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Bi-level Optimization of Sizing and Control
Strategy of Hybrid Energy Storage System
in Urban Rail Transit Considering Substation
Operation Stability

Hongzhi Dong, Student Member, IEEE, Zhongbei Tian Member, IEEE, Joseph W. Spencer, David Fletcher,

Siavash Hajiabady
ko Resistance coefficients [N]
Abstract—The hybrid energy storage system (HESS) which /1 Resistance coefficients [N/(m/s)]
consists of battery and ultracapacitor can efficiently reduce the /2 Resistance coefficients [N/ (m/s)’]
substation energy cost from grid and achieve the peak shaving  Fme Train mechgnlcal power [W]
function, due to its characteristics of high-power density and high- Pl Train electrical power [W]
energy density. The sizing of HESS affects the operation cost of U Cateqary Vol.tage [Vl ] )
whole system. Besides, operation stability (like substation peak 7/ Traction chain conversion efficiency
power and voltage fluctuations) is rarely considered in urban rail Usup Substatmn voltage [V]
transit (URT) when sizing optimization of HESS is considered. Uoc Substation no-load voltage [V]
Thus, this research proposes a sizing and control strategy  lsb Substation current [A]
optimization of HESS in URT. First, the mathematic model of Rsup Substation resistance [Q]
URT with HESS is established, which is used to simulate URT and B Current of battery [A]
HESS operation state by power flow analysis method. Then, based Rs Battery resistance [(]
on the proposed HESS control principle, a bi-level optimization of Us Voltage source of battery [V]
HESS in URT is proposed. The master level aims to optimize the Usat Voltage of battery [V]
rated capacity and power of HESS, reducing total operational cost. Usss Voltage of BESS [V]
Then, the HESS control strategy is optimized at slave level, Toess Current of BESS [A]
reducing substation peak power and voltage fluctuations of URT. SOCs State of charge of BESS
The case study is conducted based on the data of Merseyrail line ~ SOCB initial Il’lltla'l SOC of BESS
in Liverpool. A comparison is also conducted, which shows that B Efﬁc1ency OfBESS
the proposed method can reduce daily operation cost by 12.68%  [B.life Battery lifetime [year] _ _
of the substation, while the grid energy cost is decreased by  ®!,02,03,04 Fixed parameter for lead-acid batteries
57.26%. DOD Depth of discharge [%]
keycle Full or half cycle coefficient
Index Terms—Urban railway transit, hybrid energy storage I Total battery cycles
system, bi-level optimization Uc Capacitor voltage [V]
Cuc Capacitance [F]
NOMENCLATURE Ic Capacitor current [A]
Variables Uuc Ultracapacitor voltage [V]
v Train velocity [m/s] Rc Ultracapacitor resistance [Q]
s Train position [m] Tuc Ultracapacitor current [A]
Teq Train equivalent mass [t] Uucess UCESS voltage [V]
mo Empty train mass [t] Tucess UCESS current [A]
mi Load mass [t] SOCuc State of charge of UCESS
A Dimensionless rotating mass factor Uthre d HESS discharge threshold voltage [V]
Fen Train traction force [N] Uthre ¢ HESS charge threshold voltage [V]
Fr Train resistance force [N] Pis_req Required traction power from URT [W]
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PV
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ucC
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CTS
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Total RBE injected to the HESS [W]
Charge power of HESS [W]

Charge power of UCESS and BESS [W]
Initial SOC of UCESS and BESS

Final SOC of UCESS and BESS

Total charge time of UCESS and BESS [s]
System operation time ¢ [s]
Comprehensive cost of HESS [GBP/day]
Capital cost of HESS [GBP/day]
Replacement cost of battery [GBP/day]
O&M cost [GBP/day]

Salvage value of battery [GBP/day]
Operation days of HESS [day]

Capital recovery factor

Project service period [year]

Annual discount rate

Rated power of UCESS [W]

Rated capacity of UCESS [kWh]

Rated power of BESS [W]

Rated capacity of BESS [kWh]

Price of BESS rated power [GBP/kW]
Price of UCESS rated power [GBP/kW]
Price of BESS rated capacity [[GBP/kWh]]
Price of BESS rated capacity [[GBP/kWh]]
Total number of replacements of BESS
Replacement cost of BESS [GBP/MWh]
Fixed O&M annual cost [GBP/day]
Variable O&M cost [GBP/day]

BESS fixed O&M price [GBP/kW/year]
UCESS fixed O&M price [GBP/kW/year]
BESS variable O&M price [GBP/kW/h]
UCESS variable O&M price [GBP/kW/h]
Operation hours of BESS [h]

Operation hours of UCESS [h]
Depreciation coefficient of BESS
Definition of sinking fund factor
Substation energy cost [GBP/day]

Cost of power from utility grid [GBP/kWh]
Demand charge [GBP/day]

Price of demand charge [GBP/kW]
Maximum averaged substation power [W]
Total system operation time [s]

Train rated voltage [V]

Auxiliary power [W]

Resistance of railway line [Q]

Resistance of train [Q]

Resistance of substation [Q]

Urban railway transit

Energy storage system

Hybrid energy storage system
Renewable energy source
Photovoltaic

Regenerative braking energy
Ultracapacitor

Ultracapacitor energy storage system
Battery energy storage system
Conventional traction system
State of charge

Balance of plant

Operation and maintenance
Sinking fund factor

Particle swarm optimization with
compression factor

I. INTRODUCTION

rban railway transit has gained great development in

most modern cities, considered as the most economical

and environmentally friendly transportation in daily

life [1-3]. With the acceleration of decarbonization in
the global world, reducing the energy consumption of URT has
become a critical problem.

