SC. As the charging voltage rises from 840 V to 940 V,
the average current value of the SC decreases with the increase of the charging voltage, while the
current variance is in a rising state. When the charging voltage is higher than 940 V, with the increase
of the charging voltage, the probability of the train terminal voltage reaching the braking resistor’s
threshold increases, and the energy consumption of the braking system is increased, as well, while the
energy efficiency of the system is reduced. When the charging voltage reaches 970 V, the SC quits, the
brake system completely depends on train’s braking resistor, the energy consumptions are 65.97 kWh
and 118.5 kWh and the output energy of substations also reaches their respective maximum values of
281.7 kWh and 333.7 kWh.

This paper uses the optimization method proposed in Section 3.1 to optimize the controlling
parameters with the analysis of the SCSCS. Table 2 lists the parameter settings of the genetic algorithm.
The hardware used is Intel(R) Xeon(R) CPU E5649 @2.53 GHz *2, with 64 GB RAM. The optimization
program was compiled by MATLAB/Simulink, and the optimization speed was improved by using
MATLAB parallel computing. The simulation speed is very slow limited by the complexity of the
traction power supply system and the time-varying characteristic of the train position. Therefore,
before the application of SCSCS, in accordance with the different headways, the optimization results in
the actual line will be obtained and stored. Then, the optimization parameters can be invoked directly
when the ESD is running.

Table 2. Parameter settings of the optimization model.

Parameters Value

Population size 24
Genetic algebra 70

Individual length 20
Generation gap 0.95

Crossover probability 0.7
Mutation probability 0.01

λ 0 to 0.8
γ 0 to 0.08

The curves in Figure 10a are the optimal values of the objective function for each generation,
and Figure 10b is the corresponding mean current curve of SCs. It follows that the current variance is
almost unchanged from 15 and 17 generations, and the corresponding controlling parameter is the
optimal solution. The specific optimization data are shown in Table 3. As shown by the analysis of data
in Table 3, no matter whether under the condition of 300-s or 600-s headway, the current variance of
SCSCS is smaller than the minimum value of CTCS; the good current balance effect under the SCSCS
has been improved.

In order to make a more intuitive study, this paper presents the change of the SC voltage and
current with time; Figure 11 is the comparison in the 300-s headway; Figure 11a,b shows the SC
voltages and currents using CTCS, and the charging threshold is 920.69 V, corresponding to the mean
current of 83.79 A in optimization results. Figure 11c,d is the SC voltages and currents using SCSCS.
Accordingly, Figure 12 is the comparison in the 600-s headway; Figure 12a,b shows the the SC voltages
and currents using CTCS, and the charging threshold is 945.34 V, corresponding to the a mean value of
76.07 A in the optimization results. Figure 12c,d shows the SC voltages and currents using SCSCS.
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Figure 10. Optimization process of objective function. (a) Current variance of SC; (b) Mean current
of SC.

Table 3. Optimization results of the genetic algorithm.

Parameters Value

Headway (s) 300 600
Minimum variance in CTCS (A2) 441.4 106.3

Optimal variance (A2) 32.19 61.29
Optimal mean value (A) 83.79 76.07

λ 0.3342 0.0236
γ 0.3353 0.0208
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Figure 11. The comparison in the 300-s headway. (a) SC voltages under the CTCS; (b) SC currents
under the CTCS; (c) SC voltages under the SCSCS; (d) SC currents under the SCSCS.
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Figure 11 shows that the CTCS cannot coordinate the charging current of ESD, and the ESD can
only be charged with the regenerative braking energy from the adjacent train. The work loads of every
ESD are different, and the current variance value is large. From the voltage curve, the charging voltage
curve is relatively dispersed, the SC voltage is higher at the end of charging and the maximum value
can reach the limit of 2.6 V. In addition, the charging current of the SC is large, and the maximum
value can persistently reach the limit of 240 A. After applying the optimized SCSCS, the single train’s
braking energy can be shared by multiple ESDs. In the curve, the charging actions of the ESD approach
consistently, and with the effect of the current balance, the SC voltage at the end of the charging
operation is decreased compared with the result under the CTCS. At the same time, the current of SC
also decreases; the wave form is like a spike and is not saturated anymore; and the maximum values
of voltage and current are only 2.419 V and 228.2 A.

