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Abstract—The installation of a ground energy storage system
(ESS) in the substation can improve the recovery and utilization
of regenerative braking energy. This paper proposes an energy
management strategy (EMS) of adaptive threshold adjustment for
ground ESS. In this regard, this paper analyzes the energy flow in
traction power supply system (TPSS) with different headways and
no-load voltage. According to the influence of charge and discharge
threshold on the energy flow in TPSS, the laws of energy flow are
formulated. Subsequently, an EMS based on fuzzy logic control
(FLC) is designed. The proposed EMS is adaptive to the variation of
headway and no-load voltage. By monitoring the charge-discharge
effect of ESS and the variation of substation output energy within
two adjacent periods, the charge-discharge threshold is adjusted
adaptively to guarantee the recovery effect of regenerative braking
energy. Finally, the simulation and field experiment of proposed
EMS are carried out with ground energy storage device and actual
line conditions of Beijing Batong line. The experiment results in-
dicate the good performance of proposed EMS in terms of energy
saving.

Index Terms—Energy storage system (ESS),
management strategy, fuzzy logic control, energy saving.

energy

NOMENCLATURE
Usup DC voltage of the substation
Ugo, Usi  Equivalent voltage of substation
Lsup Substation current
Rcq0, Req1  Equivalent resistance of substation

I, Critical current

Uchar Charge voltage threshold of SC
Ugis Discharge voltage threshold of SC
AU char Adjustment of charge threshold
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AU g;s Adjustment of discharge threshold

Use maz Maximum/minimum voltage of SC

Uscmin Maximum/minimum voltage of SC
Ecichange Energy interaction between the trains
Evra_res Consumed energy by on-board brake resistance
Pirain.i Traction power of train i

Psup.; Output power of substation j

Pyra.i Power consumed by brake resistance of train i
Eia Traction energy of trains

Eyo Brake energy of the trains

Eouw Output energy of substation

E..in Charge energy of SC

Ecout Discharge energy of SC

Ty, Headway

U, No-load voltage of substation

J1 Energy saving rate

J2 Train energy interaction ratio

AEg Variation of substation output energy
AE.in Variation of SC charge energy

AEg. oy  Variation of SC discharge energy

Uy Trigger Voltage of on-board brake resistance

1. INTRODUCTION

ITH the rapid development of urban rail transit system,
W the operation energy consumption increases greatly. Re-
ducing the energy consumption of urban rail transit is of great
significance to the whole society in energy conservation and
emission reduction. The regenerative braking energy of the train
in the urban rail transit system is considerable [1]-[3], and the
utilization of the energy storage system (ESS) can effectively
recover and reuse the regenerative braking energy. ESS can be
divided into on-board and ground. The use of on-board ESS
would be limited by the volume and weight, and the installation
of ESS on each train increases the investment cost. Obviously,
the ground ESS has advantages in these two aspects [4]. In
the urban rail transit system, the ESS mainly plays the roles
of voltage compensation, power peak reduction, recovery of
regenerative braking energy and emergency traction [5]-[8].
At present, the control of ground ESS in the existing literature
mainly includes voltage based, ESS state based, train opera-
tion state based and intelligent optimization algorithm based.
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Literatures [9]-[10] control the charge and discharge of the ESS
based on line voltage. However, the catenary voltage is also
fluctuated by the influence of utility grid, so the no-load voltage
of the substation is not a constant value. The value of no-load
voltage can be obtained through the catenary voltage at 10kV
side [11], but the voltage at 10kV side would also be affected by
the side of DC 750 V. Some added 5th harmonic voltage tests to
judge the traction load level on the line [12]. It can also fit the
external characteristic curve of the substation according to the
historical data, and identify the no-load voltage value through
the real-time voltage and current of the substation [13]. Because
the voltage of substation fluctuates in real time when the train is
running, it is difficult to get the accurate no-load voltage value
through the method in [11]-[13].

The control strategies based on charge and discharge threshold
can effectively recover regenerative braking energy and reduce
voltage drop [14],[15]. In [16], the state machine is used to
control the charge and discharge of ESS by detecting the line
voltage. The control strategy proposed in [17] considers energy
conversion efficiency, and calculates the reference voltage value
of Li-ion capacitor based on train kinetic energy to compensate
voltage and reduce current peak. Considering the complexity
of the energy flow in the TPSS, only tracking the charge and
discharge state of the ESS cannot reflect the recovery effect of
regenerative braking energy. In [18], the voltage and current of
ESS can be evaluated in real time according to the kinetic energy
of the train. The time-varying part related to the train was ignored
for simplifying reference voltage value. The proposed strategy
in [19] considers the operation status of substation, ESS and
on-board brake resistance, so as to establish energy management
state machine to maximize the utilization of ESS by monitoring
line voltage and train status. These methods can improve the
recovery of regenerative braking energy by taking into account
the state information of train, but they are difficult to meet the
needs of multiple trains operation between substations.

