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Abstract: The huge success of electric vehicles across the world is challenged by a lack of infrastructure
and a major increase in battery material prices. This challenge positions internal combustion engine
vehicles (ICEVs) to remain a vehicle of choice. The majority of these vehicles use a lead-acid battery
(LAB) for starting, lighting, and ignition (SLI) functions. However, these LABs are faced with
challenges of short lifespan and low storage capacity because of improved electronic systems in
modern ICEVs. In this manuscript, we propose an extension application of a hybrid LAB and
lithium-ion energy storage system (ESS) for a vehicle using a single source of 70 Ah and 90 Ah
capacity. Whereas previously, a hybrid energy storage system (HESS) for use in a vehicle using a
source of 50 Ah battery capacity was proposed. Hence, the unique contribution of the study is using
an integrated fuzzy-logic and triple-loop-proportional-integral-based battery management strategy
(BMS) to improve LAB performance in a wide range of vehicles with different battery capacities sizes.
The results show that the proposed BMS can help increase LAB lifespan and improve the storage
capacity of the system, thus ensuring reliability. Additionally, compared to a single use of LAB, the
combined energy storage system shows superior performance.

Keywords: battery management strategy; control; energy sharing; hybrid energy storage system;
lifespan improvement; lead-acid battery; lithium-ion battery; storage capacity

1. Introduction

Recently, more than ninety-nine percent of the world’s transport vehicles (TVs) are
internal combustion engine vehicles (ICEVs), and ninety-five percent of their energy comes
from liquid fuels as well as the petroleum industry [1]. The growth of electric vehicles (EVs)
in most developed countries has taken centre stage and has seen rapid uptake growth from
consumers. However, this trend is not similar in other parts of the world, especially in
developing and underdeveloped economies. As indicated in [2], China, Europe, and the
United States of America account for 2/3 of the overall car market, but currently, 90% are
EVs. In other parts of the world, EVs account for less than 2% of overall car sales. Whereas,
in developing economies such as Brazil, India, and Indonesia, the EV share is less than 1%
and without any increase. Although sales of electric scooters and buses are growing in
these nations, the price tag attached to EVs and the lack of charging infrastructure is the
main reason for the lack of adoption [3]. Despite the drive for sustainability to decarbonise
the transport sector by moving from conventional fossil fuel internal combustion engine
vehicles to EVs, this move may take a long time for developing and underdeveloped
economies. The big success for EVs in the whole world is challenged by limited supplies
of components and increases in prices for energy storage materials. Therefore, ICEVs will
remain the vehicle of choice in the coming years for many consumers in developing and
underdeveloped economies [4]. These ICEVs include micro-hybrid vehicles (MHEVs),
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hybrid EVs (HEVs), and plug-in hybrid EVs (PHEVs). The ICEVs position lead-acid
batteries (LABs) as major energy storage to start, ignite, and light (SLI) as well as for backup
power supply because they have dominated the market share due to their ability to meet
the needed cold-cranking of the internal combustion engine (ICE), robustness, and high-
temperature endurance [5,6]. LABs have seen industrial machinery applications in forklifts,
locomotives, uninterrupted power supplies, electric substations, etc. They have proven
reliability, lower cost, lower self-discharge rate, extra-ordinary safety performance, and
compact enclosure [7]. However, the increase in electronic functions such as sensors, and
control units, amongst others, to improve vehicle comfort, safety, start/stop and go, and
reliability have resulted in increased battery load demand. Furthermore, additional systems,
including driver assistance, autonomous driving, recuperation of braking energy, vehicle
stabilisation, and acceleration, require high peak electric power [8,9]. This increase in
battery load demand increases battery degradation, thus affecting the battery performance
by shortening its lifespan and reducing the storage capacity [10,11]. The short lifespan,
relatively lower depth-of-discharge (DoD), and slow charging rate create an unfavourable
environment in recent vehicle applications [12]. Additionally, LABs’ performance in terms
of lifespan and storage capacity is affected by the way they are charged/discharged, which
results in softening and shading of positive active material [13]; from a chemical point
of view, negative electrode failure during discharge, positive active material corrosion,
and premature capacity loss during deep discharge occur [14]. While more research
looks at different ways to develop lightweight batteries that have a longer lifespan and
enhanced safety, such as in [15], where polyaniline-modified lignosulfonate is added
to a negative material of LAB, to improve its lifespan. Subsequently, in Ref. [16], the
authors use stereotaxically constructed graphene to prevent sulfation and enhance the high
rate of discharge capability, battery capacity, and lifespan. Further studies on chemistry
development are included in [17]. Yet, these methods are expensive, time-consuming, and
require complex equipment, correspondingly. Thus, if the battery chemistry is untampered
and a new design is developed, it can achieve more in terms of satisfying vehicle load
requirements. Again, the new design has to depend on the cell-to-pack design and battery
size for better performance [18].

