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Abstract: A battery—supercapacitor hybrid energy storage system is investigated as a solution to
reduce the high-power delivery stress on the battery. An optimally-sized system can further enhance
the storage and cost efficiency. This paper discusses several possible problems in the sizing of a
battery—supercapacitor hybrid energy storage system for practical applications. A sizing method
that utilises data collected from a fully active embedded control hybrid energy system is proposed.
The feasibility of the method is then tested on three load profiles that represent the load demand of
inter- and intra-applications with a battery-supercapacitor hybrid energy storage system. The result
is compared to a battery-only single energy storage system. The results verified that the number of
batteries required in the hybrid energy storage system is reduced by at least 50% compared to the
battery-only single energy storage system.

Keywords: battery; supercapacitor; capacity sizing; embedded system; energy management; power
distribution; hybrid system

1. Introduction

Battery and supercapacitor systems are currently the most promising portable en-
ergy storage solutions. The capability of each is synergised when combined in a battery—
supercapacitor hybrid energy storage system (HESS). The storage and cost efficiency can be
further enhanced when they are optimally sized for practical purposes. The hybridisation
reduces the battery size, increases the battery life span, improves the power efficiency, and
thus reduces the initial and recurring cost of the battery [1,2]. The combination of a battery
and supercapacitor, thus, has been studied for many applications [3-5]. Several types of
topologies have been proposed for the integration of battery—supercapacitor pairs, and
experiments are being carried out to verify the feasibility of the various topologies [6,7]. The
topologies are passive, semi-active, and fully active [1,2,6]. The difference between these
three topologies is the controllability of the system, with the fully active topology having
the most controllability. The control strategies for a semi-active HESS and a fully active
HESS have been reported, targeting different desired outputs from the hybridisation [8-10].
Two types of fully active HESS topology will be discussed in the current work, and the
sizing strategy will be built based on a fully active HESS topology.

The supercapacitor is designed to take the entire high-power load when there is a surge
in power demand, and the battery is designed to support the high energy demand of the
load. However, in a practical application, such a condition can only be obtained if there is
sufficient energy from both the battery and supercapacitor. Thus, when the state-of-charge
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(SOC) of each energy storage device falls below its usable power spectrum, the HESS can
no longer operate in an ideal condition. To solve the problem, the sizing of energy storage
based on the individual user’s power and energy demand must be considered.

The general approach to sizing a HESS is based on the average load profile of the
selected application [11]. Based on this method, the sizing of electric vehicles (EV), photo-
voltaics (PV), and microgrids [12,13] have been studied. In other work, a modified particle
swarm optimisation (PSO) algorithm was adopted to optimise the sizing of a battery-only,
supercapacitor-only, and a battery—supercapacitor hybrid configuration [14,15]. A PSO
algorithm takes in different parameters such as the component data, vehicle parameters,
and drive cycles as input for the optimal sizing of the energy storage. In the study, the
sizing method considered many aspects of the vehicle’s condition for an electric city bus
application with a general urban drive cycle. A filter-based approach with an optimal
noncausal energy management method was used to minimise the installation and running
costs of an EV [16]. A multi-objective optimisation algorithm was proposed to minimise
the energy storage cost by prolonging the battery life of the EV [12]. This sizing method
adopted a state-of-health (SOH) model to maximise the energy storage operation life span.
In another study, a sizing method using pinch analysis and design space for a PV-based
application was proposed [17]. The proposed method considers the storage time-frame of
each energy storage device, with a fuel cell for long-term storage, batteries for medium-
term storage, and supercapacitor for short-term storage. In the sizing of a HESS for a
forklift application, different operating conditions of a forklift were considered to optimise
the sizing of energy storage based on the forklift’s efficiency, volume, and mass [18]. A
sizing strategy considering a typical forklift’s general load cycle was also introduced in the
study. The same author also used different standardised driving cycles of vehicles (NEDC,
ARTEMIS, FTP-75 and WLTP) to size the energy storage [11].