In [20], the optimal reference voltage value of ESS is solved
by using the classical algorithm of variational calculus with
the aim of minimizing the line loss, which is related to the
power and position of the train. Literature [21] proposed an
operation optimization strategy of hybrid energy storage system
based on dynamic programming. However, as the topology of
traction power supply system changes in real time, dynamic
programming cannot realize online optimal control. In [22],
train operation scenarios are classified based on timetable and
train operation laws, and the capacity of ESS is reasonably
allocated with the optimization goal of minimizing total energy
consumption and voltage drop to realize the online control of
SC. At present, there are also many studies [23]-[26] on the
adaptive control strategy of the ground ESS. An optimization
strategy proposed in [23] is based on the linearization of DC load
flow equation, and uses successive approximation method to
obtain the reference value of the charge and discharge threshold
of ESS. To maximize the energy saving rate and the voltage
stabilizing rate, the online control of ESS based on deep re-
inforcement learning has been studied in [24]-[26]. However,
most of adaptive EMSs need to get the real-time information
of train, which requires high information transmission rate and
accuracy between train and ground ESS.
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Fig. 1. The structure of traction power supply system.

Fuzzy logic control (FLC) can realize the real-time control of
ESS in the TPSS with time-varying nonlinearity. At present,
FLC method has been widely used in electric vehicles due
to its intelligent characteristics and realizability. In [27], FLC
based on cyclic optimization membership function is proposed
to prolong the battery life of vehicle, so that the control effect
is close to the optimal result of dynamic programming. Some
studies use FLC to realize the reasonable distribution of sources
within the vehicle [28]-[32]. To realize real-time optimal power
distribution of hybrid energy storage system, the FLC was used
to track the battery state of charge (SOC) curve which trained
by the neural network [33]. In this paper, the energy distribution
of TPSS is analyzed, and the correspondence among no-load
voltage variation, headway variation and ESS charge/discharge
energy, substation output energy is extracted. According the ex-
tracted correspondence, an EMS for ground ESS based on FLC
is proposed. It adjusts charge/discharge threshold adaptively to
increase the energy interaction between trains and improve the
utilization of regenerative energy.

This work is organized as follows: In Section II, the model of
TPSS with ground ESS is established. In Section III, the energy
distribution of TPSS is extracted by simulation. The EMS of
ESS based on FLC is proposed in Section IV. In Section V, the
EMS of ground ESS is simulated and verified based on the data
of Batong line. In Section VI, the ground ESS device is used to
verify the proposed strategy in Liyuan station of Beijing Batong
Line. Section VII is the summary.

II. MODELING OF THE TPSS WITH ESS

For the purpose of this manuscript, a model of TPSS is build,
as shown in Fig. 1. A TPSS model including three substations,
a set of ground ESS and a multi-train running between five
stations is constructed. In this work, the mathematical model of
TPSS is established. Then the energy distribution in the TPSS
is analyzed, as well as the relationship between the control
parameters of ESS and the load characteristics of the TPSS.

A. System Model

In this system, there involve three types of energy source,1)
substations, 2) ESS, 3) trains.

1) Substations: Two  12-pulse  rectifying  units  of
ACI10kV/DC750 V in the traction substation are equivalent
to 24-pulse rectifying and output DC750 V electric energy to
supply power to the TPSS. The equivalent model of substation
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Fig. 5. Traction substation voltage control strategy.

can be replaced by an ideal voltage source and equivalent
internal resistance in series [11]. The output characteristic of
substation is shown in the Fig. 2 and it can be expressed as

_ Ud() - Isub : Req() 0< Isu,b < Ig
USUb_ {Udl - sub'Reql Ig <Isub (1)

2) ESS: ESS is installed in the substation. The ESS consists
of bi-directional DC /DC converter and SC packs, as shown in
Fig. 3. The controller of ESS determines whether it is charge
and discharge according to Uy, as shown in Fig. 4 and Fig. 5.
Where Uy, exceeds the charge threshold U .4, ESS switches to
the charge state. When Uy,,;, below the discharge threshold U g5,
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ESS switches to the discharge state. When the Uy, is between
Uchar and Uy, the ESS is in standby mode. In addition, the
voltage of SC is also constrained, SC stops working when the
voltage of SC is greater than Us. -, Or less than U, i, and
its can be expressed as