Some methods of reducing energy consumption based on
URT system have been widely investigated. One of them is the
timetable optimization. It can improve the utilization rate of
regenerative braking energy (RBE) by increasing the
overlapping time [4, 5]. Another one is the driving profile
optimization, and this can directly decrease the train vehicle
traction energy demand in URT [6-8]. But these two methods
have great limitations on further reducing energy consumption.
Energy storage system (ESS) provides a more efficient
approach to reduce the energy consumption of traction
substation. It can further increase the utilization of regenerative
braking energy of URT by storing and transferring it back to
URT system. Currently, battery and ultracapacitor are the two
popular types of ESS applications in energy system. Most
research conducted has been related to improving the energy
efficiency of URT by ESS. [9] proposed a dynamic module of
battery energy storage system (BESS) considering the SOC and
charge/discharge threshold, and the method reduced 590kW
substation peak power. [10] designed converter control strategy
for ESS and optimized dynamic performance of the ESS.
Furtherly, [11] proposed distributed cooperative control
strategy for URT with ESS based on a value decomposition
network. [12] designed a smart control strategy for ESS and
RBE in URT system, reducing the energy consumption of
substation. But the economy issue caused by ESS sizing is a key
factor in actual operation.

For single-type ESS, its sizing optimization brings a great
challenge for energy system operation, and most of research has
been conducted by considering economy and environment. [13]
investigated a novel method of joint sizing and siting for
UCESS in URT, by comparing various siting and sizing
solutions between two substations. [14] utilized a bi-objective
nonlinear mathematical model to address the optimal siting and
sizing of UCESS. An energy saving of 1730 kWh has been
achieved in the simulation based on the real data of Italian URT
line. [15] proposed a model to determine the optimal
installation location of UCESS, and a benefit of 188% the initial
investment is gained. For UCESS, it is hard to achieve further
energy saving due to its high investment cost and low energy
density. In BESS application, researchers like [3] tested the
energy-saving capability of BESS with different capacities.
[16] utilized the genetic algorithm to optimize the sizing, charge
and discharge limits of BESS, and improved energy saving by
30% in URT system. However, BESS needs to avoid charging
or discharging frequently due to the battery degradation, which
is also a main focus in cooperation with URT [17]. Thus, the
single-type ESS usually has certain limitation in operation due
to its characteristics of power density or energy density.

The HESS, consisting of BESS and ultracapacitor energy
storage system (UCESS), can achieve both high-power density
and high-energy density characteristics. It has been widely
proven that it can support the power grid operation and



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION

renewable energy sources better than single-type ESS [18].
However, the related cost defined by the HESS rated capacity
and power will affect the system operation cost. Besides, HESS
requires a more complex and efficient control to achieve the
cooperation between UCESS and BESS. Thus, HESS sizing
and control strategy or energy management are crucial factors
in the design and operation of URT.

Regarding the HESS sizing optimization, it is hard to achieve
economy operation and efficient control at the same time
because of the high investment cost of UCESS and high
operation cost of BESS. The multi-level optimization has
become an efficient method to solve the above problem. [19]
proposed a bi-level optimization model for the sizing and
operation of HESS in railway, considering operation cost and
battery degradation. The proposed method helped one
substation achieve 8.69% annual saving. Similarly, [20]
obtained the optimal sizing of HESS in high-speed railway by
minimizing the system operation cost. Optimization model is
was also considered as a two-level structure, achieving cost
saving by 30.95%. [21] aimed at traction power supply system
with HESS and renewable energy source (RES), and it
proposed a two-layer optimization method. A 13.55% of cost
reduction is achieved by sparrow search algorithm. Sizing
optimization of URT is usually conducted with energy
management, but ignores the system operation states.

Also, many researchers have already investigated the
optimization of HESS sizing and energy management in
electric vehicles, microgrids, and power grids. Different from
URT, only UC cost [22] or HESS cost [23] is considered as
objective function with battery lifespan to optimize the HESS
sizing in electric vehicles. Similarly, [24] also considered
unserved and surplus energy as penalty cost for HESS sizing
optimization in microgrid. [25] utilized multi-objective solution
to optimize the location and capacity of HESS, reducing line
loss and electricity cost in power grid. This kind of HESS sizing
optimization (in electric vehicles, microgrids, and power girds)
is usually solved by the multi-objective function with load or
power profile. The system operation stability which may be
affected by control strategy has not been focused on as well.

The control strategies of ESS or HESS, which usually ignore
the operation cost, mainly aim to investigate the optimal
operation states of the URT. Regarding power of substation,
some researchers utilized the ESS to achieve the peak shaving
of substation [26]. Similarly, [27] investigated different
charging and discharging thresholds of UCESS, achieving the
maximum utilization of RBE based on the different train
operation states. Similarly, [28] designed a real-time and
optimal control for URT and UCESS, which can adjust UCESS
control threshold dynamically according to the states of trains.
These studies provide an efficient approach regarding the
control optimization of URT with ESS, improving the operation
stability of substation. As for control strategy in HESS, not only
the control strategy but also the cooperation between UCESS
and BESS should be focused on. Usually, the UCESS is applied
to extend the battery life of BESS, while the BESS will cover
the capacity shortage of UCESS. Thus, the battery degradation
is a main focus in control optimization of HESS. [29] focused
on extending the battery service life in a micro-grid by
optimizing the ratio of UC unit’s charge and discharge times,

and the problem is solved by an intelligent algorithm. In terms
of system operation stability, [30] utilized three-stage
scheduling (day-ahead, 15-minute ahead, and real-time) for
HESS to track feed-in PV panels, eliminating the uncertainty of
renewable energy sources. In summary, the sizing and control
strategy of HESS is still a crucial problem in URT system,
which has a markable impact on system economy and operation
stability (like substation peak power and voltage fluctuations).

Current research usually utilizes the power profile of URT
to optimize the sizing and energy management of HESS in
URT. Other operation states of the system, like traction
substation power and voltage, may be ignored. Thus, this
research proposes a bi-level optimization of HESS sizing and
control strategy for URT, which considers the substation peak
power and voltage range. The master level will optimize the
rated capacity and power of HESS by minimizing the system
daily operation cost, and then the control strategy of HESS will
be optimized at slave level according to different timetables. To
be specific, the substation operation stability is enhanced
(substation peak power and voltage fluctuations are reduced) by
the HESS control strategy and demand charge in slave level of
optimization. The main contributions of this research are:

1. Based on the equivalent model of URT with HESS, a bi-
level optimization method of HESS sizing and control strategy
in URT is designed. The method aims to reduce the total daily
cost and improve the URT substation operation stability
(including the reduction on substation peak power and voltage
range).