A specific user needing energy storage with different demands can be solved by
coupling the real-time data collected by an energy management controller. However, a
semi-active HESS faces limited flexibility due to the limited control over the energy storage
device compared to a fully active HESS. Therefore, to overcome the problem of sizing
that is based on the overall drive cycle of an electric vehicle (EV), a sizing model for a
semi-active HESS topology that couples with a real-time energy management controller
was developed [19]. The sizing of a HESS based on real-time data provides better accuracy.
This ensures minimal energy storage capacity wastage and at the same time is capable of
ensuring sufficient power delivery.

The sizing of the battery—supercapacitor in a HESS is essential to promote the maxi-
mum interest of the battery—supercapacitor hybridisation. The current work proposes a
sizing strategy for a fully active HESS that considers the characteristics of different users
and the future uncertain changes in the load characteristics. The strategy is designed and
tested based on the consideration of the following: battery-supercapacitor HESS topology,
sizing of energy storage, and HESS application.

1.1. Battery-Supercapacitor HESS Topology

The battery—supercapacitor HESS topologies are categorised into: passive topology,
semi-active topology, and fully active topology [2,6]. The difference between these three
topologies is the controllability of these topologies. The passive topology relies entirely on
the physics of the battery—supercapacitor connection and has no control over the battery—
supercapacitor’s power flow. The semi-active HESS topology includes a control converter
for each energy storage device. Finally, both of the energy storage devices are controlled by
a converter in a fully active HESS topology.

In an ideal condition for a battery—supercapacitor HESS system, the supercapacitor
should supply all high-power conditions due to its high-power density characteristic. The
passive and semi-active HESS topologies have minimal control over the power flow of the
HESS and cannot satisfy this condition. Hence, only the fully active topology can assert
sufficient control over the entire power flow of each energy storage device to achieve this
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ideal condition. One of the examples is a novel fully active HESS design that can be used to
replace the DC-DC converter, while maintaining the controllability of the system [12]. This
is done by using the supercapacitor to support the high power demand of the load, and the
battery is completely switched off during the high-power condition. A fully active HESS
will be used in the current work.

1.2. Sizing of Energy Storage

In energy storage sizing, undersized energy storage may affect the overall available
operation time of the application, which will result in the subpar performance of the system.
Hence, oversizing components is a common practice in most electrical designs. The sizing
of a single energy storage system (SESS) is more straightforward. The sizing is carried out
based on the average amount of energy needed by the application. However, in a HESS
implementation, a multiple energy storage device must be sized accurately to cater for
different load demands. If either energy storage device is undersized, the interest of the
battery—supercapacitor HESS will be lost, and the system may operate as a SESS instead of
a HESS.

The sizing of a battery—supercapacitor HESS can be further improved by reducing
the oversized energy storage device and utilising it to improve the other energy storage
device [20]. In a practical application, different users have different demands. Some users
may have a higher power demand and lower energy demand, while others may have a
lower power and higher energy demand.

1.3. HESS Application

There are three types of possible scenarios that may contribute to sizing inaccuracy in
a practical implementation of a fully active HESS, which are:

1.  Inter-application load demand difference,
2. Intra-application load demand difference,
3. Uncertain changes in future load demand.

Inter-application refers to two different types of applications. Examples of inter-
application are electric buses, residential electrification, industrial electrification, and mobile
medical centres. These energy storage systems are different and require different designs to
cater to their unique requirements. On the other hand, intra-application represents the same
application, but with different load characteristics. Examples of intra-applications are two
different electric buses travelling on a different route, different electric vehicles operating
in different areas, and different mobile medical centres serving different populations. The
inter- and intra-application relationship is shown in Figure 1.
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Figure 1. Inter-application and intra-application relationship.
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In order to cater for the load demand difference in a practical environment, the sizing
of a HESS based on an actual load profile is preferred. In the current work, an urban
electric bus application and a mobile vaccination centre application are used to illustrate
the different load characteristics of inter- and intra-applications.

2. Materials and Methods
2.1. Battery and Supercapacitor

The specifications of the lithium polymer battery and the supercapacitors used in this
work are shown in Tables 1 and 2.