Usc_min < Usc < Usc_max (2)

The supercapacitor SOC [33] expression is shown below
SOCsc = Uso/Usc max 3)

3) Train: During the train traction process, the traction sub-
station, the adjacent braking train and ESS provide power to
the trains and the voltage of pantograph drops. During the
train braking process, the train generates regenerative braking
energy that feeds back to the dc grid, making the voltage of
pantograph increases. Considering the limiting characteristics of
the regenerative braking current, while the dc voltage exceeds the
allowable range, the on-board braking resistance is connected to
limit the increase of dc voltage of catenary. The train model is
shown in Fig. 6. The train can be replaced by a controlled current
source. When the train is braking, the on-board brake resistor
adjusts the on/off of the brake chopper according to the voltage
of the filter capacitor on the dc side of the traction converter,
and changes its equivalent resistance to consume regenerative
braking energy.

B. Energy Distribution Description of TPSS

The energy flow diagrams of the traction power supply system
without ground ESS and with ground ESS are shown in Fig. 7
and Fig. 8, respectively. The traction energy of the train Ey,,,
the brake energy of the train Ej,, and the output energy of the
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Fig. 8 Diagram of energy flow for TPSS with ESS.

traction substation E,; can be expressed as

n T
Etra = Z/ Ptrain.idt ) ’Lf Ptrain.i >0 (4)
i=170
n T
Ebra = Z/ Ptrain.idt ) Zf Ptrain.i <0 (5)
i=170
3 T
Buv= 3 [ Pt ©)
j=1""0

In Fig. 7, the regenerative braking energy of the train can only
be used by E¢ychange and consumed by Ej,_res. Because the
line resistance is small [8], the influence of the line resistance loss
is ignored in this paper. Meanwhile, the energy consumed by the
braking resistance Ey,, ves and the interactive energy between
the trains Ec;changer are formulated as

E ra_res — 3 TPra‘idt
prares = 2 Jo o (7

Eexchange - Ebra - Ebra_res

In Fig. 8, Ey, required by train i comes from the TPSS
(Esup), ESS (Escout) and the adjacent brake trains (Ecychange)-
Part of the regenerative braking energy generated by train i
can be absorbed by the nearby traction trains, and the rest of
the regenerative braking energy can be stored by ESS (Eg. i)
or consumed by the on-board brake resistance (Epyq_res). The
energy distribution in the TPSS with ESS can be expressed as

Escjn — fOT Pscdt 5 Zf Psc >0
Escfout — fOT Pscdt 3 Zf Psc <0 (8)
Eea:change - Ebra - Ebraj‘es - Escﬁin

In order to improve the energy saving rate [9], it is necessary
to establish a quantifiable evaluation index J; . At the same time,
in order to ensure the direct utilization of regenerative energy in
the catenary, this paper also needs to establish J5 to evaluate the
direct utilization of regenerative energy.

Eoub_se
Ji = (1#> x 100% ©9)
Esub?nosc

EGCEC ange
# x 100%

bra

Jr = (10)
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TABLE I
PARAMETERS OF LINE

Station Guoyuan  Jiukeshu Liyuan Linheli Tugqiao
Location (m) 0 990 2215 3472 4249
TABLE II
PARAMETERS OF TRAIN
Parameter Value
Train formation 3M3T
Inverter efficiency 0.86
Gear efficiency 0.975
Motor efficiency 0.92
Auxiliary power 160KVA*2
weight 303t
~80 4
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Fig. 10. Headway of the trains on a day of Batong line.

III. ENERGY DISTRIBUTION LAWS OF TPSS

In this work, take Guoyuan station to Tuqiao station of Beijing
Batong Line for example to carry out the following analysis
about energy distribution laws of TPSS. Line conditions are
shown in Table I. The whole length of the simulated line is
4249m. Train parameters are shown in Table II, and the operation
curve of train is shown in Fig. 9.

Fig. 10 shows the headway of the trains on a day of Beijing
Batong line. It can be seen that the headway varies between 150 s
and 600 s. Fig. 11 is a schematic diagram of the train operation
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Fig. 13. Distribution of regenerative braking energy that feeds back to the

catenary at different headways.

process on the line. It is assumed that the train on the line adopts
automatic operation. The operation process of the trains on the
line take the T}, as a cycle, so the subsequent work takes 77, as a
cycle for analysis.