2. Based on Merseyrail line with whole-day operation, the
proposed method is compared with conventional traction
system (CTS) and CTS with single-type ESS, and the impact of
different optimization strategies is analyzed.

The rest of this paper is organized as follows. Section II
describes the modeling of the system, including train vehicle,
substation, railway line, HESS model. Then, the power flow
analysis method of the URT with HESS is introduced; in
Section III, the proposed bi-level optimization is introduced.
The case study based on Merseyrail line in UK is illustrated in
Section I'V.

II. MODELING OF URT wiTH HESS

This research is conducted in the URT with HESS, and its
basic structure is shown in Fig. 1. The HESS is installed in
substation, which is connected to a DC busbar which is directly
linked to the traction substation or third rail. The HESS can
discharge to provide the traction power and be charged by
regenerative braking energy (RBE). The RBE is generated by
braking trains and then injected to the substation.

mm== Communication flow

= Energy flow Optimal sizing

EE— o9

= _lkV ﬁ ﬁ Optimal control = |

g1 1 gl j

8| ‘ ‘ Sizing constraints Bi-level

% — R

E Control strategy optimization

5 <J

8

= DC Busbar Operation
750V I Catenary (or third rail) information

Rail EI=02
/—:‘\‘D]-D]‘

Fig. 1. Topology of the traction system with HESS
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A. Urban railway transit model

1) Single train movement model

The single train movement model can be obtained by its mass
and velocity, which can be utilized to calculate the train traction
power and regenerative braking power. The single train moving
along the rail path is described via (1) [31].

dv
mm;;:E%—wa@
m =m (1+A)+m, €]
ds
2y
dt
F(v,s) =k () +kyv+k’ 2)

Where mcq is the train mass, v represents the train velocity,
Fen is the train traction force or brake force. mo, m; are empty
train mass and load mass, and 4 is dimensionless rotating mass
factor. ko, k1, and k, are resistance coefficients derived from the
actual train shape and its powertrain.

According to different work states of train (accelerating,
cruising, coasting, and braking), the power of train will be
calculated separately. The train obtains the traction power from
the catenary or third rail when it is accelerating or cruising and
generates the regenerative braking energy (RBE) when it is
braking. Thus, its traction power and regenerative braking
energy can be obtained by (3) to (5):

I)me:F'vehv (3)
P/ if P >0
S e )
F.no i B, <0
=t (5)
U

1

Where Py, represents the train mechanical power, and Fyep is
traction force. P,; is the train electrical power. /; is the current,
and the U, is the catenary voltage, 7 is the efficiency of traction
chain conversion.

2) Traction network model

The URT traction network, including traction substations, is
modeled by the equivalent circuit model shown in Fig. 2, the
similar modeling method can be found in [27]. The substation
equivalent model (non-reversible) includes a voltage source and
a resistance, and the voltage of substation Usy, can be expressed
as equation (6). Rsuw, Usw, and Iy are the substation equivale
resistance, voltage and current. Ugc is the substation no-load
voltage.

Ugp =Uoe =L Ry, ()

The DC railway line is modeled as a time-varying resistance
Riine, which represents the train real-time location caused by its
movement. The train is modeled as a power source or a load.
is the nodal voltage, and M is the total number of nodes in the
whole system, n and & are the number of substations and trains.

V) Riinen1 V5 Riiner2Vy Riine1aV o Riine1s Vy,
]

Riine13
Line
i

Loupr 1 Lo

[ Lot

[] Rauo

O Uoe

[ Reu

- Uoc

Substation 2
R] ine22

Substation 1 .
Riineai 5
]

Ryinera Iy

Riine2s
Line?

-

|_
;slﬁl!ﬂ!l

Vit

Fig. 2. URT traction network equivalent model

B. HESS model

HESS model includes the battery and ultracapacitor in this
research. The model for each part is considered separately.

1) BESS equivalent model

The lead—acid battery is chosen in this research, as it has been
widely applied in related research [20, 32]. The battery model
usually consists of a bidirectional DC/DC converter and battery
cell, which is simulated by an equivalent resistance and a
voltage source (shown in Fig. 3), and the detailed equations are
shown in equation (7) to (9).

Igess

+ Usgss

Fig. 3. Battery equivalent model

Uy =Ug-IxRy @)
Ugpss = (UBatIB ) / Tggss (®)
[ Bty
SOCy = SOCy 44 - )
- EBiratcd

Where Rp, Usa, I are the equivalent resistance, voltage,
current of the battery, and Us is the voltage source of battery.
Usgss, Isess are the equivalent resistance, voltage, current of the
battery. SOCg and SOCS initiai 1 the current SOC and initial SOC
of battery. Eg raed 1S the rated capacity of battery. Both charge
and discharge efficiency of battery are considered as #g, which
has not been presented in the equations. The lifetime of BESS
is more easily affected by charge or discharge action than the
UCESS [33]. Due to the much longer lifetime of UCESS than
BESS, the degradation is only considered in the BESS.

The detailed analysis of battery degradation is not shown
here. Based on rain flow method [32, 34-36], the lifetime of
BESS T3 iir. can be expressed by (10).

1
Tore=1/(365) k 1

cycle a, DOD, a,DOD, )
pa e +aetT

(10)

Where a, o, 03, and a4 are the fixed parameter for lead—acid
batteries [36] (operation temperature of battery is supposed as
20 °C all the time.). / is the total battery cycles, kcyclc €quals 1
for a full cycle while 0.5 for a half cycle, DOD is the depth of
discharge (which is decided by the change of battery SOC,
DOD=S0OC3g +1- SOCBg,).
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The full cycles and half cycles of charge and discharge are
obtained from a series of sequences, solved by the rain flow
counting method [36].

2) UCESS equivalent model

The ultracapacitor model is simulated by its equivalent
model, which consists of a resistance R and a capacitance C
[11], shown in Fig. 4. The voltage and current of UCESS can
be calculated by equation (11) to (14).

