
11714 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 12, DECEMBER 2019

Energy Transfer Strategy for Urban Rail Transit
Battery Energy Storage System to Reduce Peak
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Abstract—In order to reduce the peak power of traction sub-
station as much as possible and make better use of the configu-
ration capacity of battery energy storage system (BESS) in urban
rail transit, a BESS control strategy based on energy transfer is
proposed. Based on the actual subway line data, the load charac-
teristics of urban rail transit with different departure intervals are
analyzed by using the simulation platform of urban rail transit
traction power supply system. Then, based on the characteristics
of urban rail traffic load and the high energy density of the battery,
the SOC dynamic adjustment module and discharge threshold
dynamic adjustment module were added. The discharge threshold
is dynamically adjusted according to the SOC of the battery, and
part of regenerative braking energy absorbed by the energy storage
device is transferred from off-peak/flat peak period to peak period
for release. The simulation model and 90 kW physical platform are
used to verify the proposed control strategy, and the results show
that the control strategy can effectively realize energy transfer. Not
only can achieve energy saving and voltage stability, but also can
effectively reduce the peak power of traction substation, bring more
economic benefits.

Index Terms—Battery energy storage system, dynamic
threshold, energy management strategy, energy transfer, urban
rail transit.

I. INTRODUCTION

DUE to the short distance between urban rail transit sta-
tions and frequent train braking, considerable regenera-

tive braking energy is generated during braking. However, the
modern urban rail transit traction substation adopts the diode
uncontrolled rectification mode. The train’s regenerative braking
energy cannot be returned to the AC grid through the traction
substation, and the residual regenerative braking energy will
cause the DC grid voltage to rise and suppress the train regener-
ative braking. The application of energy storage systems(ESS) to
recover the remaining regenerative braking energy has become
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the current research hotspot [1]–[3]. Supercapacitors (SCs), bat-
teries, flywheels and other ESS have many applications in urban
rail transit. Among them, the lithium-ion battery technology has
developed rapidly, and its capacity level and power level can
meet the regenerative braking energy absorption and release
requirements of rail transit. At present, the BESS has been
practically applied in urban rail transit. At the same time, the
SC is also used in the energy absorption of regenerative braking
of rail transit with virtue of its high power and long cycle life
[4]–[21].

In order to better achieve the battery energy storage effect,
researchers are conducting in-depth research on battery control
strategies. Reference [11] adopts a fixed charging and discharg-
ing threshold strategy. In order to prevent the battery from
overcharging or over discharging due to multiple charge and
discharge imbalances, a small current charge/discharge is per-
formed during standby of the energy storage system, adjusting
battery SOC (State of charge) [12] to maintain it near a certain
value. However, this unnecessary charging and discharging will
accelerate the degradation of the battery. Considering the battery
life, reference [13] proposes a dynamic threshold strategy, which
adjusts the discharge threshold of the energy storage system
according to the SOC of the battery (V-SOC control), and con-
trols the SOC within a certain range. By analyzing the battery’s
charging characteristics, Doshisha University proposed a control
strategy of maximum power point tracking (I-SOC control),
which adjusts the maximum discharge current of the battery
according to the battery SOC, to maintain the battery SOC near
the maximum power point. So that, in the same capacity con-
figuration, the energy saving effect of the ESS can be increased
[14]. However, there are relatively few studies considering the
impact of the characteristics of the BESS. Different from power
elements such as SC [15]–[22], lithium battery energy storage
system can recover the remaining regenerative braking energy,
and its high energy density makes it possible to provide traction
energy for trains in long power supply intervals or high departure
density, to improve the voltage drop of the network and reduce
the capacity of traction substations [23].

Loads of rail trains are closely related to departure intervals.
During the off-peak periods, the substation output power is
low and the residual regenerative braking energy is high in the
process of train operation, the peak period is opposite. However,
the traction substation is mainly designed according to the peak
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Fig. 1. Urban rail traction power supply model with ESS.

power during peak period. Therefore, if the characteristics of
high energy density of batteries are utilized, part of regenerative
braking energy in off-peak period is temporarily stored and
transferred to peak period for release. It will effectively reduce
the peak power of traction substation in peak period. So the
operation cost of substation and the construction cost of new
substation can be reduced.