A. Without ESS

The headway is one of the important factors affecting the en-
ergy interaction between trains. The output energy of substation
and the consume energy of on-board braking resistance vary with
the headway [8],[24]. Take the headway as the simulation period,
the relationship between the output energy of substation and the
headway without ESS is shown in Fig. 12. With the increase
of headway, the energy interaction between trains decreases,
the output energy of traction substation Eg,;, increases. The
interactive energy (Eczchange) and on-board brake resistance
energy consumption of trains (Ep.,res) at different headway
without ESS are shown in the Fig. 13. It can be seen that with a
rise of headway, Eczchange decreases and Eprq res 1 becoming
larger.
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TABLE III
PARAMETERS OF ESS
Type Rated voltage  iuax Capacitance
SC 672V 1600A 97.3F
150 100 150 100
FovPVVVVVVVVYVVVVVVVY
125 75 125k 75
Z100f, . 2 sosas 150 2100 50
5 M ? 5 RSS2 222222 2 e g
Eﬂ B R9L00000e- 2555 @ » ’ 25%
2 0oss0e 3/\ 2 Y Tw'\?\}o ce é
o 50 0 = 50 eeq XL, 0
25 =25 25 * -25
0 R 0 -50
800 850 900 950 1000 800 850 900 950 1000
Udmr(V) Uclmr(v)
(@ (b)
—— Escin 0 Epq res Egp —*%—Eeachange —O0—J1 =V,
Fig. 14. The relationship between energy distribution of TPSS and charge

voltage threshold at the no-load voltage of 836 V (a) T}, is 150 s, Ug;s is 830 V
and (b) T}, is 600 s, U 4;5 is 830 V.

B. With ESS

Under the premise of avoiding the on-board brake resistor
starting, the setting value of U .j,,- should be as high as possible
to facilitate the energy interaction between trains. However,
when the headway is short and the train departure density is
large, the braking power fluctuates greatly. So, the voltage at the
pantograph fluctuates significantly when the train braking, and
the larger charge threshold would make the regenerated energy
be consumed by the on-board braking resistance in priority.
Therefore, in order to prevent regenerative braking energy from
being absorbed by the on-board braking resistance in priority,
the maximum U ., of the short headway should be less than
that of the long headway. In addition, fluctuations in the no-load
voltage may also cause ESS to be unable to charge or discharge.

In order to analyze the effect of U, and U y;s On regener-
ative braking energy recovery and energy interaction between
trains, the energy flow distribution of TPSS with ESS would be
analyzed considering the fluctuations of headway and no-load
voltage in this section. Taking ground ESS installed in Liyuan
Station as an example, the influence of charge/discharge thresh-
old on the energy flow of TPSS is analyzed. The parameters of
ESS are shown in Table III.

Fig. 14 illustrates the influence of the variation of U, On
the energy flow of TPSS under the headways of 150 s and 600 s.
When the headway is 600 s, compared with the headway of 150s,
the charge energy of ESS increases and the output energy of the
substation also increases. Fig. 14 shows that the ESS cannot be
charged when the charge threshold is less than 830 V. Since the
U char 18 less than U g, the ESS cannot charge. It can be known
from Fig. 14(a) that when U, is greater than 910 V, J; drops
significantly under the headway of 150 s. Fig. 14(b) exhibits that
when U g, is greater than 930 V, J; drops significantly under
the headway of 600 s.

Fig. 15 compares TPSS energy distribution under different
no-load voltages. From Fig. 15, the higher the no-load voltage,
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Fig. 15. The relationship between energy distribution of TPSS and charge
voltage threshold at the 7, of 450 s (a) Ug is 836 V, Ug;s is 830 V and (b) Ug
i8 890V, Ug;s is 880 V.

150 100 150 100
PPV VPV VYV YVIVVIIVIY

125 75 1] 75

=100, 50 =100 50
% - ? % FOT YV Y VIVIYY vy vvvvvo ?
B ansecces ] 253 %75 357
@p206609 < @ 2
Q 7 A S 5} <
['5 50 . 3 0o~ LE 50’9‘70 b eoocococoe 0o

2 25 25 # {\ 25

0 -0 0 50

800 850 900 950 800 850 900 950
Uas(V) Us(V)
(a) (b)

=L ou ——Epu res Egp —¥Eacange —0—/1 —V—D

Fig. 16.  The relationship between energy distribution of TPSS and discharge
voltage threshold at the no-load voltage of 836 V (a) T}, is 150 s, Ucpqr is 890 V
and (b) T}, is 600 s, Uchar is 890 V.

the smaller U, setting range that can make ESS recover
regenerative braking energy. Take Upq, as 870 V for example,
while Uy is 836 V shown in Fig. 15(a), the ESS has a good charge
performance. However, while the no-load voltage is 886 V, E . -,
would be reduced to 0, and the output energy of the substation
would increase from the original 98.4 kWh to 123.1 kWh shown
in Fig. 15(b). In this case, the charge threshold of the ESS should
be increased. to improve regenerative braking energy recovery.