Table 1. Specification of lithium polymer battery.

Parameter Specification
Maximum voltage 42V
Minimum voltage 35V

Capacity 2.2 Ah
Maximum discharge current 55 A
Maximum charging current 1A

Cycle life 300-500

Table 2. Specification of supercapacitor.

Parameter Specification
Voltage 27V
Capacitance 500 F
Maximum continuous discharge current 25 A (15°C), 40 A (40 °C)
Maximum peak discharge current 264.7 A
Cycle life 500,000-1,000,000

2.2. Load Sharing Method of the Fully Active Battery—Supercapacitor HESS

Based on the algorithm in the embedded system, energy will be drawn from the
supercapacitor if it is above the threshold current (Iy;). This state is called the “high power
condition”. If the current is below the threshold value, the energy will be drawn from the
battery. This state is referred to as the “nominal power condition”. The schematic of the
fully active HESS system is shown in Figure 2.

Charge control circuit Discharge control circuit

DC bus DC bus

Bidirectional switch
LIPO battery

Current sensor
Voltage sensor

Figure 2. Schematic of fully active battery—supercapacitor HESS.
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2.3. Sizing Strategy

Figure 3 shows the flowchart of the proposed sizing strategy. The sizing strategy oper-
ates so that the sizing is performed constantly to adapt to the inter- and intra-application
and future changes to the load characteristics. This constant looping method can size the
HESS energy storage based on the load profiles obtained by the fully active HESS embed-
ded control system. Thus, using the latest load data from several iterations collected by the
embedded control system, each energy storage device can be optimally sized. The proposed
capacity sizing strategy assumes that the HESS will not be charged while discharging.

| 1. Initial load profile created |

| 2. Determine the parameters from the load |
|

3. Determine the parameters
from the load profile

' N
4. Determine supercapacitor and battery parameters for
(a) supercapacitor and (b) battery
- ¢ >
- )
5. Based on the parameters from the supercapacitor and
hattery, determine the capacity needed according to the
proposed sizing formula for
(a) supercapacitor and (b) battery
. ¢ J
4 )
6. Emhedded system of HESS constantly updates latest

load profile for Neyee of times. The latest load profile is )

collected and the average load cycle profile is determined
for more accurate capacity sizing for the SC and battery.

- J

Figure 3. Flowchart for the proposed sizing strategy.

The details of each step are as follows:
Step 1: Initial load profile
Step 2: Parameters from the load

- Rated load voltage, Vi, (fixed value),
- Rated load power, Py, (fixed value),
- Max current, [y (fixed value) is the maximum current drawn by the load Equation (1).

Ploud
Vload

M

Imax =

- Threshold current, Iy, (fixed value) is the battery maximum current rating.
Step 3: Parameters from the load profile

An average number of load profile cycles (from the first charge to next charge) should
be determined in order to obtain a more accurate estimation of the load characteristics for
sizing. This is because the load cycle cannot be determined solely based on the latest load
cycle. The number of iterations used for estimation, Ny value, is manually set by the user
based on the application requirements.
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The total discharge time, t;,,, is the total time the HESS spends in the discharging
operation, which is the last charged time to the next charge time, as given by Equation (2).

trotal = thigh + tiow (2)

The time above threshold current is obtained when the load demands a high power
supply and the time where the supercapacitor is used to supply power to the load. The
average discharge time above the threshold current, ty¢, is given by Equation (3):

thigh 1+ thigh2 +thighs + -+ thigh Ny,

®)

thieh =
high Ncycle

The time below threshold current is obtained when the load demands a nominal
power supply and when the battery is used to supply power to the load. The total average
discharge time below the threshold current, t;,,, is given by Equation (4):

flow1 +tow2 +tows +- -+ tiow Neyele

4)

tiow =
Ncycle

Step 4 (a) (supercapacitor): supercapacitor sizing parameter

The following parameters are obtained from the supercapacitor model:

1. The capacity of a single supercapacitor cell/capacitance in Farad (F), Cgcs.
2. The voltage of a single supercapacitor cell, Vgcs.