Therefore, this paper puts forward a strategy of energy transfer
for BESS based on SOC tracking (T-SOC) at different departure
intervals to reduce the peak power of the traction substation. In
the second part, a simulation model of urban rail traction power
supply is built and the energy flow characteristics of urban rail
DC traction network are analyzed. The third part analyses the
impact of energy storage systems on the output of substations.
The fourth part puts forward T-SOC strategy of energy shifting
for BESS based on SOC tracking at different period. In the fifth
part, through the simulation of an actual line, the validity and
rationality of the adjustment methods are verified. Experimental
results and discussions are given in Section VI. In Section VII,
the summary is given.

II. URBAN RAIL TRANSIT DC POWER SUPPLY NETWORK

ENERGY ANALYSIS AND MATHEMATICAL MODEL

In order to analyze the energy flow characteristics of urban rail
transit, this paper builds a simulation model of urban rail power
supply system including energy storage device. The urban rail
transit DC traction power supply network structure is shown in
Fig. 1 [24]. It includes traction substations, trains and wayside
BESS. The upline and downline trains run at the same time.
The line impedance ri between the train and the substation is
time-varying, and its value will change in real time with the
change of train position [25]. rt is the quivalent series resistance
of train.

A. Traction Substation

The traction substation equivalent model consists of an ideal
voltage source Ud, an equivalent internal resistance Req and
a diode. In actual operation, the output of the substation is
nonlinear [26]. As shown in Fig. 2, the piecewise linearization
process method is used. The output voltage Usub is shown in
Equation (1). Ud0 is the no-load voltage of the substation. When
Isub ≤ Ig , Ud = Ud0, Req = Req1; when Isub > Ig , Ud = Ud1,
Req = Req2. Isub is the output current of the substation, Ig is the

Fig. 2. Output characteristics of twelve-pulse rectifier.

Fig. 3. Train current limiting characteristics.

Fig. 4. BESS structure.

critical current [27], [28].

Usub =

{
U{d0 − Isub ∗Req1; Isub ≤ Ig

Ud1 − Isub ∗Req2; Isub > Ig
(1)

B. Train

The train is equivalent to the controlled current sources Iveh
and Iveh_up, in order to simulate the traction current absorbed
by the train from the DC power supply network and feedback
braking current. In addition, considering the current limiting
characteristics of the train in braking [29], when the train pan-
tograph voltage Ut is greater than U1, the train regenerative
current begins to be limited; when Ut is greater than U2, the
train regenerative braking fails, as shown in Fig. 3. Ufc is the
pantograph voltage of train, Ilimit is the limit value of regenerative
braking current of train. The train running current is shown in
Equation (2).

Iveh =

⎧⎪⎪⎨
⎪⎪⎩
Pt/Ut, Ut < U1

max
[
Pt

Ut
,−Imax ∗

(
Ut−U2
U2−U1

)]
, U1 < Ut < U2

0, Ut > U2

(2)
where Pt—train operating power, Imax—maximum current for
train regenerative braking.

C. BESS and Control Pattern

The BESS consists of bidirectional DC/DC converters and
battery packs, as shown in Fig. 4. Among bidirectional DC/DC
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Fig. 5. BESS modal switching principle.

converters perform functions of system voltage level conversion
and energy management [30].
where Ubatt—battery voltage, Ibatt—battery current, L— chop-
ping inductor, Cdc—filter capacitor, R1 and R2—equivalent in-
ternal resistance respectively.