On the other hand, lithium-ion batteries (LIBs) have a wide attraction in modern
automobile technologies such as EVs and PHEVs because of their superior performance,
decreasing cost, and recently, as a “drop-in” to replace LABs in ICEVs. Nevertheless, LIB’s
market share remains low in these applications [19]. The current price of these batteries is
still high, and it requires a significant reduction for wide adoption [20]. Moreover, these bat-
teries may pose thermal runway and safety concerns if used as an SLI because of the abused
operating nature of this application [5]. In addition, LIBs face extreme difficulty in using
their energy, especially at a pack level, because active or passive cell balancing becomes
crucial. Despite these challenges, the LIBs have a high energy density, high utilisation
efficiency, long lifespan, and are friendly to the environment. The developed lithium-ion
phosphate batteries (LFPs) have many advantages compared to the conventional LIBs be-
cause their material is abundant, safe, weigh less, has high cycling loads, reduced memory
effect, has higher power density, and is less costly. They are commercially available and
used in many applications such as storage for renewable energy, electric buses, and EVs
(e.g. Tesla, Volkswagen, Renault, and Ford) because of their good thermal/cycling stability,
safety, and resilience to the environment [7,12,18,21,22]. Even though they have the best
combination of excellent properties for certain vehicle applications, the use of Li-ion batter-
ies in developing and underdeveloped economies for SLI functions remains a challenge
because of the lack of established recycling processes and factories. The adoption of various
combinations of battery storage systems may increase the chance to clean and less-carbon
TVs [23], and without tampering with battery chemistry, the new battery designs may be
developed, thus depending on the battery size [18]. Hence, providing cost tradeoff [24] of
hybrid different battery technologies requires an excellent power management system to
adequately share the power and improve the performance of these batteries in terms of
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lifespan, power delivery, and storage capacity. Moreover, because generally, during vehicle
operation, the unstable power supply may occur and cause unusual operation of these
devices, the power management and control could stabilise the power distribution of the
energy storage systems, thus managing load demand effectively [25], enhancing battery
safety, reliability, and security, respectively. Still, BMSs face different challenges, such as
diversity of applications and withstanding unprecedented hazardous events [26].

Therefore, the main purpose of this research paper is to improve LABs’ performance
in terms of lifespan and storage capacity. Because this study accomplishes its objective
without tampering with LAB chemical composition, hence; there is a need for a complex
system comprising power electronics for managing power in/out of the combined ESSs
rather than a simple system of replacing LAB with Li-ion battery. The proposed solution
provides a sound practical value because LABs are easily accessible and less costly in
developing and underdeveloped economies. Additionally, this study gives significant
theoretical value.

Furthermore, a Li-ion battery as a replacement for LAB is not a good solution because
currently, it has a higher cost, is not competitive with LABs, has low recycling efficiency,
and in terms of safety, high power demand in ICEVs may vary, and it is unknown at this
stage as to how they will perform under such circumstances. In the proposed solution, there
is no feasible reliability because the system operates effectively over its lifespan during the
investigation. Moreover, the system stability proved its robustness because its SoC did not
worsen during testing.

Thus, this paper contributes the following;

• We develop and propose a HESS using a fully active topology approach that will
supply the vehicle’s required cold cranking current for starting because it provides
a higher degree of control freedom and efficiency. This development and proposal
add an influence to studies in [5,27] and [28], wherein [5], the study discusses the
challenges that may face LIBs when used for SLI functions. Additionally, in [27], the
authors propose potential methods for using hybrid ESSs for SLI functions.

• We develop an integrated fuzzy-logic and triple-loop PI-based controller to effec-
tively distribute the power between the ESSs. The integrated solution ensures that
the batteries operate within their desired limits. A contribution that enhances the
performance in [29], in which the study assessed the system in terms of improving
vehicle range only.

• We compare the performance of a single source battery for the HESS in terms of
delivering the required cold cranking current.

• We enhance the performance of LAB in terms of lifespan and storage capacity improvement.
• We develop the HESS that has great longevity, less weight, and is reliable for use in

the automotive sector.
• We propose a battery life determination using a fatigue-cycle counting approach

because it is well established and easy to implement.

Thus, the paper breakdown is as follows: Unit 2 discusses the recent state-of-the-
art literature within the subject area, and Section 3 describes the methods and materials
adopted to achieve the results of the study. Section 4 presents the study results and
elaborates the results significantly. Lastly, Section 5 provides the study concluding remarks
and future area of study recommendations.