Similarly, in order to characterize the influence of ESS dis-
charge voltage threshold on TPSS, the variation trend of sub-
station output energy and ESS discharge energy is used to
describe. Fig. 16 illustrates the influence of the variation of U 45
under the headways of 150 s and 600 s. Since U 4;s does not
affect the starting of the on-board brake resistance, when the
headway changes, the reasonable setting range of U 4;s remains
basically unchanged which shown in Fig. 16. Therefore, when
the headway changes, if the discharge energy is reasonable,
there is no need to adjust the U 4. Fig. 17 shows TPSS energy
distribution under different no-load voltages. Fig. 17 presents
that the E.-oy¢ 1S 28.7 kWh when the discharge threshold of
the ESS is 840 V under the no-load voltage of 836 V. Under the
discharge threshold of 840 V, while the no-load voltage is 890 V,
Esc out 1s reduced to O kWh. In this case, the discharge threshold
needs to be raised to improve J .

Table IV illustrates the complete correspondence between
Uo/Ty, state and energy state. The symbol “17, ‘|’ and ‘—’
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TABLE IV
TABLE OF RELATIONSHIPS BETWEEN STATE CHANGES AND CORRESPONDING
ENERGY PHENOMENA
State Escim Escioul Esub

i i T
UOT o -

- - 1
Upl o o

Ti? 1 1 1

represent increase, decrease and invariant, respectively. The
fluctuation of no-load voltage and headway corresponds to the
energy variation trend of the substation and ESS is different.
The change of Uy may lead to poor energy saving effect. In the
case of Eg.ip, Escour reduction and Eg,;, increase caused by
Uy increase, U.pq and U y;s need to be changed to restore the
energy saving effect of ESS. In the condition that E. iy, Esc out
remain unchanged and E,,; increases due to Uj reduction, U .4,
and U 45 also need to be changed. The change of T}, can lead to
the corresponding energy change of ESS and substation. At this
time, reasonable adjustment of Uy, and U ;5 can improve the
energy interaction rate between trains.

In other word, while the variation of Uy and T}, make the
energy saving effect worse, the three energy values in Table IV
would change, so U .4 and U 4;5 should be adjusted accordingly.

IV. PROPOSED CONTROL STRATEGY FOR THE ESS

Based on the above analysis, the control strategy of ground
ESS based on fuzzy logic control is proposed. The control strat-
egy has the following characteristics: first, control parameters
of ESS can be adjusted adaptively to recovery the regenerative
energy while the headway changes or no-load voltage changes.
The second is to avoid reducing the energy interaction between
trains by adjusting threshold.

A. FLC Strategy Framework

The control strategy framework of ESS is designed which
shown in Fig. 18. The control structure is divided into two layers,
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Fig. 18.  The control strategy framework of ESS.

the upper layer is charge/discharge threshold control, the lower
layer is double closed loop control. In this paper, the threshold
adaptive adjustment strategy is proposed for the upper layer.
Assuming that the headway between the upper line and down
line is the same, each departure time of trains in the platform is
taken as the node k. The TPSS energy, ESS charge energy and
discharge energy between adjacent nodes k and k-1 would be
solved. In proposed control strategy, the charge and discharge
energy of ESS and its variation as well as the variation of*
substation output energy are taken as inputs, as shown in (11)
and (12). The regulation values of charge and discharge voltage
threshold for ESS are taken as output values, the charge and
discharge voltage threshold of the ESS can be expressed as (13).

Esc_in (k - 1)

{AEsc_in (k) = Esc_in (k) - (11)

AE‘scfout (k) = Esc?out (k) - Escfout (k - 1)

AE1sub (k) = Esub (k> - Esub (k - 1) (12)
Uchar (k) = Uchar (k - 1) + AUChaT (k) (13)
Uiis (k) = Uais (k — 1) + AUa;s (k)

In order to ensure the orderliness between U}, and Ug;s, it
is necessary to constrain threshold. Moreover, to avoid the U 4/
being higher than the on-board brake resistance start voltage, the
following constraint is set.

Umin < Udis < Uchar < Ul (14)

Then, make fuzzy rules based on the above analysis. FLC is
good at expressing qualitative knowledge and experience with
unclear boundaries. By virtue of the concept of membership
function, it can distinguish fuzzy sets, deal with fuzzy relations,
and simulate human brain to implement regular reasoning.