IUCESS
+ Uycess =

Fig. 4. Ultracapacitor equivalent model

1 T
Ue®)=Ue®) =7 [ Lo yar (1)
U. =Uy +R.1 (12)
Uvcrss = (UUCIUC ) ! Tycgss (13)
j | Tuc (vt
SOCUCfinitial = SOCUCfinitial _E— (14)

UC _rated

Uc and [. are the voltage and current of UC, while the Uycgss
and Jycess are the voltage and current of UCESS on the catenary
side, Euc rawed 18 the rated capacity of battery. Both charge and
discharge efficiency of UC are considered as 7yc, which has not
been presented in the equations.

3) HESS control strategy

The 24-hour operation of URT with HESS is considered here.

Thus, the control strategy has two main parts for different
periods, as shown in Fig. 5. First, the HESS will discharge to
support the URT system and be charged by RBE from URT,
when URT is in service period, similar with [37]. Then, the
HESS will only be charged by substation when trains are not

operating overnight.
In URT service period Out of URT service period

Control strategy 2

e

10kV Control strategy 1 10kV

.y

DC Busbar DC Busbar

ﬂ
2 Traction Substation
<

> . .
2 Traction Substation
<

I Catenar I Catenary

Rail Rail
Fig. 5. HESS control strategies in different periods

In URT service period, the HESS will be controlled
according to the substation voltage, and then the UCESS and
BESS in HESS will cooperate to support the traction system
and absorb the RBE. The basic control principle of UCESS and
BESS in HESS is shown in Fig. 6. Usnre ¢ and U ¢ are the
voltage threshold signal of HESS discharge and charge. Pyc and
Pg are the power of UCESS and BESS, and the discharge power
is the positive value while charge power is the negative value.
Puc max and Pp max are the maximum discharge power of
UCESS and BESS (which are equal to the rated power and are
positive values), while Puyc min and Pg min are the maximum
charge power of UCESS and BESS (which are equal to the
minus rated power and are negative value). Puis req 1S the

required traction power from URT. P is the total RBE injected
to the HESS, which is a negative value.

Load data J——[ URT simulator]
i

for t =1:tio

If Uitre a< Usubs < Uste

Yes

HESS standby:
Pyc,=0
Pp~0

No Ift>t . T

Fig. 6. HESS control principle

In this control strategy, the HESS will discharge when
substation voltage is lower than the HESS discharge threshold
voltage Umre ¢. The UCESS will discharge first to meet the
required traction power from control center. If the required
power is larger than the maximum power of UCESS or the
UCESS SOC reaches the minimal value, the BESS will
participate in discharge.

On the contrary, the HESS will be charged when the
substation voltage is larger than the HESS charge threshold
voltage Uwmre . The UCESS will be charged first by injected
RBE. If the RBE power (negative value) is lower than the
minimum power of UCESS or the UCESS SOC reaches the
maximal value, then the BESS will be charged according to the
proposed strategy. Besides, if the substation voltage is from
Utnre_d t0 Usnre ¢, the HESS will be on standby.

When URT is not in service operation time, the HESS will
be charged to its initial SOC by constant power from substation,
which can ensure the substation operation stability. The
charging power Press_ch Will be defined by equation (15) to (17).

PHESSfch - PUC ch + PBich (15)
R UC ch — (SOCUC_in - SOCUC_cnd )EUC_ralc /T, UC_ch (16)
PBich = (SOCBJ" - SOCBiend)EBirate / TBﬁch (17)

Where Press_ch, Puc ch, PB_ch are the charge power of HESS,
UCESS, and BESS. SOCuyc i and SOCp iy are the initial SOC
of UCESS and BESS. SOCuc end and SOCg eng are the SOC of
UCESS and BESS in the end of trains operation. Tuyc «n and
Tuc_ch are total charging time.

If the SOC of UCESS or BESS is larger than the initial value,
the UCESS or BESS will not be charged anymore.

C. Power flow analysis of URT with HESS

1) System power flow overview
Conventional power flow analysis of URT only considers the
traction substation, railway line, and train vehicle.
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2) Power flow analysis

The power flow of URT with ESS is based on nodal voltage
equations. In the equivalent model of the URT, the HESS is
connected to the traction substation in parallel.

According to the equivalent circuit model of the system
shown in Fig. 2, the basic nodal voltage equation of URT
system is shown in (18)-(21). To be specific, each value of Riine
is different and decided by the train real-time position between
two nodes. Y is the admittance of R.

V1=0r1'11] (18)
Where
M= ¥ - ] (19)
T

[I] = I:Isubl Itl Isub n ] (20)

Ylinell + YlineZl _Ylinell _Ylinezi 0

_Y]ineii Yline]l + Yline]Z _Y]ineiz 0

[Y ] = 0 ~Yinear Yiverr + Yiners 0

0 0 0 YlinelS + YiineZS

(21)

In the equivalent model of URT with HESS, HESS is
connected to substation in parallel, which means that the Uggss
equals Usp. Based on the above nodal equation, the detailed
progress of the power flow analysis method of urban rail transit
with HESS is shown Fig. 7.

Calculate power flow based on (17)-(20)
without considering HESS,
Obtain the Usy,: Jsub, and Py,

>
Yes
[ URT generates RBE ] [ URT in traction mode ]

Yes Yes
HESS charge HESS discharge

Py =0
Puess: = Proe

J [ Pyt = Poub,r — Prgss.e ]
based on (17)-(20)
[

Update Ugyp,,
B —
End 4@

Then update system power flow
Fig. 7. Process of power flow analysis of URT with HESS

III. OPTIMIZATION OF SIZING AND ENERGY MANAGEMENT OF
HESS INURT

A. Overview

The bi-level optimization is designed here to address the
optimization of HESS sizing and operation. The basic structure
of the bi-level optimization strategy is shown in Fig. 8. In the
first step the system data (URT route data, timetable, electricity
price, and HESS parameter) is loaded. Then, URT with HESS

simulator will operate based on proposed HESS control strategy.
Load data

I URT route data l I Timetable l I Electricity pricel I HESS parameterl

Input D:
URT with HESS simulator nput Data

Power flow analysis:

Obtain system operation information (substation power, wltage; HESS power, SOC, energy
loss).