2. State-of-the-Art Literature Analysis

This section discusses the recent literature available within the HESS comprising
LIB and LAB. Additionally, different battery management strategies and their control are
further discussed. Taking into account the existing ICEVs around the world now, authors
in [30,31] suggest that further improvements in ICE can help in decreasing the greenhouse-
gas emissions that are currently caused by TVs. This reduction can be achieved through
technological advancements, which include enhancing engine efficiency, incorporating
hybrid energy storage sources, and using renewable fuels that contain a lower carbon
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footprint (i.e., Green hydrogen). The effect of lead-acid battery’s short lifespan poses
challenges in recent ICEVs. Although LIB has shown great progress and as a solution
for SLI application to potentially replace LABs, these batteries have several challenges,
including; higher cost, which is not competitive to LABs, their recycling efficiency is low,
and in terms of safety, the high power demands in ICEVs may vary from the high current
over short periods to deep discharge cycles, and it is unknown at this stage as to how
these batteries will perform under these circumstances [5,27]. Many studies have proposed
different solutions for improving LAB’s lifespan for use in TVs, such as in [32], where the
authors combine LAB with a supercapacitor using a battery semi-active cascaded topology
approach. This topology connects the battery to the bidirectional DC–DC converter input,
and the supercapacitor is connected to the converter’s output. The converter is controlled
by a fractional-order proportional-integral-derivative (FOPID) controller to properly charge
and discharge the HESS. The HESS operation is optimised by using an atom search algo-
rithm to enhance the LAB lifespan. The study also compared the FOPID with fuzzy logic
controller for enhancing battery lifespan. FOPID shows superior performance as compared
to fuzzy logic control during HEV operation. On the other hand, [29] proposes a double
switching-based control for a combination of LAB and LIB energy storage systems for EVs
to explore the batteries’ pros and cons. This control selects the battery to be used during
different vehicle operation modes under specified conditions and limits. The outcomes
of the experimental study show that the HESS saves up to 68.62% of LABs and 29.48%
of LIBs energy as compared to a single use of LAB, thus enhancing vehicle travelling
range. Moreover, the LIB is used as an auxiliary source to support the LAB. In addition,
the proposed system has a lower mass and lower price when compared to a single battery
system. However, the study did not provide a cost analysis of the system compared to a
single battery system. In [33], a combination of LIB, LAB, and a supercapacitor is proposed
to overcome the short vehicle range and longer charging time challenges in EVs. The
authors use a bidirectional cuk converter and an energy management system (EMS) to
improve the HESS efficiency by providing efficient power-sharing amongst the ESSs. In
this study, LIB is considered the main energy source, LAB is the auxiliary source, and SC
provides LAB support to handle rapid power dynamics during vehicle acceleration and
braking. The EMS uses two-stage pulse width modulation (PWM) signals and a simple
PI control providing charging to the batteries using a constant-current-constant voltage
(CC-CV) method. Furthermore, the authors in [34,35] propose a combination of LAB and a
supercapacitor using a fully active topology approach for TVs. In this study, the authors
emphasise that allowing the supercapacitor to absorb high transient power requirements
from the TV can improve LAB performance significantly in terms of lifespan.

Therefore, despite the rich, relevant literature on the hybridisation of LIB and LAB,
there is little attention to the use of HESS for providing starting functions or as an SLI
for ICEVs. The current literature focuses more on solving a limited range of issues in
EVs. Additionally, although extensive research exists for enhancing LABs lifespan, related
studies combine LAB with a supercapacitor, and there is little attention to the LAB and
LIB combination. Additionally, there exists no literature that provides the EMS-based
on integrated fuzzy logic and triple-loop PI-based control for effective power-sharing of
hybridised LIB and LAB. LIB and LAB provide the shared, required cold cranking current
needed to start the vehicle in three-second. Two case studies are considered for the ICEVs
that use a single battery capacity of 70 Ah and 90 Ah. These batteries can be replaced with
a single HESS that provides the required cold cranking current (CCC) at a reduced weight
and cost.

3. Materials and Methods

In this section, the ICEVs engine cold cranking current for 70 Ah and 90 Ah is evaluated.
In addition, battery modelling, bidirectional DC–DC converter development, integrated
fuzzy logic and triple-loop PI-based control, and HESS are considered, respectively. More-
over, the required CCC percentage sharing between LAB and LIB during vehicle starting is
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presented while ensuring that the ESS’s state-of-charge (SoC) is maintained within desirable
limits during charging and discharging modes to enhance HESS lifespan.