B. Membership Functions Design

The performance of the fuzzy logic based EMS is determined
by the MF and fuzzy rules. The overall fuzzy logic control
is divided into two modules: charge fuzzy logic control and
discharge fuzzy logic control. There are three inputs and one
output in the designed FLC module. This paper refers to the
method of using genetic algorithm to optimize MF proposed in
[27]. The MFs in each module are designed as Fig. 19 where the
linguistic variables ‘VS, M, VB’ denote ‘very small, medium,

1 — NB ><o\ " PB
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Fig. 19. MFs of (a) AEqcin(kWh) or AEse ous(kWh), (b) Ese in(kWh) or

Escout(kWh), (¢) AE,p(kWh), and (d) AUcpar(V) or AUgis(V).

and very big’, and the linguistic variables ‘NB, NS, O, PS, PB’
denote ‘negative big, negative small, zero, positive small and
positive big’, respectively.

C. Fuzzy Rule of Charge Control Module

According to the principles described in the previous section,
while improving the ESS to recover regenerative braking en-
ergy, priority should be given to ensuring the energy interaction
between trains. The fuzzy rules of charge control module which
is shown in Table V are defined as follows. The input-output
relational surface of the charge FLC module is shown in Fig. 20.

While AE. -, is ‘NB’, shown in Table V the charge energy of
ESS is reduced. For example, if AE. -, is ‘NB’, Es., is ‘M,
AEg,p is ‘NB’ then AUy, is ‘NS’. At this time, compared
with the previous cycle, E,;, is reduced and the charge energy
of the ESS is reduced. The charge energy of the ESS is lower,
which is caused by the reduction of the headway. Therefore, the
energy interaction between trains can be improved by lowering
the charge threshold. If AE. -, is ‘NB’, Es iy, is ‘S’, AEgu
is ‘PB’ then AU, is ‘PB’. At this point, compared with the
previous cycle, the output energy of the substation increases and
the charge energy of the ESS decrease, while the charge energy
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TABLE V
Fuzzy RULES OF CHARGE CONTROL

JE. . 4B | NB 0 PB

NB NS NS PB

Eg in=VS (6] O (6] NS
PB O (6] PS

NB NS (6] PB

Ew =M 0 0 o} NS
PB PS (6] PS

NB NS (0] PS

Es n=VB O O (0] NB
PB PS (6] PS

30 ~
> 20 Z
510 2
50 =
-10
s g X 10 20)
e ) .
4’%) 500 Escj“(\‘w
@
S
::)‘Z
Fig. 20. The input-output relational surface of the charging threshold fuzzy

control (a) AEgc-n is —25 kWh, (b) AEg. i, is 0 kWh, and (¢c) AEs. i, is
25 kWh.

of the ESS is relatively low. This is because ESS cannot discharge
due to the raise of no-load voltage. The effect of regenerative
energy recovery can be improved by increasing U cjq;- If AE gy
is ‘PB’ then AU, pq,is ‘NB’ or ‘NS’. The charge energy of the
ESS changes little, and the output energy of substation increase.
It indicates that the reduction of no-load voltage results in a part
of the charge and discharge energy of ESS from the unnecessary
supply of the substation, so it is necessary to decrease the U pqr
to reduce unwanted energy supply from substation which is
shown in Fig. 20(b).

In the remaining cases which AE.-;, is ‘O’, it can be un-
derstood that the charge and discharge energy of ESS does not
change. While AE;., is ‘O’, there is no need to adjust the
threshold.

If AEs.+, is ‘PB’, the increase of Es.-, may be due to
the phenomenon that occurs after the headway increases or the
U .hqr decreases. Meanwhile, the output energy of the substation
is used to judge. When the E,,; increases, it can be judged
that the headway increases. At this time, the U, can be
appropriately raised to increase the energy interaction between
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TABLE VI
Fuzzy RULES OF DISCHARGE CONTROL
JE. MAE‘”” NB 0 PB
NB NS PS PB
Esc ou=VS ) o PS NS
PB 0 0 PS
NB 0o 0 PS
Ey ou=M [0) 0 0 NS
PB PS 0 PS
NB o 0 PS
Es 0u=VB 0 o 0 NB
PB PS 0 0
TABLE VII

SIMULATION CONDITIONS IN FOUR CASES

Simulation condition Headway (s) U,(V)
Case 1 150 836 to 880
Case 2 600 880 to 836
Case 3 150 to 450 836
Case 4 450 to 150 880

trains. While the E,,;, decreases, the regenerative braking energy
can be improved by raising the U p ;-

D. Fuzzy Rule of Discharge Control Module

The fuzzy rules of discharge control module shown in Ta-
ble VI are relatively simple compared with charge control mod-
ule. The proposed fuzzy rule needs to judge whether the no-load
voltage is lower than the discharge voltage threshold U 45 and
whether the discharge threshold is lower leading to the lower
discharge energy of ESS.