BESS adopts traditional double closed loop control: The outer
ring is the bus voltage loop, the inner ring is the battery current
loop [25]. The working state is determined by the bus voltage
Usub. The switching principle is shown in Fig. 5. Usub is greater
than the charging threshold Uchar, the system enters the state of
charge to recover the remaining regenerative braking energy;
when Usub is less than the discharge threshold Udis, the system
enters the discharge state to provide energy for the train; when
Usub is between the charge and discharge thresholds, the system
is in standby mode; If Usub is lower than the voltage lower limit
value V1 or higher than the voltage upper limit value V2, the
system is in a disabled operation state [9], [30].

The BESS has a voltage stabilizing effect, and it is essentially a
controlled current source Iess [31]. Ress is the equivalent internal
resistance of the battery and the DC/DC converter. When the
power command Pbatt-ref is less than the rated power Pbatt-max

of the ESS, the bus voltage is clamped to the voltage command
value Udis/Uchar. Conversely, the voltage cannot be clamped,
and the ESS is charged and discharged at the rated power, as
shown in Equation (3).⎧⎪⎨

⎪⎩
Iess = Pbatt-ref/Usub, (Pbatt-ref < Pbatt-max)

Iess = Pbatt-max/Usub, (Pbatt-ref ≥ Pbatt-max)

Usub = Uchar or Udis

(3)

D. Urban Rail Energy Flow

The urban rail transit DC traction power supply network
mainly includes traction substations, trains and wayside BESS.
The energy flow of the traction power supply system is com-
plexly shown in Fig. 6. The braking energy (Eb) of the train
mainly has four flow paths, one part is provided to the adjacent
traction train (Ecross), one part is lost on the line impedance
(Eline), one part is stored in the BESS (Ec), and the rest part
is consumed as heat (Em) by mechanical braking or on-board
braking resistors. The traction energy (Et) of the train mainly
comes from the traction substation (Esub), the adjacent brake
train (Ecross) and the BESS (Ed).

Fig. 6. Urban rail traffic energy flow diagram.

TABLE I
SUBSTATION PARAMETERS

TABLE II
LINE PARAMETERS

Fig. 7. Train departure interval and train distribution.

E. Urban Rail Transit Energy Flow Without BESS

In order to better analyze the characteristics of urban rail
traffic load, based on the parameters of a certain line in Beijing
Subway, this paper establishes a multi-train operating model
with 5 substations. According to the measured data, the substa-
tion parameters and the line parameters are shown in Table I and
Table II, respectively. The running time T of the train from the
initial station to the terminal station is 889s, and the upline and
downline trains are running simultaneously.

The train’s departure interval Td and distribution are shown
in Fig. 7. The maximum departure interval is 600s, and the
minimum departure interval is 150s. Take the above line as an
example, there will be a train Vn senting out from the starting
station at every departure interval Td. When the number of trains
running on the line reaches saturation, the number of trains
running at the same time is n = floor(T/Td) or ceil(T/Td). Where
floor is rounded down and ceil is rounded up. The distance
between the trains is related to the train running curve. The
power demand of all the trains on the line changes periodically
with the different departure interval Td.

The typical departure interval is selected for simulation. The
situation energy flow on different departure interval from 150s
to 600s (every 50s) is shown in Fig. 8. Among Fig. 8(a) shows
the interaction energy at different departure intervals (which can
be obtained from the total braking energy of the train and the
energy consumed by mechanical braking). Fig. 8(b) shows the
total traction energy consumption and substation output energy
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Fig. 8. Energy flow at different departure intervals. (a) Train interaction energy
at different departure intervals. (b) The output energy of the substation at different
departure intervals.

consumption at different departure intervals. From Fig. 8, it
can be seen that the total train traction energy and the total
braking energy are the same under different departure intervals.
The reason is that the traction and braking energy of all trains
in a departure interval can be equivalent to the traction and
braking energy of a train running from the starting station to
the terminal station. When the departure interval is 0∼300s, the
train density is very high throughout the line. The frequency of
energy interaction plays a leading role, the energy interaction
between trains is relatively high, the remaining braking energy
is less, and the total train traction energy is certain, so the energy
output of substations is less. As the departure interval increases,
the frequency of energy interaction between trains decreases, so
the energy output from substations tends to increase.