3.1. Battery Equivalent Circuit Model

The LAB and LIB battery adopted for this study was based on parameters, which
include power density, life cycle, charging and discharging rate, temperature, cost, weight,
and safety. Figure 1 shows the battery equivalent circuit model with associated parameters.
The battery equivalent circuit model was preferred for this study because it provides accu-
rate results for the battery behaviour between computational requirements and determining
the voltage precisely [36]. This model consisted of four important parameters named open-
circuit-voltage (OCV), internal series resistance, and the second-order resistor-capacitor
parallel branch.
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Figure 1 represents the battery equivalent circuit model, where OCV stands for battery
open-circuit potential, Rs stands for the inner series resistance, and R1, R2, C1, and C2 are
the parallel branch network to determine the transient response of the terminal voltage. R1
and C1 represent the small-time constant to provide battery cell feedback and are modelled
as a double-layer capacitance and transfer charge. Whereas R2 and C2 provide lengthy
time-constant to provide battery feedback and represent the cell diffusion procedure.
Lead-acid and Lithium-ion battery models for the proposed research study were obtained
from the MATLAB/Simulink library. This battery contained its parameters, which were
altered according to the specification of the commercial battery. The battery parameters
are estimated based on Figure 1 and by [38]. Moreover, battery depth-of-discharge directly
impacts the SoC, which is important to help reduce battery stress. The battery SoC was
determined as in Equation (1) [35]:

SoC(t) =
Qs(t)
Qb(t)

; (1)

where SoC(t) represent the battery’s dynamic state of charge, Qs(t) is the battery stored
charge or capacity and Qb(t) stand for the actual battery capacity.

However, the battery stored capacity is dependent on the battery charging current, as
shown in Equation (2):

Qs(t) =
∫

ib(t)dt; (2)

where ib stands for the battery charging current. The battery current is assumed positive
when the battery discharges and negative when the battery is charging.

Therefore, the battery dynamic SoC can be represented as in Equation (3):

SoC(t) = SoCinit −
∫ ib(t)

Qbatt
dt; (3)
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where SoCinit is the battery’s initial state of charge.
The voltage across the RC branch was determined as in Equations (4) and (5) [37]:

V =
1
s

[(
1
c

)
−
(

V
RC

)]
; (4)

Vb = OCV −V1 −V2 −Vs; (5)

where Vs stand for a voltage drop in the internal series resistance. Thus, the total battery
circulating current is shown as in Equation (6) [37]:

ic =
(

V
RC

)
+ sCV; (6)

where ic is the battery circulating current, V
RC and sCV are the currents flowing through the

parallel RC branches.

3.2. Bidirectional DC-DC Converter

In this section, a simple bidirectional DC–DC converter development for the energy
storage systems was developed to provide the vehicle with the required voltage and current
at the DC bus link. The DC–DC buck-boost converter equivalent circuit model was adopted
from [39,40]. The voltage assumed for LAB is 12.223 V and for LIB is 12.8 V. The alternator
voltage in the ICEVs normally ranges from 12 V to 14.8 V, as described in [41]. Therefore,
Figure 2 shows a simple bidirectional DC-DC converter developed.
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In Figure 2, during the DC–DC converter boost mode operation, the battery provides
current to the DC-bus link and the battery voltage is stepped up to match the required
DC-bus voltage of between 12 V and 14 V. The current is normally continuous and has a
ripple that depends on the value of the inductance and switching frequency. When the S1
is ON (close), the S2 is OFF (close) because of the complementary mechanism between the
signal which controls the two switches. The input voltage and inductor voltage are equal
(i.e., Vbatt = VL) and can be expressed as in Equation (7) [37]:

VLmin = VBatt = Lmin

(
diLm

dt

)
; (7)

where VLmin is the minimum inductor voltage, VBatt stands for the battery voltage, and
Lmin is the minimum size of the inductor. Therefore, the minimum inductor current was
determined as expressed in Equation (8) [37]:

∆iLmin(on) =
VL

Lmin
·DT; (8)

where ∆iLmin(on) is the change in minimum inductor current, VL stands for the inductor
voltage, DT is the duty cycle and the total sampling or operation period.
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Thus, taking into consideration when S1 is OFF and switch S2 is ON, VLm for this state
was determined as in Equations (9) and (10) [37]:

VLmin = Vbatt −Vo = Lmin
diLm

dt
; (9)

∆iLmin(o f f ) =
VL −VH

L
·(1− D)T; (10)

where Vo represent the output converter voltage, VL and VH is the low and high voltage
of the inductor voltage. Hence, the converter parameters were determined by using
Equations (11) and (12) as follows:

D = 1− Vs

Vo
; (11)

where D is the duty cycle and ranges between 0–0.99, Vs representing the DC input con-
verter voltage and Vo is the converter output voltage. Thus, the inductance and capacitance
of the converter are as in Equations (12) and (13) [37]:

Lmin =
D(1− D)2 ×Vo

2 fs Io
; (12)

Cmin ≥
IoD

fs × ∆Vo
; (13)

where Io is the CCC and fs stands for the switching frequency and is considered as 25 kHz.
While the Cmin is the minimum capacitance, ∆Vo is considered as 2% Vo.