Bi-level optimziaiton

Input: (initialize/update from master level)
= Target: Puc_rate, P rate, Euc_rate, EB rate.
Optimize the sizing of HESS (Puc_rate, Ps_rate,

Euc rate, Es rate).

Slave level

= Objective function:

Minimize the total daily cost. Target:

Optimize the system opeartion by adjusting
the charge and discharge threshold (Uthre_c,
Uthre_d) of HESS.

min fmaster

finaster=Ceap+ Crep*+ Com+Csa+ Co L .
Objective function:

(1) Capital cost of HESS (Ceap) Minimize operational cost (Co) of URT.
(2) Replacement cost of HESS (Crep) min fomve
(3) Opeartion & Maintenance cost of *
HESS (Cowm) Output:
tout:
(4) Salvage value of HESS (Csal) .
(5) Opeartional cost of URT system (Co) ?g:[rjrlitaés-ontrol strategy (Uthre_c, Uthre_d) and

Output It
Obtain result utput resu

Optimal sizing of HESS Puc raee, Ps rate, Euc raie, Es _rae), Optimal control strategy Uss itves, Uen thres )

Fig. 8. Bi-level optimization of HESS

The whole optimization strategy consists of master level and
slave level. The master level aims to optimize the sizing of
HESS in URT, and the rated power and capacity of HESS are
the decision variables. Minimizing the total cost of URT with
HESS is chosen as the objective function of master level. The
total cost of URT with HESS includes capital cost of HESS,
cost of HESS battery replacement during the life of the
substation (effectively batteries are a consumable), operation
and maintenance cost of HESS, salvage value of HESS, and
operation cost of URT with HESS [20].

As for slave level, the optimization of energy management is
conducted, considering URT operation stability (substation
peak power and voltage fluctuations), operational cost of URT,
and battery degradation of HESS.

B. Master level
1) Objective function of master level
The master level will optimize the rated power and capacity
of HESS by considering the comprehensive cost of HESS. The
objective function fmaster is shown by (22) and (23).
min fmaser = Chiess + Curr (22)

CHESS = Ccap + Crep + COM - Csal (23)

Where Ceqp represents the capital cost of HESS, Crp is the
replacement cost of battery, Com is the operation and
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maintenance (O&M) cost, and the Cy, is the salvage value of
battery.
a) Capital cost of HESS

The HESS has four main parts in this research: battery,
ultracapacitor, electronic system, and balance of plant
equipment (BOP). The BOP devices usually include protective
devices, monitoring, and control systems. The capital cost of
HESS can be obtained by equation (24) and (25).

1
Ccap = Top ( pBﬁpP B _rate + pBiEEBirate + pUCﬁpP UC _rate ( 2 4)

+ puc_EEUC rate + PbopPHESS _rate ) kCRF

ro(1+ 7)™
kcrr =

(14 r0)™ -1

Where Top is the operation days of HESS, pg , is the price of
the rated battery power, puc p, is the price of the rated
ultracapacitor power, pg g is the price of the rated battery
capacity, puc  is the price of the rated battery capacity. ppop is
the price related to BOP. kcrr is the capital recovery factor,
which is the ratio of a constant annuity to the present value of
receiving that annuity for a given length of time. Ty is the
project service period in years and ry is the annual discount rate.

(25)

b) Replacement cost HESS
The lifetime of battery is usually less than the whole project
period. Thus, the battery should be replaced regularly when its
end of life has been reached. The replacement cost of battery
during the whole project period will be averaged on each day,
and the replacement cost Crp, is shown in equation (26) to (28):
1

Crcp = T kCRFNfi1 [pBEircp EBiratc kPVF,n] (26)
op =l
keve = (1+ I’o)_nTB’1ifc (27
Tproj
]vre = - 1 28
| 2 28)

Nrep represents the total number of replacements of BESS
during the calculation period, n is the replacement number of
the BESS, pgE rp 1s replacement cost of the capacity of battery.
KPVF is present value factor that is used to derive the present
value of a cash receipt in the future.

¢) Operation and maintenance cost of HESS

The O&M cost usually includes the fixed O&M annual cost
(Cowm ) and variable cost O&M (Cowm v). The variable cost of
O&M cost can be obtained by multiplying with yearly operating
hours, shown in equation (29) to (31).

Com = Com £+ Com v (29)

Com = ! (oB_OM_£ PB _rate + psc_om_£ Psc_rate) (30)
op

Com_v=TBs 1B oM_v PB_rate + T5c_trpsc_oM_v Psc_rate 3D

Where pg om ¢ and puc om ¢ are the fixed O&M cost of
battery and ultracapacitor, pg_om v and puc om v are the variable
O&M cost of battery and ultracapacitor. Tg nrand Tuc nrare the
operation hours of battery and ultracapacitor in one day.

d) Salvage value

The salvage value Cs, represents the resale value considering
the rest life cycle of battery. This value can be estimated by
equation (32) and (33).

(Mep + 1)TBilife - Tproj

Csal = ﬂ,dcp
T opT B_life

poircp P B_rate kSFF

(32)

ro
1+ 7o) =1

Where Aq4cp is the depreciation coefficient for the recovery of
battery cells. pp, rep is the price of the batter rated power. kspr is
the definition of sinking fund factor (SFF).

2) Constrains of master level

The master level aims to obtain the optimal sizing of HESS
including the rated power and capacity, which could have a
minimal operational daily cost of the URT with HESS. Thus,
the decision variables will be limited by constraints (34) to (37).

(33)

kSFF =

PB ratemin < PB rate < PB rate max (34)
EB rate min < EB rate < EB rate max (35)
Puc rate_min < Puc rate < PUC rate max 36)
Euc ratemin < EUC rate < EUC rate max 37

C. Slave level

1) Objective function of slave level
The control strategy of HESS will be optimized here to
obtain the minimal operational cost of traction substation.
The objective function of slave level is expressed by (38) and
(39).
min fsave = Co (3 8)

Co = Csub + Cdem (39)
The grid energy cost Csp of traction substation can be
expressed by (40).

T
Cswb = Z pgrid,tPsub,t (40)
t=1
Where pgria; is the cost of the substation power from the
utility grid at time = ¢, while the pgw, is the substation power
from the utility grid at time = ¢.
The demand charge is considered here according to the
maximum value of the averaged substation active power
(usually averaged over a 15-minute period [38]), shown in (41).