Egcouris very low, the E. -, is increased by increasing U g;s.
If the output energy of substation reduces and the discharge
energy of the ESS increases, U 45 is promoted until E. 4, and
E.p are no longer changed. When the discharge energy of the
substation increases and the charge energy of the ESS changes
a little, it is judged that the no-load voltage is lower than U 45,
and then U 4;, should be reduced.

V. SIMULATION ANALYSIS

The ESS energy management strategy based on fuzzy con-
trol is simulated and verified by TPSS simulation platform. In
the simulation conditions, the line parameters, train operation
conditions and ESS configuration parameters are the same as
above. Four different simulation environments are set up to
verify the proposed strategy. Case 1 and case 2 analyze the
adjustment process of charge/discharge voltage threshold under
no-load voltage fluctuation, and case 3 and case 4 analyze the
adjustment process of threshold under the change of headway.
The simulation conditions are shown in Table VII.

In case 1 shown in Fig. 21(a) that the no-load voltage rises
from 836 Vto 880 V. At0's, U pqr18 870 V. At 450 s, due to the
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Fig. 21.

increase of no-load voltage, the minimum voltage of the sub-
station rises and U ;5 is too low, so ESS cannot release energy.
During 450 s to 600 s, E,,; increases, and the discharge/charge
energy of ESS decrease, so the Uy, and Uy, are increased
accordingly at next period. The final U4, is 895 V and U g5 1S
868 V.

In Fig. 21(b), the no-load voltage drops from 880 V to 836 V
at 1800 s. U ;s is larger than the no-load voltage, which results
in the increase of discharge /charge energy. This part of the
increased energy is due to the increase of Ej,;. To follow the
no-load voltage, U, is reduced from 895 V to 860 V, and U 4;
is reduced from 880 V to 828 V.

In Fig. 21(c), while the headway changes from 150 s to 450 s
at450s, E 4y, has been greatly increased, while the charge energy
and discharge energy of ESS increase correspondingly. At this
point, the voltage fluctuation of substation decreases. In order to
increase the energy interaction between trains, both U, and
U 4is are improved.

The simulation results of headway changes from 450 s to
150 s at 900 s are exhibited in Fig. 21(d), Esyup, Escin and
Eg. oy decrease correspondingly. Contrast with Case 3, the
voltage fluctuation of the substation increases. U, is lowered
to reduce the on-board brake resistance to share regenerative
braking energy.

J1 and J5 of the adaptive control strategy and the fixed thresh-
old control strategy in the four cases are shown in Table VIII. It
can be seen from the table that the regenerative braking energy
utilization rate can be improved 5.37% by using the proposed
strategy under the casel. The proposed strategy can improve the
efficiency of regenerative energy utilization more obviously. In
addition, the energy interaction rate is also slightly improved

The simulation results of U pqr, Ugis, Usyp and SOCgc (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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TABLE VIII
EVALUATION INDEXES IN FOUR CASES
. . Ji J
s;;ﬁii? Proposed Fixed Proposed Fixed
strategy threshold strategy threshold
Case 1 10.08% 4.71% 85.14% 84.98%
Case 2 29.77% 27.35% 38.13% 38.00%
Case 3 25.41% 24.20% 56.40% 54.10%
Case 4 16.41% 14.70% 73.21% 73.17%

compared with the fixed threshold control strategy. Similarly,
the proposed control strategy in Case2 have advantages over
the fixed threshold control strategy. It can be seen from the
comparison between Casel and Case?2 that inappropriate charge
and discharge threshold has a greater impact on energy saving
while no-load voltage increases. It is also found from Case3 and
Case 4 that the proposed control strategy can not only have little
impact on the energy saving rate, but also improve the energy
interaction rate between trains while the headway changes,
which demonstrates that the regenerative braking energy can
be preferentially used by the traction train nearby.

VI. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the proposed strategy,
ground ESS is used to conduct an experimental test during
the official operation of Beijing Subway Batong Line. ESS is
installed in Liyuan Station (yellow pentagram in Fig. 22).The
ground ESS experiment platform contains 6 cabinets, as shown
in Fig. 22, including positive rail, negative cabinet, control
cabinet, two SC cabinets and DC/DC converter cabinet. The SCs
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Fig. 23.  Experiment waveform under fixed threshold.

use 48 V/165F modules produced by Maxwell, which has the
same capacity as the configuration used in the simulation. The
series and parallel number of SC modules in each SC cabinet is
14s4p.