Whereas during the buck mode operation, the battery receives charge from the alter-
nator through the DC-bus link because the alternator produces more power than required
and acts as a generator. The battery is charged and discharged as they prefer through the
control. The converter steps down the alternator voltage from 14.5 V to the required battery
charge voltage, which is 13.1 V for LAB and 14.2 V for LIB. Therefore, When S2 is ON, S1 is
OFF during this mode of operation because of the complementary mechanism between
the signals which control the two switches. Hence, the minimum inductor voltage was
determined as in Equation (14) [37];

VLm = VDC−Bus −VBatt

= Lm· diLm
dt ;

(14)

where VDC−Bus is the voltage at the DC-bus link.
Hence, when S2 is OFF and the S1 is ON, VLm could be expressed as in Equation (15)

below [37];

VLm = −VBatt = Lm·
diLm

dt
; (15)

Therefore, the converter parameters during the buck mode were determined as in
Equations (16) and (17) [37];

D =
Vo

Vin
; (16)

Lmin−buck ≥
(1− D)2Vo

Io2 fs
; (17)

where ∆IL is considered as 20% of IL.
Battery charging, discharging voltage, and current were controlled based on the

proposed controller for the battery management strategy. Table 1 shows the converter
parameters for both battery capacities under study.
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Table 1. Summary of converter parameters for battery capacities under study.

12 V-70 Ah Battery

Battery Type
Boost Mode Buck Mode

Vbatt (V) VDC_OUT (V) Lmin (nH) Cmin Dboost Dbuck Vbus (V) Vchar (V)

LAB 12.2733 13 58.41 2.2 mF 0.056 0.9 14.5 13.1

LIB 12.7954 13 11.38 871 µF 0.016 0.97 14.5 14.2

12 V-90 Ah Battery

LAB 12.2733 13 53.02 2.4 mF 0.056 0.9 14.5 13.1

LIB 12.7954 13 1.03 960 µF 0.016 0.97 14.5 14.2

3.3. Battery Management System

This section describes and discusses the battery management strategy control develop-
ment for effective power-sharing between the hybridised ESSs. The BMS proposed in this
study manages the operation of HESS. The BMS is designed based on the required current
and the characteristics of each battery technology. The proposed HESS with BMS operates
in two modes, as shown in Figures 3 and 4. The charging mode; is when the HESS is being
charged by the alternator, and the discharging mode is when the HESS is supplying CCC
to start the vehicle.
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Figures 3 and 4 show the operation of the HESS during the charging and discharging
modes. During the charging mode, the HESS needs to meet the following conditions:

• when IAlt > IDemand and SoCHESS ≤ 99%, the alternator supplies the current to the
vehicle while charging the battery simultaneously. While during discharging, the
following conditions have to be met;

• when IDemand ≥ CCC and the SoCHESS ≥ 99% (i.e., SoCLAB = 100% SoCLIB = 100%),
which means that the HESS supplies the required CCC to start the vehicle while
maintaining the HESS SoC above 98.9%.

• when IDemand ≤ IAux and SoCHESS ≥ 97%, means that the HESS supplies the auxiliary
loads of the vehicle while sustaining the HESS state-of-charge above 97%.

Integrated Fuzzy-Logic and Triple-Loop PI-Based Control

In this subsection, the integrated fuzzy logic and triple-loop PI BMS-based control for
the HESS is discussed. The bidirectional DC–DC buck-boost converters were controlled
by the pulse width modulation (PWM). The voltage and current of the converters were
controlled by the PI controllers. The control technique controls the input voltage and
generates the required output voltage and current based on the reference voltage and
current. The controller was used to improve the efficiency of the bidirectional DC–DC buck-
boost converter by controlling the current and the voltage during charging and discharging
modes. The single-loop PI control could not achieve the desired stability, voltage, and
current output of the bidirectional DC–DC buck-boost converters. Therefore, a triple-loop
was used in each DC–DC converter to monitor the current and voltage during charging
and discharging modes. Figure 5 shows the experimental procedure for this research study.

