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Abstract—This paper proposes an energy loss analysis method
for a stationary battery-supercapacitor hybrid energy storage

system (HESS) in the case of regenerative braking energy recovery.

Firstly, the energy loss model of stationary HESS is established.
Then, the key parameters of the actual load are extracted to
establish a simplified load model. The sensitivity analysis of energy
loss is carried out by considering the influence factors such as
voltage of substation, the state of charge for battery, and the
characteristics of load profile. The simulation analysis of sensitive
parameters are performed according to the actual conditions of
Batong Line in Beijing .
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. INTRODUCTION

Batteries and supercapacitors are commonly used energy
storage devices. As the growing demand for the energy
conservation and carbon emission decrease, energy storage
technology used in urban rail transit has been more and more
important. The characteristics of different ESS are different in
power density and energy density[1]. The applications of
batteries, supercapacitors and flywheels in urban rail transit are
depicted in Fig. 1. In order to satisfy the functions of voltage
compensation, recovery of regenerative braking energy and
emergency traction, this paper chooses a stationary battery-
supercapacitor hybrid energy storage system (HESS) in the
substation to meet the above functions.

The research on the technology of ESS in urban rail transit

mainly considers the impact of the traction power supply system.

Paper [2] proposed a line-voltage control strategy to improve
energy efficiency and reduce voltage drop of catenary. A voltage
compensation control strategy of SC for a line with a long power
supply distance was proposed in [3]. In [4], the control strategy
of SC was proposed with the goal of maximizing the recovery
of train braking kinetic energy. A control strategy to reduce
catenary energy loss based on the SOC of SC was proposed in
[5]- An online energy management controller effectively splits
the load demand and achieves excellent result of the energy
efficiency [6]. A controller of hybrid energy storage system was
designed in [7], and the performances of the active hybrid power
source in comparison to the passive one was discussed in [8].
Two real-time energy management strategies have been
investigated for optimal current split between battery and
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supercapacitor (SC) in electric vehicle applications [9].
However, there are relatively few studies considering the impact
of the load side on the ESS. Paper [10] analyzed the effect of
load on the efficiency and temperature rise of HESS based on
electric vehicles. In [11], the energy loss of the battery
semiactive HESS was analyzed based on the equivalent
resistance and a pulsed current load. Paper [12] achieved a real-
time HESS control strategy by optimizing current fluctuations
of battery and energy utilization of SC. Most of these studies
considering characteristics of ESS are based on electric vehicles.
This paper will analyze the impact of the braking situation on
the HESS in the urban rail traction power supply system. The
sensitivity analysis of the energy loss will provide the basis for
the analysis of the characteristics of the HESS side for the
research of other stationary HESS.

Voltage DroB
Energy Recover¥
Emergency Traction
I I I I I I
Supercapacitors | | |
| l ] ] | |
| Flywheels | |
J J Discharge
| Batteries | Time (s)
|

| | | | P

'

10* 10° 10 10° 10° 10*

Fig. 1. Application of ESS in urban rail transit

The focus of this discussion is on establishing a guideline for
evaluating and improving management strategies of the HESS.
The proposed hybrid energy storage energy loss model is
described in section Il. Section Il analyzes the load
characteristics of train operation and proposes a simplified load
model. And then sensitivity analysis of hybrid energy storage
energy loss is described. Effect of sensitive parameters on
energy loss is discussed in Section IV. Section V is the
conclusion.

Il. MODEL OF HESS

A. System Configuration

In order to ensure the safety and reliability of the stationary
HESS, the HESS topology model of Fig. 2 is adopted. The



battery and SC are connected in parallel with the substation via
dc-dc converters 1, 2, respectively. The characteristic of
substation is simulated by an ideal voltage source in series with
the resistance. Using series diodes to represent the uncontrolled
rectification characteristic of traction substation. To simplify the
load model, an ideal current source is used here instead of the
load of traction power system. When the load current i is
negative, the regenerative braking energy is recovered by the
HESS.
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Fig. 2. The structure topology of HESS

B. Energy Loss Model

The energy loss of HESS mainly comes from battery, SC and
two dc-dc converters. The energy loss of each part is discussed
below.