However, the output energy from substations per unit time is
reduced. The output power of a substation at a typical departure
interval is shown in Fig. 9. The average power and peak power
of substation No. 3 at different departure intervals is shown in
Fig. 10. The average power Pave(i) is the ratio of the energy
Esub(i) output from the i-th substation to the departure interval
in a single departure interval, as shown in Equation (4). It can be
seen that as the departure interval increases, Pave and the peak
power Ppeak tend to decrease and then remain basically constant.
Because when the departure interval decreases, the number of
trains running on the line at the same time increases, the power
demand increases too, and the output power of the substation
also rises. As the departure interval increases, the number of
trains running on the line at the same time reduces. When the
departure interval Td is large enough, there is only one train in
the power supply range of the substation, the peak power and
average power of the substation approximate one-half of the
average power and peak power of the single train (Substations

Fig. 9. The output power of the substation at different departure intervals.
(a) Td = 150 s. (b) Td = 300 s. (c) Td = 450 s. (d) Td = 600 s.

Fig. 10. The output power of the substation at different departure intervals.

are powered bilaterally).

Pave = Esub/Td (4)

The capacity of the traction substation is designed according
to the peak power. However, it can be seen from Fig. 9 that the
peak power of the train in the off-peak period is the largest,
approximately 4000 kW. From Fig. 10, the peak power of
the substation is much larger than the average power, and the
relationship can be up to 4 times. The designed capacity of
the traction substation according to peak power will be large,
resulting in a large overall cost of the system. Therefore, when
the departure interval is small enough, it is possible to reduce
the peak power, then the configuration capacity of traction sub-
station will also reduce the overall cost is reduced accordingly.

III. URBAN RAIL TRANSIT ENERGY FLOW WITH BESS

The 2 MW BESS is taken as an example to analyze the energy
flow of the urban rail with the BESS, as shown in Fig. 11. The
ESS adopts the traditional V-SOC control strategy, which adjusts
the discharge thresholdUdis according to the SOC of the battery.
Controls the discharge capacity of the ESS, realizes the charge
and discharge energy balance, and prevents the battery from
overcharging and overdischarging. From Fig. 11, it can be seen
that as the departure interval increases, the energy recovered
by the ESS tends to increase as the interaction energy of the
train decreases, and the energy recovered by the ESS is released
again when the train is in traction. So, the energy output from the
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Fig. 11. Energy flow at different departure intervals. (a) ESS charge and
discharge energy. (b) Train interaction energy. (c) Substation output energy.

substation is reduced, and the amount of reduction is related to
the energy recovered by the ESS. Moreover, due to the internal
resistance of the battery and the loss of the bidirectional DC/DC
converter, the energy output from the BESS to the DC network
is less than the charge capacity.

When the train operates in the tractive condition, the substa-
tion and the ESS provide traction energy at the same time. The
working state of the ESS will affect the output of the substation.
When the load power Pload is small, the output voltage of the
substation is greater than the discharge threshold Udis, the ESS
does not work. As the load power increases, when the load
power is greater than the calculated power value Pthershold in
Equation (5), the voltage of the substation drops to the discharge
threshold Udis, and the ESS begins to enter the discharge state.
The discharge power of the ESS Pbatt-dis is shown in Equation
(6). The ESS discharge Ed is shown in Equation (7). From
Equations (5) to (7), it can be seen that under the same load, the
larger discharge threshold is, the smaller corresponding power
threshold is, and the larger discharge amount Ed of ESS is.

Pthreshold = Udis ∗ Ud/Req2 − U 2
dis/Req2 (5)

Pbatt-dis ={
Pload − Pthreshold, (0 < Pload − Pthreshold < Pbatt_max)

Pbatt_max, (Pload − Pthreshold ≥ Pbatt_max)

(6)

Fig. 12. Substation and ESS output. (a) Pthreshold1 = 2000 kW.
(b) Pthreshold2 = 1000 kW.