During the discharging mode, the first PI controller controlled the voltage ranges. The
difference between the reference voltage (i.e., Vre f ) with the battery voltage (i.e., Vbatt) was
sent to the PI controller. The output of PI was limited and multiplied with the reference CCC
from FLC. The difference between reference CCC with the battery current (Ib) proceeding
to the second PI was connected to the PWM DC generator, which supplied the MOSFET
(i.e., S1 and S2). The saw tooth PWM generator from MATLAB under the generator of
different signals was used for the research. The waveform peak value between 1 and
−1 was used. The producer output is stated as the pair of time values for imitation.
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During charging mode, the difference in value between the reference charging voltage (i.e.,
V(ch−re f )) with VBat was sent to the PI controller, which generated the current charging
reference (i.e., I(ch−re f )) based on the characteristics of the battery, and it followed the same
procedure as in the discharging mode. The PI controller used for the research study was
found in MATLAB and Simulink (i.e., version 2019a, MathWorks, Natick, MA, USA) library
and the PI controller was formulated as in Equation (18) as in [37]:

ρ = P + I × Ts
1

(z− 1)
; (18)

where ρ is the control compensation factor of the PI control.
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The saturation output of PI was set between 0 and 0.98. It was due to the maximum
possible duty cycle of the control. For the PWM generator, a 25 kHZ switching frequency
was used with a sample time of 5 × 10−6 s to switch on the MOSFET. The same switching
frequency was used to calculate the equivalent parameters of the DC–DC buck-boost
converter. A combination of the constant current–voltage method was used to charge the
batteries. The voltage and current charging reference were determined by the current and
voltage PI controller. The LAB was charged with a charging reference voltage of 13.1 V and
14.2 V for LIB, obtained from the datasheet of the batteries used in this research study. The
battery was charged at a constant current based on the nominal constant discharge current
of the given batteries connected with gain (−1), which represents the negative current
during charging.

The batteries were connected in parallel, and each was connected in series with a
bidirectional DC–DC buck-boost converter. The two DC–DC converters’ output was linked
to the DC-Bus. The proposed battery management system consisted of (1) Fuzzy Logic
Control, which was used to allocate the CCA/C demand to the batteries and controlled
the batteries’ SoC during charging and discharging by ensuring that it stayed within limits
(i.e., 98.5% to 99.99%) to avoid overcharge and deep discharge. (2) Voltage and current
triple-loop PI-based controllers with a PWM generator, which was used to control the
desired voltage and current flow during charging and discharging modes. In terms of
fuzzy logic control, it was utilised to allocate the total current demand to the two battery
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technologies. The FLC gave the reference current based on the requested current to the
batteries and protected the batteries against over-charging/deep discharge by determining
the minimum and maximum values of the SoC; it comprises three parts, including fuzzifi-
cation, inference, and defuzzification, as stated in [42–45]. The fuzzification is the part of
fuzzy logic control, which decides the input and output data into suitable language values.
The fuzzification involves two processes: To derive the membership functions for the input
and output variables and present them with linguistic variables. This process is equivalent
to translating or plotting classical sets to fuzzy sets to varying degrees. The input variables
of the proposed FLC are CCCDemand, ∆SoCLAB and ∆SoCLIB. The following conditions are
represented in (19) and (20), as in [37]:

∆SoCLAB = SoCLAB − SoCLAB−Command; (19)

∆SoCLIB = SoCLIB − SoCLIB−Command; (20)

Thus, ∆SoCLAB and ∆SoCLIB represent the membership function sets between 0 and
100, which represents the change in battery SoC, where the CCC ranges from 0 to 650 A
depending on the size of the battery. The proposed FLC output membership function
has two output variables (i.e., CCCLAB and CCCLIB) each is set between −1 and 1, which
represents the percentage of CCC that HESS supplies to the vehicle. The FLC allocated the
reference percentage CCC, which the battery needs to supply. The positive represents the
HESS supplies the current to the vehicle, and the negative current represents that the HESS
has been charged from the alternator. The FLC was designed to give the CCC reference,
which each battery needs to supply. The LIB was designed to supply between 30% and 50%
of the required CCC, whereas the LAB supplies the remaining CCC. The following criteria
were followed:

• CCCLAB is the membership function during the start-up function, LAB supplied
between 45% and 70% of the required startup current, and CCCLIB supplied about
30% to 70% depending on the operating scenario.

• Zero is the mode when there is no action from the HESS, it means the HESS will not
charge or discharge.

• I(Ch−LAB) I(Ch−LIB) resembles the vehicle in running operation, where the alternator
is producing more energy than required for the vehicle and the difference is used to
charge the HESS. Decision-making rules are part of the fuzzy logic where the decisions
are made. The rules and database are developed and defined to meet the desired
output. Fuzzy logic control rules are represented by understanding and knowledge
of human operators in the form of linguistic variables. It is normally represented
as a sequence of the form “IF-THEN”, leading to algorithms describing what action
or output should be taken inaction of the currently observed information, which
includes both input and feedback if a closed-loop control system is applied [40,42].
FLC “IF-THEN” rule associates a condition defined using linguistic variables and
fuzzy sets to obtain a certain output. “IF” is normally used to capture the knowledge
by using elastic conditions. THEN is used to give the conclusion or output in linguistic
variable form. These rules are normally used in fuzzy inference systems to compute
the degree to which the input data match the condition of the rule, where:

• IF CCADemand is equal to CCC and ∆SoCLAB ∆SoCLIB are high, Then HESS(CCC−Re f )
is equal to CCCHESS (i.e., CLAB CCCLIB), which means the HESS will supply the
required current, where each battery supplies the current based on the reference
current given by the FLC.