1) Battery Pack: Considering the load frequency
characteristic of urban rail transit and the nonlinear
characteristic of the battery, this paper uses a first-order
equivalent circuit model with a controlled voltage source and
an equivalent resistance in series to model the battery. Vg is
equivalent to the open circuit voltage of the battery, and Ry, is
the internal resistance of the battery. Vo, and Ry, are related to
the SOC of the battery[13], Fig. 3 shows the relationship
between parameters of the battery cell and the SOC used in the
simulation, Vg, and Ry are expressed as sixth-order polynomials
as

V,,=a, +a, x SOC, +a, x SOC,* +a, x SOC,° +

a 5 6 (1)
a, x SOC,*+a, x SOC,° +a, x SOC,
R,=h, +b, x SOC, +h, x SOC,? +b, x SOC,? )
+h, x SOC,*+h, x SOC,° + b, x SOC,° @)
where SOC; is a specific SOC of the battery.
The energy loss of the battery is expressed as
2 (3)
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where iy is the battery current. Refer to (3), the energy loss of
the battery is mainly affected by i». Since iy is converted by a
dc-dc converter, it is related to the parameter of DC bus. iy is
expressed as
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where Vs is the voltage of substation; #: is the efficiency of dc-
dc converter 1. 71 is expressed as (5). The efficiency maps for
Buck mode of dc-dc converter 1 is demonstrated in Fig. 4. In
Fig.4, the battery SOC value range is from 0.4 to 0.8 and the
battery current varies from 160 to 200A. It can be observed that
the dc-dc converter has lower efficiency because of a light load.
To simplify the calculation, assume that the efficiency is
constant.
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Fig. 3. The relationship between battery cell voltage, internal resistance and
SoC
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Fig. 4. Efficiency map of dc-dc converter 1 in Buck mode.

2) SC Pack: This discussion uses a first-order equivalent
circuit model to describe the SC. Vs is equivalent to the open
circuit voltage of the SC, Ry is the internal resistance of the SC.

The energy loss of the SC is approximately expressed as
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where i is the SC current. iy is expressed as

i = Vsc _ \/Vsc2 - 4Rscvbusid2772 (7)
€ 2 R, 2R,
. . 8
7, = (Vsc - Isc Rsc )llscl ( )
, =

(Vsc - isc Rsc )llscl + PLOSS _DD2

where 72 is the efficiency of dc-dc converter 2. 7 is expressed
as (8). The efficiency maps for Buck mode of dc-dc converter 2
is demonstrated in Fig. 5. In Fig. 5, the SC current value range
is from 800 A to 1000 A and the SC voltage varies from 336 V
to 744 V. It can be observed that the efficiency of the dc-dc
converter 2 is much lower than that of the dc-dc converter 1
because of a larger current.

0.982
0.98

0.978

2

=
0.976
0.974

0.972
800

600 -800

ﬁ( I/) 400

-900
L&)

-950
200 -1000

Fig. 5. Efficiency map of dc-dc converter 2 in Buck mode.

3) DC-DC converter: The energy loss of dc-dc converter
are mainly from series inductors, IGBTs and anti-parallel
diodes. Since the paper only considers the HESS energy loss
when i is negative, only the dc-dc energy loss in the buck mode
is modeled. The energy loss of IGBT is mainly composed of
switching loss and conduction loss. The switching 10ss Psioss pp
generated by the IGBT is expressed as

Eon _DD = ConVrea\I Ireal (9)
Eoff _DD = Coff Vreal Ireal
PSLOSS _ DD=fs ( EoniDD + Eoff _DD ) (l O)

:fsvreal Ireal (COF‘ + COﬁ )

where Co, and Corr are the switching loss parameters calculated
by the IGBT data specification, respectively; Vi is the voltage

across the IGBT and lrea is the current flowing through the IGBT.

fs is the switching frequency.