Ed =

∫
Pbatt-disdt (7)

Take simple traction as an example, assuming Pbatt_max is
2000 kW, when Udis1 is 747.62 V and Udis2 is 766.25 V, the
Pthreshold1 is 2000 kW and Pthreshold2 is 1000 kW. Fig. 12
shows the output power of the substation and the ESS under
different discharge thresholds. The shaded part is the discharge
power and discharge energy of the ESS, and the white part is the
output power and energy of the substation. It can be seen from
Fig. 12 that Ed1 < Ed2, the value of P peak,1

sub is approximately
2000 kW, the value of P peak,2

sub is approximately 1400 kW,
P peak,1
sub > P peak,2

sub . Can be obtained from the data results, if the
discharge energy of the ESS can be increased, the peak power
of the substation can be effectively reduced.

In V-SOC control strategies, discharge thresholds are dynam-
ically adjusted based on battery SOC to maintain SOC within a
certain range. The amount of discharge Ed of the ESS depends
on the recovered energy Ec. It can be seen from Fig. 9 that
the peak power of the substation is the largest at the off- peak
period. Under the V-SOC control strategy, although the ESS
can simultaneously reduce the peak power at different peaks,
the peak power is reduced less during the peak period. The
substation capacity reduction is not very obvious. Therefore, it is
necessary to consider the new strategy to reduce the peak power
at the peak period and significantly reduce the design capacity
of the traction substation. Through the above analysis, we can
see that during the peak period, the remaining regenerative
braking energy is less, the peak power of the sub-station is
larger, so the discharge amount of the ESS Ed is smaller. If the
advantage of energy density of the BESS can be utilized to shift
the regenerative braking energy recovered during the off-peak
period/flat period to the peak period, the discharge energy Ed of
the ESS during the peak period can be increased, and the peak
power of substations can be decreased.

IV. DYNAMIC ADJUSTMENT STRATEGY FOR DISCHARGE

THRESHOLD OF BESS BASED ON ENERGY TRANSFER(T-SOC)

In order to achieve the transfer of energy from the off-peak
period to the peak period, this paper adds the SOCref dynamic
adjustment module based on the existing control strategy, so
that the SOC of the battery is no longer confined to a certain
range and changes with the departure interval. In the off-peak
period, the battery SOC increases dynamically to increase the
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Fig. 13. Dynamic threshold strategy control block diagram of BESS based on energy transfer.

energy storage of ESS; In the peak period, the battery SOC
decreases dynamically to release energy storage of the ESS.
The charging threshold Uchar will affect the regenerative braking
energy Ec recovered by the ESS. The discharge threshold Udis

will affect the discharge amount Ed of the ESS. In order to ensure
the effective absorption of the remaining regenerative braking
energy, the charging threshold is set to a fixed value. This article
only dynamically adjusts the discharge threshold.

As shown in Fig. 13, the control strategy is divided into two
parts: SOC dynamic adjustment module and discharge threshold
adjustment module.

A. SOC Dynamic Adjustment Module

This module mainly controls the energy transferred from the
off-peak period to the peak period with SOCref. For actual urban
rail line, the departure interval Td of the train is determined in
advance. The Td and the remaining duration Th of the current
departure interval can be obtained in real time based on the
communication, so SOCref can be determined according to the
train departure interval and its remaining duration, as shown in
Equation (8).

SOCref(k) = SOCref(k − 1) + k1 ∗Δt

k1 = (SOCend
ref − SOCref(k − 1))/Th/Δt

SOCend
ref =

⎧⎪⎨
⎪⎩

SOCmax, 500 ≤ Td ≤ 600,

SOCmax, 300 ≤ Td < 500

SOCmin, 150 ≤ Td < 300

SOCmin ≤ SOCref(k) ≤ SOCmax (8)

where SOCref(k − 1) —SOC reference at the last moment,
SOCref(k)—current SOC reference, k1—SOCref change slope,
Δt —SOCref update time and SOCend

ref —expected final value at
the current departure interval.