Cadem = pdemp max_ 15 min (41)

Where paem is the price of demand charge, Prmax ismin 1S
averaged substation active power.

The substation energy consumption and averaged substation
active power are determined by the substation peak power. The
HESS charge and discharge threshold will be optimized to
obtain an optimal operational cost.

2) Constraints of slave level

The charge and discharge threshold of HESS (shown in Fig.
6) will be optimized, and these two variables should be subject
to following constraints (42) to (43).

Uthreidimin < thre_d < Ut (42)

U <U, <U (43)

thre_c_min thre_c_max

During the URT operation service, headways may be various
in different periods. The control of HESS needs to be optimized
separately to gain the optimal result according to different
operation characteristics. The power quality of traction
substation is also considered here. Thus, to ensure the
substation voltage and power stability, the charge and discharge
threshold of HESS will be limited to a certain range. For a total

hre_d_max

thre_c
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number of / time periods with different headways, each HESS
control signal Utnre c;and Uwmre ¢ should be subject to following
constraints (44) and (45), which means that the substation
voltage difference between adjacent time periods is no more
than Usup_fiuc- Usub_fiuc 18 set as 1 V in this research.

|U U, |<u i=1,...,1 (44)

(45)

thre ¢l ~ 7 thre_ci sub_fluc *

|Uthre_d1 - Uthre_di | < Usub_ﬂuc > 1= 1’ Ehe I

D. Solving method

According to the nonlinear and multiple-objective
characteristics of the proposed bi-level optimization model, the
intelligence algorithm will be applied here to solve the problem,
which has been proven its validity and efficiency in similar
sizing optimization research [18, 39]. The particle swarm
optimization with compression factor (CFPSO) is chosen here,
due to the CFPSO has a great performance in global exploration
[40]. The velocity and position of each particle will be updated
by equation (46) to (48) [40].

X =[X,’;J,...,X:;’,.] (46)
Vi =alV, " +en(Py =X, ) +e,n (G = X,)] (47

X=X, 40,0 (48)

Where £ is the iteration number, m is the particle number, and

i is the variable number. P and G are the positions of optimal

result of the particle and particle swarms. a is compression

coefficient, ¢| and ¢, are acceleration coefficients, and »; and 7,

are random numbers (which are in the range of [0,1]), shown in
equation (49).

2

a:—-9
‘2—0 —/c® —4c

In each level, the number of search agents is 50 and the
maximum number of iterations is set as 50 to ensure that the
optimal result can be obtained, ¢1=2, ¢,=2.

The detailed optimization process is shown in Fig. 9. In the
solving process, decision variables are considered as discrete
value within a defined search domain, each with a fixed step
size. The search step for Puc raed and PB raed are 0.01MW,
Euc raed and Ep raeq for are 0.1 kWh, for Ugre ¢ and Upre g are
0.1V.

(49)

C=Cl+C2

Start

[Load URT parameter and timctablc}

Master level

Generate variables (size of HESS)

according to (34)-(37). Initialize or ‘

update the position and velocity of |
particle (Master level).

Slave level i
Generate variables (control signal of
HESS) according to (42)-(45).
Initialize the position and velocity of

particle (Salve level). 3
5 ~
- Input the sizing and control é %’
2 parameters of HESS to - &
R URT simulator Output the operation 53
T3 information of URT with g i
] § HESS }E %‘:
=1 Calculate fitness fue 25
2 5o according to (38) 2 §
= _.g Calculate fitness fragier é
2 :Q: according to (22 =)
5‘ Salve level,
Update pBest and gBest of
.-

Reach the maximum
iteration number?

Output optimal sizing and
control signals of HESS, and
system operation information

Fig. 9. Solving process of proposed bi-level optimization

IV. SIMULATION AND ANALYSIS

A. Parameter setting

The case study is conducted based on the Merseyrail line
shown in Fig. 10. The selected line is between Hamilton Square
and West Kirby, which is a 14.06 km straight line with 11
stations. The total journey time is around 26 min.

= Railwayline @ Station [l Substation

Manor
Road

Leasowe

Conway
Park

H

BirkenheadBirkenhead Square

North Park

Bidston

West
Kirby

Fig. 10. Merseyrail line

The detailed data of the selected Merseyrail line is shown in
Table I and Table II. Due to space limitation, the HESS is
installed in substation Moreton (substation 3) in this research.
The sizing and control strategy of the HESS in substation
Moreton will be optimized by the proposed method. The
simulation result will focus on the substation Moreton, while
the simulation process is based on the whole line shown in Fig.
10 within 24-hour operation.

The train operation time is from 05:51 to 23:01, and the
detailed timetable is shown in TABLE I. The whole train
operation period is divided into four periods according to
different headways (T1, T2, T3, and T4). The substation
location is shown in TABLE II, while parameters of the
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Meyseyrail line and train are shown in TABLE III. Besides, the
electricity price considers the time of use, which is shown in
TABLE IV.

TABLEI . TIMETABLE OF MERSEYRAIL LINE

Period headway
05:51 to 06:51 (T1) 30 min
06:51 to 18:36 (T2) 15 min
18:36 to 19:01 (T3) 25 min
19:01 to 23:01 (T4) 30 min

TABLE II . LOCATION OF SUBSTATION

. Location . Location
No. Station (km) No. Station (km)
1 West Kirby 0 7 Biston 9.1
2 Hoylake 2.02 8 Birkenhead North ~ 10.7
3 Manor Road  2.74 9 Birkenhead Park 12.11
4 Meols 3.95 10 Conway Park 13.34
5 Moreton 6.8 11 Hamilton Square 14.06
6 Leasowe 7.69
TABLE III . PARAMETERS OF THE RAILWAY SYSTEM
Use 800 V Ran 0.0161 Q
Riine 0.02 Q/km Py 75 kW
R, 0.015Q Train mass 101t
Ub rate 825 \Y Ul rate 750 \Y
TABLE IV . TIME OF USE ELECTRICITY PRICE
. Price . Price
Period (GBPAwh)  Period (GBP/kWh)
0:00-6:00 0.05 11:00-18:00 0.1
6:00-8:00 0.1 18:00-21:00 0.16
8:00-11:00 0.16 21:00-0:00 0.05