The voltage of the supercapacitor can be increased by connecting multiple superca-
pacitors in series. Such a connection is used to create a voltage terminal that is capable of
supporting the rated load voltage. The voltage of the supercapacitors connected in series is
given by Equation (5):

Viscs total = Vscs(1) + Vscs(2) + Vscsi) + - Vsesvy ©)

The voltage of the supercapacitor remains the same across the terminal when they are
connected in parallel. The voltage of the supercapacitors connected in parallel is given by
Equation (6):

Vscp total = Vscs total (6)

When the supercapacitor is connected in series, the capacitance of the supercapacitor
behaves as a resistor connected in parallel. The capacitance of the supercapacitor will be
reduced when the supercapacitors are connected in series, Cscs. The capacitance of the
supercapacitors connected in series is given by Equation (7):

Lot o, 11
Cscs (totaty  Cscs)  Cscsz)  Cscs(3) Cscs(n)

@)

However, the total capacitance of the supercapacitor can be increased by connecting
more supercapacitors in parallel, Cscp. The capacitance for supercapacitors connected in
parallel is given by Equation (8):

Cscp = Cscs (totar 1) + Cscs (totar 2) Cscs (total 3) T+ CsCs (total N) 8

Based on the voltage of a single supercapacitor, Vscs, the number of supercapacitors
in series, Nscs, can be determined from Equation (9):

Vload + (9)
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The number of supercapacitors connected in series, Ngcs, will be oversized by a vari-
able p and is always rounded up. This is to prevent overvoltage across the supercapacitors
during charging. Hence, the supercapacitors should be slightly oversized by one cell to
prevent overvoltage damage.

Nscs, the number of supercapacitors in series, and Cscs (tra1), the total capacitance of
supercapacitors in parallel, can be determined from Equation (8).

The discharge time of a supercapacitor at max current, tsc, is obtained from the
discharge curve of the supercapacitor. Assuming all of the high power conditions of the load
cycle are discharged at the maximum current, I;;;q, the discharge time of the supercapacitor
at the maximum current is used to determine the duration of a single supercapacitor cell,
Cscs (totan), that can be discharged at the maximum current. The discharge time of the
supercapacitor at the maximum current, fsc, is given by Equation (10):

tsc = [CSCS (total)(VSC max — Vsc min)/lmux] (10)

The maximum voltage of the supercapacitor, Vgc jqx (fixed value), is determined by
the nominal voltage of the load, V,,4. Since Vj,,; is a nominal value for the load, the input
voltage to the load can be slightly higher for a longer discharge time.

The minimum voltage of a supercapacitor, Vsc i, (fixed value), is determined by the
nominal voltage of the load, Vj,,4. Since the V},,; is a nominal value for the load, the input
voltage to the load can be slightly lower for a longer discharge time.

When the capacitance of the supercapacitor is doubled, the discharge time is also
doubled. The total capacitance of the supercapacitor can be increased by connecting more
supercapacitors in parallel, as shown in Equation (8).

Step 5 (a) (supercapacitor): supercapacitor sizing formula

Hence, from the discharge time of the supercapacitor at maximum current, tsc, the
total number of supercapacitors connected in parallel, Ngcp, that will deliver all of the
high-power demand of the load cycle can be determined by Equation (11):

thigh
Nscp = T 8 +q (11)
SC

The number of supercapacitors connected in parallel is added by variable p to oversize
the supercapacitor to cater for uncertain changes and contingency purposes.