At steady state, the IGBT and the anti-parallel diode have a
conduction voltage drop with a conduction current. The
expression of the conduction loss is

I:)CLOSS_DD:iLZRL +(iL2RD+iLVD)(l-ds) (11)
+(i, "R+ V, )d,

where i, is the current of the inductance; R, is the equivalent
series resistance of the inductance; Rs and Vs are the on-
resistance and equivalent voltage drop of the converter
respectively; Rp and Vp are the on-resistance and equivalent
voltage drop of the diode D, respectively; the switch duty ratio
ds is expressed as

dsl = (Vob - ib Rb )/Vbus (12)

dsZ = (Vsc - isc Rsc )/Vbus (13)

So the energy loss of the converter can be expressed as
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I1l. SENSITIVITY ANALYSIS

A. The Characterisitic of the Load

HESS mainly plays the role of compensating the catenary
voltage and recovering the regenerative braking energy during
the normal operation of the traction power supply system.
Regenerative braking energy is generated when the train
decelerates. In order to absorb the regenerative braking energy,
the Batong line in Beijing is equipped with a hybrid energy
storage system of 200kW battery and 800kW SC. The
regenerative braking power is analyzed by taking the operating
conditions of the train from Tugiao Station to Guoyuan Station
as an example. The train running process is expressed as

MV =u, -F (v)-u,-F, (v)-R(V)

~ Forag (S —F (S) (15)
v(0)=0,5(0)=0
v(T)=0,5(T)=S,

The train is generally operated with 4 level of traction and 3
level of braking in normal operation. The running curve is
shown in Fig. 6. It can be seen from Fig. 6 that the maximum
braking power of the train does not exceed 1 MW. And the train
braking time is about 20~40s. When the braking power exceeds
800kW, in order to absorb the maximum regenerative braking
power, assuming at least one device in the battery and the SC
needs to operate at full power. Therefore, in the energy
consumption analysis, the regenerative braking power below
800kW and above 800kW are analyzed separately. Regenerative
braking power above 800kW is discussed in Section IV.
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Fig. 6. Train operation curve

For theoretical analysis, the pulsed power profile is used to
represent the load in combination with the actual braking
situation [14]. As shown in Fig. 7, the pulsed load power Pioaq
is the regenerative braking power that needs to be absorbed by
the HESS, and T is the regenerative braking time. So, the load
current

II = I:)Ioad /Vbus

When the charging power of battery is Pgar, the SC charging
power is expressed as

(16)

Psc :PIoad 'PBAT (17)
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Fig. 7. The pulsed load power

B. Sensitivity Analysis Result

Before doing sensitivity analysis, the following assumptions
were made:

e The charging power of the HESS is nearly constant.
e The voltage of DC bus is a constant.

The global sensitivity analysis is mainly to analyze the
effects of load, energy storage system parameters, and bus
voltage on the energy loss of the HESS. This paper uses the
Sobol” indices sensitivity analysis method. This method is used
to quantify the effect of each parameter or related parameter on
the variation of the output results [15]. This discussion mainly

analyzes the impact of Pioad, Peat, SOC_init and Vpys ON energy
loss of the HESS. In order to meet the voltage requirements, the
battery cells are connected in 23S2P and the SC modules are
connected in 14S8P. The range of variation of Pioad, Pgar,
SOCh_imit and Vs is shown in TABLE 1. . This discussion is
mainly for braking conditions, so the bus voltage is larger than
the 836V which is no-load voltage of the substation. This
discussion uses the quasi-Monte Carlo algorithm to extract
800,000 Halton points to evaluate first-order sobol indices. The
expectation and standard deviation of the effects of 800,000
samples on the battery and its parallel dc-dc converter section,
SC and its parallel dc-dc converter section, and the overall
energy loss of HESS, E(y) and o(y), are shown in TABLE II. .
It can be seen that the energy loss of the SC in the HESS is
slightly higher than that of the battery; meanwhile, the energy
loss of the SC is relatively more sensitive to the battery.

TABLE I. RANGE OF SENSITIVE VARIABLES
Parameter Pload Pear SOCo_init Vius
Min 200kW 50kW 0.4 860V
Max 800kW 200kw 0.8 900V
TABLE II. THE EXPECTATION AND STANDARD OF ENERGY LOSS
Battery SC HESS
E(y) 0.12 0.38 0.5
o(y) 0.13 0.44 0.43
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Fig. 8. First order Sobol’ indices for energy loss in battery.