During the actual operation, in order to prevent the battery
from overcharging and overdischarging, the working range of
the battery SOC is often limited. The working principle of the
SOC limiting module is shown in Fig. 14. Where SOCmin is the
lower limit of the battery SOC, SOCmax is the upper limit of the
battery SOC, Pref is the charging and discharging power demand
of the ESS, Pbatt-ref is the charging and discharging power com-
mand value of ESS. When SOC ≥ SOCmax, the ESS is prohib-
ited from charging; when SOC ≤ SOCmin, the ESS is prohibited
from discharging; when SOCmin < SOC < SOCmax, the ESS
is working normally. In order to prevent SOCref from affecting

Fig. 14. SOC limit module working principle.

Fig. 15. The SOCref and SOC of the battery under the energy transfer strategy.

the recovery of the remaining regenerative braking energy, the
working range of SOCref is limited from SOCmin to SOCmax,
which is smaller than the actual SOC operating range.

The changing slope k1 is updated in real time according to
SOCref(k − 1), SOCend

ref and the remaining duration Th of the
current departure interval, so as to avoid the influence of the ini-
tial value of SOCref in one day or the adjustment of the departure
interval on energy transfer. In the off-peak period (500∼600s)
and flat peak period (300∼500s), SOCend

ref = SOCmax, the BESS
is guaranteed to store as much energy as possible at the end of
the off-peak/flat peak period. In the peak period(150∼300s),
SOCend

ref = SOCmin, so that at the end of the peak period,
SOCref = SOCmin, the energy stored in the battery is effectively
released. At different departure intervals k1 is different, during
the peak period, k1 < 0, SOCref decreases; at the off-peak/flat
peak period, k1 > 0, SOCref increases, as shown in Fig. 15.

If k1 = 0, then SOCref is kept constant, which is the existing
control strategy, and the SOC of the ESS is maintained within a
relatively small range.

B. Discharge Threshold Dynamic Adjustment Module

The discharge threshold dynamic adjustment module dynam-
ically adjusts the discharge threshold based on the difference
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TABLE III
ESS PARAMETERS

ΔSOC between the battery SOC and SOCref, as shown in Equa-
tion (9). Where, ΔUdis is the undetermined parameter, which is
related to the train departure interval. Udis0 is the initial value
of the discharge threshold, which changes with the fluctuation
of no-load voltage and the departure interval. a1, a2, k2 are all
undetermined parameters, and a1 is the judgment threshold of
ΔSOC, a2 is the decreasing value between Udis and Usub, k2 is
decreasing slope of the discharge threshold.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

Udis(k) =

⎧⎪⎨
⎪⎩

Udis0, ΔSOC > a1

Udis0 − k2/ΔSOC(k), 0 < ΔSOC ≤ a1

Usub − a2, ΔSOC ≤ 0

Udis0 = Ud0 −ΔUdis

ΔSOC(k) = SOC(k)− SOCref(k)

k2 ≥ 0,SOCmin ≤ SOCref(k) ≤ SOCmax

(9)
When ΔSOC > a2, the discharge threshold remains constant,

Udis = Udis0. When 0 < � SOC ≤ a2, Udis is dynamically
adjusted according to the discharge thresholds Udis0 andΔSOC,
(Udis ≤Udis0). As theΔSOC decreases, the discharge threshold
Udis decreases, and the output power of the ESS is gradually
reduced. When ΔSOC ≤ 0, making Udis < Usub, the ESS
exits the work, and the discharge threshold Udis is adjusted to
limit the discharge amount Ed of the ESS, so that the SOC can
dynamically track SOCref, as shown in Fig. 15.

Under the above control strategy, the energy flow relationship
of the ESS is shown in Equation (10) during the off-peak/flat
peak period. Part of the energy Ec recovered by the ESS is stored
in the ESS (Es), part of the energy is lost in the impedance
of the ESS and the converter (Eloss), and the rest is used for
train traction (Ed). During the peak period, the energy flow
relationship of the ESS is shown in Equation (11). The en-ergy
used for the train traction is equal to the energy recovered by the
ESS (Ec) and the stored energy of the ESS (Es) minus the ESS
loss (Eloss). In existing control strategies, Es is 0.