• IF CCCDemand = CCC and ∆SoCLAB ∆SoCLIB are not high; Then HESS(CCC−Re f )
is zero, which means that the system is balanced and HESS will not charge or
discharge. Defuzzification: Defuzzification is the FLC output; it produces a
quantifiable result in crisp logic based on the input membership, fuzzy rules and
corresponding degrees processing fuzzy rules to a crisp set. The defuzzification
method used in this proposed FLC is the centroid method. The FLC generate
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two outputs which are the percentage reference that which battery must supply.
The output FLC reference is multiplied by the required CCC to form the reference
CCC of each battery. The SoCCommand is used to give the reference SoC and
to ensure the SoCHESS within the limits, where the SoC(LIBmin)

= 98.5% and
SoC(LIBmax) = 99.99%. The SoC(LABmin)

= 99.4% and SoC(LABmax) = 100%. Setting
the SoC within limits helps guard against overcharging the battery, also deep
release, along with avoiding keeping the LIB at full SoC by disconnecting the
battery from the alternator. Figure 6 shows the proposed HESS with BMS for
TVs. The batteries were connected in parallel and each connected in series with
a bidirectional DC–DC buck-boost converter. The two converters’ output was
connected to the DC-Bus.
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3.4. Lifespan Estimation

The battery life prediction model used in this research study accumulates losses of
battery based on discharge cycles. This type of module is called a fatigue model, which
is one of the cycle counting approaches. Although the fatigue model is a high-level
approximation for battery life, it is widely used due to its simplicity and clarity [46–49].
The fatigue models assume that each discharge of the battery affects battery degradation.
For the proposed lifetime estimation, the following scenarios were considered and adopted
as described in [37,50]:

• From the battery datasheet, the curve showing the number of cycles of a battery as a
function of DoD until it reaches the end of its lifetime was utilised.

• The SoC represents the battery capacity in percentage.
• The curve represents battery lifespan in days as a function of its float charging voltage

and temperature. Therefore, based on the data obtained from [50], the loss-of-life
(LoL) and maximum expected lifespan in years of batteries are estimated according
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to [46,47,49]. The LoL of the batteries is the sum over all types of operation during the
observation period; it was estimated using the following Formula (21) as in [37]:

LoL = ∑k
i=0

NC(i)
Nmax

C
(21)

where, i = {0 . . . . . . . . . . . . , k} = {0 . . . . . . 100%}, k is the battery DoD and stands for
DoD and was used during the discharge operation mode. When DoD is 100%, it means
that the battery is fully discharged. Nc(i) represent the number of performed cycles at
ith DoD, Ncmax is the number of cycles to failure, which was attained when 80% of the
battery capacity was utilised [49]. Thus, the battery end-of-life (EoL) with several ith
DoD was attained when the LoL was 1 [38,46,49,51]. This can further be formulated as:
when Nc(i) = Ncmax , then LoL = 1. Hence, the battery lifespan is represented by the
maximum number of services N(maxs) of the battery, and represented by Equation (22)
as in [37,47];

Nmaxs =
1

LoL
; (22)

Additionally, if the vehicle serves several operations (Nop) in a day, then the maximum
expected battery lifespan (Ls) is represented by Equation (23) as in [37];

Ls =
Nmaxs

Nop
× Nmax

c
366

(years) (23)

4. Results and Discussions

This section describes the system modelling validation, presentation of results, and
discussions thereof. The battery management strategy (BMS) ensures that the proposed
solution meets the load demand for transport vehicles. The proposed research studies are
analysed and compared with single lead-acid batteries. TVs are assumed to have starter
motors that require a CCC of 590 A and 650 A for 3 s for the 12 V-70 Ah and 12 V-90 Ah
batteries, respectively. Figure 7 show the generated cold-cranking demand required for
case two and three.
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Figure 7. Generated cold cranking current or ampere demand required to crank the engine.

As shown in Figure 7, the CCC required to crank the vehicle engine is 590 A for case
two. Whereas for case three, the current is 650 A. These currents are supplied to crank the
vehicle’s engine that uses a single LAB of 12 V-70 Ah and 12 V-90 Ah batteries. Therefore,
these currents are supplied for only 3 s. Additionally, the HESS share the required cranking
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current between the individual ESSs while maintaining favourable operating conditions of
these batteries such that the LABs’ lifespan can be preserved and extended.