It can be seen from the first-order Sobol’ indices of Fig. 8
that the DC bus voltage has slight effect on the energy loss of
the energy storage system. The energy loss of the battery is
affected by the two variables of Pgar and SOCy. The energy loss
of the SC is mainly affected by the load.

IV. INFLUENCE OF HESS PARAMETERS

As can be seen from the above sensitivity analysis, the
battery energy loss is mainly related to its initial SOC and
charging power; and the SC energy loss is primarily related to
the overall power distribution. From the above sensitivity
analysis, the bus voltage hardly affects the energy loss of the
HESS. Therefore, when analyzing the energy loss, the bus
voltage is assumed to be a constant value for analysis. The actual
impact of these sensitive factors on HESS will be discussed
below.



A. Impact of Sensitive Parameters

In the case that the load power Pieaq is 600KW and T is 20s,
the energy loss of the battery and dc-dc converter 1 varies with
Pear and SOCy_init are shown in Fig. 9 and Fig. 10, respectively.
As SOC_init increases, the energy loss of the battery and dc-dc
converter all decrease.
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Fig. 11. Energy loss with different Cq .
(C)P1oad=-600kW, (d)P)5as=-800kW

(2)Pioad=-200KW, (D)Poaq=-400KW,

Under the premise that the initial SOC of the battery is 0.4
and the Vbus is 860V, the allocated power of the battery is
changed, and the energy loss of the HESS is as shown in Fig.11.
The power allocation ratio Cd is expressed as

0

C — _BAT
‘= (14)

oad

The four subgraphs of Fig. 11 show the trend of energy loss
under different Piaq. The energy loss of HESS decreases first
and then increases with the increase of Cq. As the load power
increases, the Pgar corresponding to the lowest energy loss
increases. Take the load power of 600kW as an example. At this
time, the lowest energy loss corresponds to Pgar of 120kW. The
dc-dc converter is controlled by the voltage and current double
closed loop, and the charge threshold is set to 860V. The
simulation results are shown in Fig. 12 and Fig. 13. It can be
seen when the load power is 600 kW, the battery and the SC start
to charge, and the DC bus voltage is stabilized at 860 V; the
voltage of the SC rises rapidly. Since the battery is charged with
constant power and Pload is a constant, the SC current rises in
order to maintain a constant charging power.
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Fig. 12. Voltages of the dc bus, battery and supercapacitor packs
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B. Impact of Pjoag above 800kW

If Pioag is larger than 800kW, assuming at least one ESS need
to charge with full power. The variation of HESS energy loss is
discussed below for the load power in the range of 800kW to
1IMW.

The HESS energy loss when the battery and the SC are prefer
charged at full power, respectively, is shown in Fig. 14. When
Pload is lower than 880kW, the energy loss of the battery priority
full power charge is less than that of the SC. When the Pjag
exceeds 880kW, the energy loss of the SC priority full power
charge is less than the battery priority.

When the SC is fully charged, the relationship between the
HESS energy loss and the initial SOC of the battery is shown in
Fig. 15. As can be seen from Fig. 15, when the SC is fully
charged, the energy loss of the battery decreases as the initial
SOC increases. In order to reduce the battery energy
consumption when controlling HESS, the SOCy _init should be
large as much as possible while satisfying the recovery of
regenerative braking energy.
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V. CONCLUSION

In this paper the energy loss of stationary HESS is analyzed.
The paper first established the HESS energy loss model. The

first-order Sobol’ indices were used to analyze the sensitivity of
the parameters affecting the energy loss in hybrid energy storage
system. It can be seen from the analysis that the magnitude of
the bus voltage hardly affects the of the battery are sensitivity
variables for energy loss. Then, the trend of the sensitivity
parameter to the energy loss was also quantitatively analyzed.
Under different loads, the power distribution ratio Cq4 at the
lowest point of energy loss is different. As the load power
increases, the battery distribution power corresponding to the
lowest energy loss point is higher. In the actual operation
process, in order to reduce the energy loss of the HESS, the
appropriate power distribution ratio should be selected.
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