Ed = Ec − Es − Eloss (10)

Ed = Ec + Es − Eloss (11)

V. SIMULATION ANALYSIS

Based on the simulation platform constructed above, the
T-SOC control strategy is verified by simulation. This paper
only considers a single ESS and places it in Substation 3. The
parameters of the ESS are shown in Table III, rated power is
2 MW, and total energy is 590 kWh. The simulation parameters
under the improved control strategy are shown in Table IV.
Where the battery SOC is used in the range of 0.3∼0.9, and
the SOCref range is 0.3∼0.8. Therefore, approximately 295 kWh

TABLE IV
IMPROVE CONTROL STRATEGY PARAMETERS

TABLE V
SLOPE OF SOCref CHANGE AT DIFFERENT TIMES

(590 kWh× (0.8− 0.3)= 295 kWh) of energy can be transferred
from the off-peak/flat peak period to the peak period, which is
transferred twice a day, and a total of 590 kWh of energy can be
transferred. The charging threshold Uchar of the ESS is 850 V.
The initial discharge thresholds at different departure intervals
are: 799.32 V (600s), 795.33 V (450s), 771.26 V (300s), 735.5 V
(150s).

Taking the departure interval shown in Fig. 7 as an example,
the slope of SOCref change at different times is shown in
Table V. 5:30∼6:00 and the previous day 20:30∼23:30, both
periods are at off-peak/flat peak and need to be considered
compreh-ensively. Take the early morning peak as an example,
the duration is 3.5 h. Assuming that at the end of the early off-
peak SOCref increases to 0.8, and peak period SOCref decreases
from 0.8 to 0.3, so k1 = (0.3 − 0.8)/(3.5 × 3600s) = −3.97e-5.
If SOCref does not reach 0.8 before the morning peak arrives,
k1 will be adjusted according to the current actual SOCref and
duration Th. Similarly, the slope of change k1 for each time
period can be obtained.

According to the parameter simulation determined in the
previous section, the curve of the SOC and the curve of the
discharge threshold Udis of the ESS is shown in Fig. 16. In the
off-peak /flat peak period, take the 600s/450s departure interval
as an example, SOCref gradually increases with a certain slope,
as show in Fig. 16 (a), (c). The discharge threshold is adjusted
in real time to limit the discharge energy of the ESS, as show in
Fig. 16(b), (d). The energy recovered by the ESS is greater than
the released energy, and the rest is stored in the battery, so the
battery SOC gradually increases to track SOCref dynamically.
In the peak period, take the 300s/150s departure interval as an
example, the SOCref gradually decreases, as show in Fig. 16(e),
(g). And the energy stored in the battery is gradually released,
which increases the discharge energy of the ESS during peak
period. Energy transfer is realized without affecting the energy
saving effect of the ESS.

Comparing the T-SOC strategy with the V-SOC strategy, the
charging energy Ec, discharge energy Ed and peak power of the
ESS under different strategies are shown in Table VI (single
departure interval). As seen from the table, the peak power has
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Fig. 16. SOC and Udis of ESS under different departure intervals in T-SOC strategy. (a) Td = 600 s, SOC curve. (b) Td = 600 s, Udis curve. (c) Td = 450 s,
SOC curve. (d) Td = 450 s, Udis curve. (e) Td = 300 s, SOC curve. (f) Td = 300 s, Udis curve. (g) Td = 150 s, SOC curve. (h) Td = 150 s, Udis curve.

Fig. 17. Comparison of substation output under different working condition. (a) V-SOC strategy. (b) T-SOC strategy. (c) No ESS.