Comparing Figure 11 with Figure 12, we can get a similar conclusion. The number of trains on
the line reduces due to the increase of train headway; hence, the braking trains at the same time also
decrease. However, the number of ESDs that could share the current increases; thus, the superiority of
the SCSCS method becomes more prominent, and the charging operation of the SC is more consistent
with the train braking situation. The maximum value of the SC voltage and current can reach up to
2.6 V and 240 A before the SCSCS is employed. After using this method, the maximum voltage value
is reduced to 2.339 V. The maximum current can also reach the limit of 240 A at the time point of 276 s;
and the reason why this condition occurs is that the train is possibly too close to Station 3, and the
SCSCS is temporarily unavailable. Comprehensively analyzing the results in Figures 11 and 12, it is
shown that, compared with the CTCS, the SCSCS can better balance the charging current of the ESD
under the same mean current and reduce the voltage and current stress of the SC.
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Figure 12. The comparison in the 600-s headway. (a) SC voltages under the CTCS; (b) SC currents
under the CTCS; (c) SC voltages under the SCSCS; (d) SC currents under the SCSCS.
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4. Experimental Verification

In order to verify the rationality of SCSCS proposed in this paper, a low-power SC-ESD platform
is built in the laboratory. The experimental platform picture is shown as Figure 13, and the circuit
topology is displayed as Figure 3; there is a simulated train using two motors and two ESDs E1 and
E2, which are from left to right, and the parameters of ESDs are the same. The parameters of the
experimental platform are shown in Table 4. The charging voltage thresholds of E1 and E2 are both
320 V.

1ESD 2ESD

SCs DC/DC

DSPTraction 

motor

Load 

motor

Figure 13. Photo of the experimental platform.

Table 4. Parameters of the experimental platform.

Parameters Value Unit

Capacitance of SC 3.2 F
Nominal voltage of SC 270 V
Series resistance of SC 0.84 Ω

Initial voltage of SC 150 V
No load voltage 300 V

Switch frequency 5 kHz
Inductance of filter inductor 7.5 mH

Line impedance 1 Ω

Figure 14 shows the waveforms of ESDs when the train is braking under the CTCS. From the
figure, we can know that with the train braking, the traction network voltage rises, and E1 starts
charging to stabilize the traction network voltage at 320 V. At this time, the voltage of E2 is also 320 V.
There is no voltage difference between E1 and E2; therefore, the regenerative braking current of the
train cannot flow through E1 and E2. All of the current flows to E1, and the maximum current of SC1,
i.e., the SC of E1, reaches up to 7 A, causing the voltage of SC1 to rise rapidly. As the capacitance of SC
in the laboratory is small, SC1 reaches saturation and exits charging after a period of time. Then, E2

starts charging in replacement of E1, and the maximum charging current is also 7 A. It can be seen that
the stresses of the SCs of E1 and E2 are large.

After applying the SCSCS, the charging waveform of the ESD is shown in Figure 15, with the
controlling parameters λ = 0.2 and γ = 2. When the train starts braking, the voltages of the traction
network at E1 and E2 rise, but there is still a small voltage difference, so that E1 and E2 can charge at
the same time. The current waveform shows that the maximum charging currents of SC1 and SC2 are
less than 4 A, which is lower than the currents under the CTCS. Compared with the current waveforms
of SCs in Figure 14, the current ripples of SCs under SCSCS are larger, which is because the SCSCS
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takes the current of SCs as a feedback signal. Table 5 compares the mean value and variance of the SC
currents under two control strategies, from the table, we can see after applying SCSCS that the current
variance of the SCs is substantially reduced. In short, compared with the CTCS, the SCSCS shows a
better current balance effect when recycling the regenerative energy.

(a)

(b)

Figure 14. Waves of ESDs under the CTCS. (a) ESDs and grid voltages under the CTCS; (b) ESDs
currents under the CTCS.

(b)

(a)

Figure 15. Waves of ESDs under the SCSCS. (a) ESDs and grid voltages under the SCSCS; (b) ESDs
currents under the SCSCS.

Table 5. Comparison of the charging current for the mean value and variance.

Control Strategy Variance (A2) Mean Value (A)

CTCS 1.402 2.043
SCSCS 0.4075 1.963
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5. Conclusions

In this paper, the characteristics of the traction power supply network are analyzed through
the model of an urban train transit system, which includes the ESDs. The analysis shows that the
charging threshold can affect the distribution of regenerative braking energy in the ESDs for different
current; thus, the SCSCS of the SC is proposed based on adjusting the voltage and current, and the
simulation results show that the proposed control strategy can achieve a good energy-sharing effect.
Due to the fact that controlling parameters will be influenced by the SCSCS, a new optimization
method using the genetic algorithm to optimize the controlling parameters is investigated in this paper,
and with this proposed optimization method, the optimal solution can be obtained via an example.
From the experiments, the SC current can be effectively balanced based on the controlling of the SCSCS
compared with the CTCS; thus, this can also lead to the decrease of the voltage and current stress of
SCs, which can help reduce the aging speed in practical applications, as well as reduce the application
cost of the ESDs.

In the future, the design and optimization of high-power ESDs can be explored, in particular
including high power DC/DC converter design, temperature simulation and thermal design of the SC
and the field test with SCSCS.
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