The total capacitance of the supercapacitor, Cscp, that will deliver all of the high-power
demand of the load cycle can be determined by Equation (12):

Cscp = Nscp % Cscs (total) (12)

Step 4 (b) (battery): battery sizing parameter

The following parameters are obtained from the battery:

1. Capacity of single cell battery in Amp-hour (Ah), Cps.
2. Voltage of single cell battery, Vps.

The voltage of the battery can be increased by connecting multiple cells in series. Such
a connection can be constructed to achieve a terminal voltage meeting the load rating. The
voltage of the battery connected in series is given by Equation (13):

VBs (totat) = VBs1 + VBsa + Vpsz + - - + Vpsn (13)

The voltage of the battery remains the same across the terminal when the battery is
connected in parallel, given by Equation (14):

Vgp (total) — VBs (total) (14)
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Unlike the supercapacitor, the capacity of the battery remains the same in serial
connection, given by Equation (15):

CBs (total) = CBs (15)

The capacity of the battery can be increased by connecting the batteries in parallel.
The capacity of the battery can be increased for a longer discharging time under the load.
The capacity of the battery connected in parallel is given by Equation (16):

CBP (total) = CBs (total 1) T CBs (tota1 2) + CBs (totar 3) T+ + CBs (total N) (16)

To size the battery, several parameters must first be determined, which include the
voltage and capacity of the battery. The basic battery specifications can be used for the
overall sizing of a battery. However, unlike supercapacitors, there are different types of
battery that require different considerations, including the voltage operating region and
the maximum discharge current. In this paper, a lithium polymer battery (LiPo) is used.

From the voltage of a single battery, Vs, the number of batteries connected in series,
Nps, can be determined by Equation (17):

Vioad
Nis = .o (17)
Compared to supercapacitors, batteries do not need to be oversized in series, as long
as the total voltage of the batteries matches or exceeds the rated voltage. This is because the
operating range of the battery is very narrow, unlike the supercapacitor. The battery also
needs a higher voltage across its terminals for charging. Hence, based on these two reasons,
the serial sizing of the battery does not need to be oversized and can be rounded down.
The capacity of the battery is measured in amp hour (Ah). The discharge time of one
battery cell at the threshold current, t;,, can be derived from the Ah unit.

o CBS (total)

tpatt = T, (18)

Step 5 (b) (battery): Battery sizing formula

Hence, from the discharge time of the battery at the threshold current, ¢y, the total
number of battery cells in parallel, Npp, for the battery to deliver all of the nominal power
demand of the load cycle can be determined from Equation (19):

t
Npp = low +7r (19)
toatt

The number of battery cells in parallel is increased by variable r to slightly oversize
the battery capacity to cater for uncertain changes and contingency purposes. However,
the oversizing can be adapted according to the application requirements by changing the
value of 7.

The total capacity of the battery in parallel, Cpp, for the battery to deliver all of the
nominal power demand of the load cycle can be determined from Equation (20):

Cpp = Npp X Cgs (total) (20)

3. Results and Discussion
3.1. Battery and Supercapacitor Discharge Time

Table 3 shows the calculated and experimental discharge times of the battery and
supercapacitor. The calculated values are obtained using Equation (10) for the battery
and Equation (17) for the supercapacitors. The experimental results are obtained with
an electronic load. The discharge is measured on six units of supercapacitors or three
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units of LiPo batteries connected in series. Both the supercapacitor and the LiPo battery
are discharged from 12.6 V to 10.5 V. For the LiPo battery, when the discharge current is
0.3 A, the discharged time obtained from the experiment is 14% lower than the calculated
value. At 0.7 A, the experimental value is 9% higher than the calculated value. At1 A,
the experimental value is 40% higher than the calculated value. The large difference is
because in an actual discharge, the electronic load cannot maintain a constant drain when
the voltage of the LiPo battery dips below 11.55 V. For supercapacitors, the discharge time
obtained from the experiment is slightly shorter than the calculated values by 4% at 1 A, 6%
at0.7 A, and 14% at 1 A. The comparison shows that the calculated values can serve as a
guide, but often deviate from the values obtained from an actual energy storage device. The
difference is high, especially for the case of the battery. Thus, in order to obtain an accurate
sizing of an energy storage system, the values from experiment are the most appropriate.

Table 3. Discharge time of LiPo battery and supercapacitor.