The SC cabinets are connected in parallel with two DC-DC
converters respectively. The converter cabinet is connected in
parallel on the 750 V DC bus of substation. The control cabinet
realizes the logic protection and energy management of the
system. Positive and negative cabinets realize the input and exit
of the experiment plat in the TPSS.

ESS has been put into use during the daily operation of the
subway, the experiment waveform of proposed EMS is shown
in Fig. 23 and Fig. 24. Operation waveform of ESS under fixed
threshold was exhibited in Fig. 23. It can be seen that because the
threshold cannot be adjusted adaptively according to the current
ESS state, ESS would not be able to charge or discharge.

Fig. 24 shows the waveform of ESS operation during the
short headway and long headway. In Fig. 24(a) the charge and
discharge voltage threshold is adjusted for a cycle of about 120 s.
It is clear that when ESS is in the state of poor charge and
discharge in the first cycle, ESS can return to the condition of
full charge and discharge after three cycles under the proposed
adaptive EMS. Table IX shows the energy consumption of the
ESS during each cycle in Fig. 24(a). According to this table,
both the charge and discharge energy of ESS are gradually
increasing and remain stable after the third cycle. During the
first cycle, Escvn and Eg.-oyr are 0.95 kWh and 1.91 kWh
respectively. At the last cycle, the ESS can reach 3.77 kWh in
charge and 3.38 kWh in discharge. ESS charge energy increased

Ese inkWh) — Eoc 0ukWh) — Eqp(kWh) — UsalV) Uais(V)
1 0.95 1.91 18.69 863 810
2 2.40 2.23 18.12 870 815
3 3.21 2.82 17.57 872 818
4 3.64 335 16.93 872 820
5 3.53 3.45 17.07 872 820
6 3.74 3.52 16.42 872 820
7 3.77 3.38 17.08 872 820
8 3.89 3.57 16.79 872 820

by up to 2.82kWh and substation output energy decreased by
up to 1.61 kWh. The performance of the adaptive regulating
ESS to recover regenerative braking energy can illustrate the
effectiveness of the proposed strategy.

Fig. 24(b) shows the obtained outcomes with around 600 s as a
cycle. According to Fig. 24(b), the charge energy and discharge
energy of ESS is low, and the output energy of the substation
is large in the first cycle. During the second and third cycles,
the charge and discharge effects of ESS are improved. In the
fourth cycle, ESS returns to normal charge/discharge state and
remains stable in the following cycles. Table X presents the
energy consumption of each cycle. From Table VIII, E. -, and
Eg. oy are 5.62 kWh and 3.36 kWh respectively, while U pqr
and Uyg;s are 880 V and 838 V respectively, in the first cycle.
At the end of the first cycle, the charge and discharge energy
of ESS is detected to decrease, and the output energy of the
substation increases. Therefore, the charge threshold is reduced
and the discharge threshold is increased in the second cycle.
When U pq,r and Ug;s are 890 V and 850 V respectively, the
charge and discharge energy of the ESS tends to be stable. There
is 5.49 kWh charge energy more than the first cycle.
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TABLE X
ENERGY CONSUMPTION OF THE ESS IN LONG HEADWAY

Ege in(kKWh)  Ee 0u(kWh)  Eqp(kWh)  Uea(V)  Ua(V)
1 5.62 3.36 27.79 880 838
2 8.18 7.82 25.93 888 845
3 10.73 10.28 24.29 890 848
4 9.25 9.13 24.15 890 850
5 12.08 11.75 24.87 890 850
6 1111 10.96 2435 890 850

VII. CONCLUSION

This paper first analyzes the law of energy flow of the traction
power supply system without energy storage system, and then
extracts the law of energy distribution of the traction power sup-
ply system under different charge and discharge thresholds based
on the traditional control strategy. On the premise of improving
the recovery rate of regenerative energy, the ESS adaptive control
strategy is proposed to ensure the energy interaction between
trains. The strategy is divided into charging voltage threshold
control and discharging voltage threshold control. The varia-
tion of the substation’s output energy, the charge energy and
discharge energy of the ESS and their variations are taken as
inputs, and the charge voltage threshold and discharge voltage
threshold of ESS are taken as outputs. At last, a ground ESS was
used to verify the control strategy in Liyuan Station of Beijing
Metro Batong Line. It can be seen from the experiment that
the charge and discharge threshold of ESS can be well adjusted
according to the change of energy. It ensures the recovery and
utilization rate of the renewable energy in the ESS.
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