TABLE VI
COMPARISON BETWEEN V-SOC STRATEGIES AND T-SOC STRATEGIES

been effectively reduced due to the increased energy released
during the peak period. As seen from the table, under the control
of the T-SOC strategy, in the off-peak period, Ed > Ec, in the
peak period, Ed > Ec, the braking energy transfering from the
off-peak period to the peak period is well realized. The peak
power is reduced at the peak period, which in turn reduces
the total peak power of the substation. Taking Td = 150s as
an example, compared with the existing control strategy, the
discharge time and discharge power of the ESS are increased,
the peak power is reduced by 590 kW, and the improvement rate
is about 16.3%, so the substation capacity will be significantly
reduced. Compared with no energy storage system, the peak
power is reduced by 1110 kW, as shown in Fig. 17. Compared

Fig. 18. Experimental platform structure.

with the V-SOC strategy, the peak power of the substation
increases slightly due to the decrease of the discharge energy
Ed of the off-peak period and the flat peak period, but the
design capacity of the traction substation is mainly determined
by the peak power during peak period, so a slight increase in the
off-peak period does not affect the effect.

VI. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the dynamic thresh-
olding control strategy based on the energy transfer threshold
proposed in this paper, the experimental verification was carried
out on the test platform of the 90 kW wayside BESS. The
experimental platform simulates the actual construction of the
urban rail power supply system as shown in Fig. 18.
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Fig. 19. The running power of the motor. (a) Condition (Off-peak).
(b) Condition 2 (Peak).

TABLE VII
STATISTICS OF DIFFERENT WORKING CONDITIONS

Fig. 20. Experimental result of improved control strategy. (a) Voltage and
current waveforms. (b) SOC waveform.

This paper designs two operating conditions of the motor, as
shown in Fig. 19. In condition 1, the traction power of the train
is slightly smaller, the braking energy is more, the operation of
the urban rail transit in the off-peak period is simulated and the
ESS works in the energy storage mode. Under condition 2, the
traction power of the train is larger and the braking energy is
less. The operation of the urban rail transit is simulated during
the peak period, and the ESS works in the peak clipping mode.
The statistics of data under two operating conditions are shown
in Table VII.

The experimental waveforms under different conditions are
shown in Fig. 20. The SOC curve of the battery is estimated based
on the charge and discharge currents of the battery. From the fig-
ure, we can see that in the off-peak conditions, the ESS charging
current is greater than the discharge current, the battery’s SOC

Fig. 21. Experimental result of V-SOC strategy.

Fig. 22. Experimental result of T-SOC strategy.

TABLE VIII
ENERGY FLOWS AT DIFFERENT CONTROL STRATEGY

increases by adjusting the discharge threshold. In peak operating
conditions, the ESS discharge current is greater than the charging
current, the SOC of the battery decreases dynamically.

In peak operating conditions, the experimental results of the
train uses different control strategies in a traction braking cycle
are shown in the Fig. (21), (22). Table VIII summarizes the
energy flow under different control strategies in a traction and
braking cycle. Under this control strategy, the battery stores
some of the recovered energy during the off-peak period, shifts to
the peak period, and gradually releases during the peak period,
so that the discharge energy of the energy storage system is
increased, the output of the substation is reduced, the drop
of the network pressure is suppressed, and the peak power
of the substation is reduced by 4.7% compared with V-SOC,
significantly reduce the construction capacity and cost of the
substation.

VII. CONCLUSION

In this paper, the load characteristics of urban rail transit with
different departure intervals was analyzed by means of a dc
traction power system model. Combined with the high energy
density characteristic of the battery and the characteristic of
the train running load. The SOC dynamic adjustment module
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and the discharge threshold dynamic adjustment module are
added to dynamically adjust the discharge threshold. The energy
transfer is realized without changing the energy saving effect,
thereby reducing the peak power of the traction substation.
According to the actual operation data of Beijing Batong Subway
Line, the simulation and experiment were carried out. In the
case study, by using the T-SOC strategy, the peak power was
reduced by 590 kW and the improvement rate was 16.3% for
the 2 MW BESS compared to the V-SOC strategy. In the 90 kW
experiment, the substation peak power was reduced by 4.7 kW.
It is thus proven that the energy management strategy of this
paper can make full use of BESS to reduce the peak power of
the substation and bring more benefits.
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