Total Discharge Time (s)

Dcls::;:;gte Battery Supercapacitor
(A) Calculated Experimental Calculated Experimental
(Equation (10)) (Equation (18))
1.0 7920 13,200 950 913.8
0.7 15,840 17,400 1375 1299.0
0.3 39,600 33,600 3264 2866.8

3.2. Load Profile from the Battery—Supercapacitor HESS Embedded Control System

Three load profiles representing three different load scenarios are generated to repre-
sent inter- and intra-application. Load profile 1 represents an urban electric bus, where the
load operates more in the high power region. Load profile 2 represents an identical urban
electric bus, but operates less in the high power region and more in the nominal power
region. These two load profiles are used to show the difference in load characteristics
of an intra-application scenario. The third scenario, load profile 3, represents a mobile
vaccination centre storage unit. Load profile 3 operates mainly in the nominal power region
with minimal high power region operation.

A resistive load of 12V, 120 W, is used. A PWM controller is used to control the current
drawn by the load. Random fluctuations are included in the load profiles. The randomised
PWM signal is sent from the embedded system to the PWM controller to model the load
current. The current through the load is monitored by a sensor and recorded for 1 h. The
three load profiles are shown in Figure 4.

The random power fluctuations above and below the threshold current (5 A) signify
the uncertain changes in load power in a practical setting. The power above the threshold
is considered a high-power operation, in which the supercapacitor will be used as the main
power supply. The power below the threshold is considered a nominal power operation,
where the battery will be used as the main supply. The one-hour load profile is taken as the
total operation time (from the first charge to the next charge) of the application. Load profile
1 represents an urban electric bus that operates more in the high power region because of
the higher frequency of stops along its route. Load profile 2 represents an identical urban
electric bus that travels for the same distance, but with fewer stops than the bus in profile 1.
Therefore, 57% of the power drain during its operation is in the nominal power region.
Load profile 3 represents an HESS powering the storage unit of a mobile vaccination centre.
In this scenario, 84% of its operations are in the nominal power region. A summary of the
load profile characteristics is shown in Table 4.
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Figure 4. (a) Load profile 1 represents an urban electric bus (high power operation). (b) Load profile 2
represents an urban electric bus (high and nominal power operation). (c) Load profile 3 represents a
mobile vaccination centre storage unit (nominal power region).
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Table 4. Load profile from the active HESS.
Profile High l?ower Nomma! Power Application
Region Region
1 64% 36% Urban electric bus
2 43% 57% Urban electric bus
3 16% 84% Mobile vaccination centre storage unit

3.3. Capacity Sizing Parameters for the Load Profiles

The sizing of the HESS is performed for the three load profiles based on the proposed
strategy in Figure 2.

3.3.1. Parameters from the Load

A resistive load of 12 'V, 120 W, is used and the maximum current for the LiPo battery
issetto5 A (Iy, = 5 A).

3.3.2. Parameters from Supercapacitor and Battery

The battery is sized with three units of LiPo battery connected in series with a working
voltage range of 10.5 V to 12.6 V. Table 5 shows the LiPo battery sizing specifications.
Sizing for the supercapacitor is carried out on six units of supercapacitors connected in
series. The specifications of the supercapacitor are shown in Table 6. Both the LiPo and the
supercapacitor are subjected to three identical load profiles.

Table 5. Parameters for LiPo battery.

Parameters Value
Number of LiPo cell in series, Npg 3 cells
Capacity of three cells in series 22 Ah
Maximum voltage 126V
Minimum voltage 105V

Table 6. Parameters for supercapacitor.

Parameters Value
Number of supercapacitor cell in series, N 6 cells
Capacity of six supercapacitor in series 83.33 F
Maximum supercapacitor voltage, Vs max 162V
Minimum supercapacitor voltage, Vsc pmax 100V
Discharge time of supercapacitor at max current, ts 208.2's

3.4. Capacity Sizing Result of Battery—Supercapacitors HESS

The parameters of the supercapacitor are used in the sizing from Equations (11) and (12).
The value of the oversized variables p and g are selected as 1. The parameters from the
battery are placed into the battery sizing formulas in Equations (19) and (20). The value of
the oversize variable r is selected as 1.