The fixed parameter of HESS including the range of HESS
rated power and capacity is given in TABLE V. Besides, the
cost of BESS and UCESS is shown in TABLE VI (data refers
to [20])

TABLE V . PARAMETERS OF THE HESS

SOCU(:J“ 0.9 B 0.8
SOCBJ" 0.8 Huc 0.95
SOCg max 0.8 Range of Eyc raea  [5, 15]
SOC5 min 0.2 Range of Puc raea  [0.5,1]
SOCucmax 0.9  Range of Ep rated [25, 50]
SOCuycmin 0.1  Range of Py raed [0.1,0.2]

TABLE VI . CoST OF THE HESS

Price  Value Price Value

PBE 515.6 PB OM f 2.8

puce 220000 pucomt O

PB p 3153 psomy 03

puc p 227.8 Puc oM v 0

PBE rep  143.6 Adep 0.7
_Poop 74.9 7o 5%

B. Simulation result

Based on Merseyrail line, four scenarios are set here to
verify the proposed method. All scenarios consider the time of
use electricity price. The sizing range of UCESS and BESS is
shown in TABLE V, considering the limitation of the
installation area. To keep the substation operation stable, the
substation voltage should be kept within a certain range. In this

research, this range is set as [790V, 810V]. Thus, the search
range of HESS charge threshold will be subjected to 800V<
Uthre_ <810V and discharge threshold 790V< U ¢< 800V.

TABLE VII. SCENARIO SETTING

Scenario  ESS type  Sizing Control strategy

S1 None None None

S2 UCESS Optimized  Different parameters for T1 to T4
S3 HESS Optimized  Same parameter for T1 to T4

S4 HESS Optimized  Different parameters for T1 to T4

TABLE VII shows the scenario setting of the case study. The
single BESS is not considered here due to its power limit, which
cannot shave the substation peak power efficiently. In scenario
S1, the conventional URT is simulated based on Merseyrail line,
and all RBE which could be injected to the substation is wasted
in resistance. In Scenario S2, only the UCESS will be installed.
Its sizing is optimized by proposed method and control
parameters will be optimized separately for different periods. In
Scenario S3, HESS will be installed. Its sizing is optimized by
proposed method and control parameters will be optimized as
same value for all periods. As for Scenario S4, the HESS will
be installed. Its sizing is optimized by proposed method and
control parameters will be optimized separately for different
periods. The optimal results of S2 to S4 are shown in TABLE
VIIL

TABLE VIII OPTIMAL RESULT OF HESS SI1ZING AND CONTROL SIGNAL
Scenario S2 S3 S4

Puc meaMW) 073 070 0.72

Euc wed (kWhH)  13.60 13 14.30
Pg raea MW) 1\ 0.15  0.17

EB rated (kWh) \ 404 4340
Uthre o1 (V) 802.5 802.5 802.0
Uthre 2 (V) 802.0 \ 801.5
Ulhrc c3 (V) 8025 \ 8020
Uthre 4 (V) 802.0 \ 801.5
Uire a1 (V) 793.4  796.5 797.5
Uie 2 (V) 793.7 \ 797.3
Ut 13 (V) 7934 \ 797.5
Utre as (V) 793.8 \ 797.4

The power and location of a single train in up line and down
line are shown in Fig. 11, and the red curve represents the train
power while the blue one is for train location.

—— Train power —— Train power
— Train location — Train location
15 15

0.8 y= 0.8

S04 LN N1 s goaf I g
S { 7 2 2 g
5 0 7,5§ 5 0 = 7Sg
z T 2 z
204 Z Zos B

0.8 200 800 1200 1600 ° 08 700 800 1200 1600°
Time (s) Time (s)

(a) (b)
Fig. 11. Power and location of a single train: (a) up line (b)
down line

1) Substation Moreton operation analysis
The conventional traction system is simulated according to
above setting (S1), which is considered as the benchmark to
make comparisons. The all-day operation state of substation
Moreton is shown in Fig. 12. The peak power of substation is
up to 0.96 MW while the substation voltage fluctuates between
776.0 V and 998.9 V.
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Fig. 12. Sl1: Power and voltage of substation Moreton
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The substation power is reduced remarkably in S2 to S4,
shown in Fig. 13. In S2, the substation peak power is 0.25 MW
during T1 and T3, and it rises to 0.26 MW during T2 and T4.
As for S3, the HESS utilizes the same charging and discharging
threshold for each period. So, the substation peak power
remains 0.14 MW during the 24-hour operation. The substation
has the lowest peak power in S4 (reduced to 0.1MW during T1
and T3, 0.104 MW during T2 and T4).

Power (MW)

Scenario

s4 6 Time (h)
Fig. 13. Comparison of substation power among S2, S3, and
S4

The substation voltage in S2 to S4 is shown in Fig. 14.
Similar to the substation power, the substation voltage has the
lowest fluctuation range in S4, from 802.0 V to 797.5V in T1
and T3, and from 801.5 V to 797.4 V in T2 and T4.

Voltage (V)

S3
Scenario

s47 Time (h)

Fig. 14. Comparison of substation voltage among S2, S3, and
S4

2) HESS operation analysis of substation Moreton
The 24-hour operation state of UCESS in S2 is shown below
(in Fig. 15). The maximum discharge power of UCESS reaches

10

0.73MW, and the SOC remains at maximum value when trains
stop operation.
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Fig. 15. UCESS operation state in S2
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The Fig. 16 and Fig. 17 illustrate the HESS detailed operation
states in S3 and S4. The UCESS and BESS discharge power is
approximately equal to the rated power in both scenarios. After
the train operation period, the UCESS and BESS are charged to
the initial SOC value by the substation with constant power.
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Fig. 16. HESS operation state in S3
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Fig. 17. HESS operation state in S4

The power of UCESS in S4 (0.57MW) is higher than the one
in S3 during T3, which leads to a further reduction on substation
peak power (0.1 MW) in S4 shown in Fig. 18. A similar result
can be seen in T1 period between S3 and S4.