Table 7 shows the result of the sizing of the battery—supercapacitor HESS. Load
profiles 1 and 2 are identical in application, but different in terms of the load profile. The
number of battery cells in parallel, Npp, can be reduced for load profile 1 compared to load
profile 2. If the HESS is sized according to the load profile, the number of required battery
cells in parallel, Npp, is different. However, if the HESS is sized based on the application,
the number of batteries in load profile 1 is not sufficient to supply the energy required for
load profile 2. The supercapacitor for load profile 1 will also be oversized and wasted if
used in load profile 2.
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Table 7. Sizing results of battery—supercapacitor HESS.

Load Profile

1 2 3
Total time above threshold current (seconds) 2317.8 1540.2 559.8
Total time below threshold current (seconds) 1282.2 2059.8 3040.2
Total number of supercapacitor cells in parallel, 13 9 4
N, SCP (cells)
Total capacity of supercapacitor, Cscp (F) 1083.29 749.97 77747
Number of battery cells in parallel, Npp (cells) 2 3 3
Total capacity of battery, Cgp (Ah) 44 6.6 6.6

Load profile 3 represents an application that operates in the low power region for
about 84.45% of the time. The total number of supercapacitors and battery cells required
is lower than for the other two load profiles. The number of supercapacitor cells used in
parallel, Ngcp, is almost half of those used in load profile 2, while the number of battery
cells in parallel, Npp remains the same. Hence, the battery—supercapacitor HESS did not
significantly improve the system operating in the nominal power region, in terms of the
number of battery cells. However, in the long run, the supercapacitor may reduce the
battery charge—discharge cycle.

The same load profiles are used to size a battery-only SESS, with a maximum current
rating of 10 A. The maximum current of the load profile is used to calculate the capacity
and the battery cells in parallel to power the load for the entire operation. In order to
achieve this, the threshold current used to size the battery in Equation (18) is replaced by
the maximum current, and Equations (19) and (20) are used. The results for the battery-only
SESS is shown in Table 8.

Table 8. Sizing results of the battery-only SESS.

Load Profile
1 2 3
Maximum current of entire operation (A) 10 10 10
Total time of operation (seconds) 3600 3600 3600
No. of battery cells in parallel, Npp (cells) 6 6 6
Total capacity of battery, Cpp (Ah) 13.2 13.2 13.2

The results verified that the number of batteries for the HESS is significantly reduced
compared to the battery-only SESS. It is noted that the HESS has been oversized by 1,
therefore the probability of the battery over-discharging and supercapacitor over-voltage
protection is minimised. SESS is also oversized by 1. The safety during operation is taken
into account. Due to the lower lifecycle of the battery, the battery replacement cost may
increase significantly when more batteries are used. The comparison shows that the battery—
supercapacitor hybridisation can reduce the total number of batteries by at least 50%. Due
to the reduced number of batteries used in an HESS, the battery replacement cost over the
long run can also be reduced significantly.

4. Conclusions

A sizing strategy that considers individual load characteristics by utilising the load
data collected from the embedded control fully active battery—supercapacitor HESS is
designed and tested in this work. The proposed sizing strategy is implemented to size
the energy storage based on each of the three load profiles that represent inter- and intra-
applications (1. Urban electric bus that operates more in the high power region. 2. Urban
electric bus that operates less in the high power region and more in the nominal power
region. 3. Mobile vaccination centre that operates predominantly in the nominal power
region). The same sizing strategy is applied to the battery-only SESS for comparison. The
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results verify that the number of batteries needed in a battery—supercapacitor HESS is
reduced by at least 50% compared to a battery-only SESS. The proposed strategy is flexible
and can be extended to other applications for all types of energy storage devices based
on the parameters obtained experimentally in a hybrid energy storage system. However,
the proposed sizing strategy requires continuous resizing between the supercapacitor and
battery, as the load usage characteristics may change over time. To solve this problem, an
efficient energy storage swapping technology could be useful in such a scenario. Further
studies into a battery—supercapacitor HESS swapping method are recommended.
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