Namly, the HESS discharge and charge thresholds are the
same in different operation periods in S3, so the substation
voltage shows the most stable state (from 769.5 V to 802.5 V
shown in Fig. 14) during train operation. Differently, the HESS
thresholds are optimized separately for each period in S4. The
maximum and minimum substation voltage show a little
difference in different periods, but the difference among each
period is lower than 1 V, which is still remarkably stabler than
S1.
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Fig. 18. Comparison of UCESS in S3 and S4: (a) S3 (b) S4

3) Energy and operation cost analysis of substation
Moreton

In this section, the S1 (conventional URT) will be utilized as
the benchmark value to conduct the comparison among the four
scenarios. In S1, there are 1407.6 kWh of RBE can be absorbed
by substation Moreton in total potentially.

The energy comparison of each scenario is shown in TABLE
IX. The total grid energy consumption of conventional system
is 1551.70 kWh (S1). The URT with UCESS in S2 reduces the
energy consumption from the grid by 36.23%, while S3 reduces
by 50.96%, and 57.35% of grid energy consumption has been
decreased in S4. The peak power of substation Moreton is
reduced significantly after HESS is installed, especially in S4
(reduced by 89.71%). Besides, the average power of substation
(during the train-operation period) can be decreased
significantly by HESS with proposed optimization method.
Especially in S4, the average power can be decreased by
57.36% compared to S1.

TABLE IX ENERGY COMPARISON OF EACH SCENARIO

Parameter S1 S2 S3 S4
Energy from grid (kWh) 1551.70  989.58  760.97  661.7
Grid energy saving rate 36.23%  50.96%  57.35%
Total RBE (kWh) 1407.60 \ \ \

RBE used (kWh) \ 587.01  873.03  975.35
RBE utilization rate \ 39.92%  62.02%  69.29%
HESS energy loss (kWh) 24.89 82.30 85.35
Substation peak power (MW)  0.96 0.26 0.14 0.104
Peak power reduction rate 72.92%  85.42%  89.17%
Substation average power 90.39 5764 4433 38.54

kW)

The traction power supply of each scenario is shown in Fig.
19. The total energy consumption is increased in S2 to S4
(compared with S1) because of the energy loss in ESS or HESS.
However, the energy consumption from the grid is reduced
(shown in blue), and S4 decreases most (up to 57.35%). The
RBE is utilized most in S4, which accounts for 69.29% of total
RBE.

11
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Fig. 19. Traction power supply in different scenarios

The operational cost comparison of each scenario is shown
in TABLE X. The conventional URT system will cost 200.5
GBP per day only on grid energy cost and demand charge. The
daily cost is reduced to 185.26 GBP when UCESS is installed
in S2. HESS can help system further decrease the daily cost (in
S3 and S4), although the capital cost of HESS (S4) is much
higher than the UCESS in S2.

TABLE X DAILY COST COMPARISON OF EACH SCENARIO

Parameter S1 S2 S3 S4
Grid energy cost (GBP) 183.90 115.23 89.93 78.60
Grid energy cost saving rate ~ \ 37.34% 51.10% 57.26%
Demand charge (GBP) 16.60 11.09 8.43 7.23
Capital cost (GBP) \ 58.94 79.07 85.10
Replacement cost (GBP) \ \ 2.35 2.52
O&M cost (GBP) \ \ 1.45 1.64
Salvage value (GBP) \ \ 0.02 0.02
Total cost (GBP) 200.50 18526  181.21 175.08
Total cost saving rate \ 7.60% 9.62% 12.68%
Battery life (year) \ \ 3.89 3.81

The main operational cost of each scenario is shown in Fig.
20, except for the salvage value. URT cost (including grid
energy cost and demand charge) is the most in the CTS (up to
200.5 GBP), while the HESS helps to reduce daily cost by at
least 7.60%. Especially in S4, the HESS with proposed sizing
and control optimization decreases the most on grid energy cost
(up to 57.26%) and daily cost (up to 12.68%), although its
capital cost could spend 85.10 GBP per day.

- 185.26 181.21
. 200
3
= 150
% 85.1
g 100 7.23
50 78.6
0
S1 S2 S3 S4
Scenario
m Grid energy cost ® Demand charge Capital cost

O&M cost
Fig. 20. Daily operational cost in different scenarios

m Replacement cost

In summary, the proposed method can efficiently help
substation to reduce the daily operation cost and improve the
operation stability (substation peak power and voltage
fluctuations are decreased), according to the result of S3 and S4.
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To be specific, the same optimal HESS control parameters (in
S3) allow substation to have the most stable states, with a little
increase on daily cost compared with S4. The least daily
operation cost is achieved in S4, while the substation operation
stability is still stable. From a one-year perspective, the grid
energy cost of substation Moreton can be saved by 769k GBP
during the whole project.

V. CONCLUSION

This research proposes a bi-level optimization method for
HESS sizing and control strategy in URT system. The rated
power and capacity of UCESS and BESS of HESS are
optimized in master level by minimizing the system operation
cost. Meanwhile, the control strategy of HESS is optimized in
slave level by minimizing the substation operation cost. Based
on Merseyrail line, the validity of proposed method has been
verified. The reduction in grid energy cost by 57.26% and
substation peak power by 89.17% are achieved.

The result also illustrates that:

1. The peak power of substation has been reduced
remarkably, which allows that substation transformer
capacity can be reduced, the train vehicle with higher
traction demand can be applied in the current rail line,
and departure intervals can be reduced.

2. The energy consumption of substation can be decreased
by more than 50%. As a result, in areas with high energy
price, the proposed method can achieve a further cost
saving on daily operation.

3. The same optimal control parameter of HESS will bring
more stability for substation operation while the
operation cost will increase a little, compared with
applying different optimal control parameters of HESS
for each period with different departure intervals.

However, the siting optimization of HESS in URT is not
considered here, and the RBE of the system has not been fully
utilized in the proposed method. Future work will investigate
the siting and sizing optimization of HESS in URT with
renewable energy sources. Meanwhile, the improvement of
RBE utilization rate will be focused on.
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