4.1. Case Two (12 V-70 Ah HESS Capacity)

The proposed HESS to supplement a 12 V-70 Ah single battery is analysed for 172 s in
case two (a) and for 182 s in case two (b). This case study compares the attained results
to a single LAB of the same size. Figures 7 and 8 show the results of this case. Figure 8
illustrates the HESS delivering the maximum current required, which is 599.1 A for case
two (a), while Figure 9 represents case two (b), where the HESS provides a maximum
current of 596.2 A, respectively. The currents delivered by the HESS are more than the
required CCC of 590 A for three seconds.
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As shown in Figures 8 and 9, the HESS supplies the required CCC. Furthermore, after
three seconds, the CCC demand goes to zero, which illustrates that the engine is in running
operation and no further demand is required. However, the HESS need to supply the
vehicle auxiliary loads, but the study does not cover the energy needed to power up these
auxiliary loads because it is beyond the scope of this research. Moreover, Figure 10 shows
the LAB contribution for case two (a).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 15 of 27 
 

 

Figure 10. LAB and LIB contribution to CCC, SoC and voltage response during discharge for case 

two (a). 

In Figure 10, LAB provides 326.9 A, which represents a contribution of 53% of the re-

quired CCC. The LAB voltage response results show a minimum voltage of 11.41 V, while the 

SoC remains at 99.69%. Consequently, LIB supplies 290.3 A of the required CCC, which is a 

37.1% contribution. LIB voltage response recorded a minimum voltage of 9.51 V, and the SoC 

is retained at 98.09%. Figure 11 shows the results of the HESS for case two (b). 

 

Figure 11. LAB and LIB contribution to CCC, SoC and voltage response during discharge for case 

two (b). 

As shown in Figure 11, LAB supplies a portion of the required CCC, which is 378.5 

A, thus accounting for 62.9% of the total CCC needed to crank the engine. The LAB mini-

mum voltage response recorded was 11.31 V, and the SoC remained at 99.65%. Addition-

ally, LIB provides 222.9 A of the required CCC, which accounts for 37.1%. The LIB mini-

mum voltage response was 9.51 V, and the SoC remained at 98.09%. Moreover, the above 

Figure 10. LAB and LIB contribution to CCC, SoC and voltage response during discharge for
case two (a).

In Figure 10, LAB provides 326.9 A, which represents a contribution of 53% of the
required CCC. The LAB voltage response results show a minimum voltage of 11.41 V, while
the SoC remains at 99.69%. Consequently, LIB supplies 290.3 A of the required CCC, which
is a 37.1% contribution. LIB voltage response recorded a minimum voltage of 9.51 V, and
the SoC is retained at 98.09%. Figure 11 shows the results of the HESS for case two (b).
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As shown in Figure 11, LAB supplies a portion of the required CCC, which is 378.5 A,
thus accounting for 62.9% of the total CCC needed to crank the engine. The LAB minimum
voltage response recorded was 11.31 V, and the SoC remained at 99.65%. Additionally,
LIB provides 222.9 A of the required CCC, which accounts for 37.1%. The LIB minimum
voltage response was 9.51 V, and the SoC remained at 98.09%. Moreover, the above results
represent the discharging mode of the HESS. Thus, Figures 12 and 13 show the charging
behaviour of the HESS. In this mode, the HESS is simulated for 179 s for case two (a) and
169 s for case two (b).
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Figure 13. Required CCA, SoC and voltage response of HESS during charging mode for case two (b).

In Figure 12, during HESS charging, LAB state-of-charge increases from 99.69% to
100%. Furthermore, the voltage response increases from 11.41 V to the charging reference
voltage of 14.2 V and the charging reference current of −12 A. The LIB’s SoC increases
from 98.28% to 99.9%, whereas the voltage response increases from 10.49 V to a charging
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reference voltage of 14.2 V with a charging reference current of −6 A. Figure 13 shows the
results of case two (b) during the charging mode.

As shown in Figure 13, LAB’s SoC increases from 99.65% to 100%, whereas the voltage
response increases from 11.31 V to the charging reference voltage of 13.1 V and the charging
reference current of −13 A. The LIB’s SoC increases from 98.09% to 99.9%, whereas the
voltage response increases from 9.51 V to the charging reference voltage of 14.2 V and
the charging reference current of −5 A. The results show that when the batteries are fully
charged, the charging current is 0 A, and the charging voltage reduces to the initial nominal
battery voltage. Hence, compared with a single 12 V-70 Ah LAB during discharging mode
for 3 s; it is clear from the results in Figure 14, which show that the proposed HESS delivers
599.1 A, whereas the minimum voltage is 11.41 V. While the SLAB delivers 538.1 A, with
the minimum voltage being 10.97 V.
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Figure 15 shows that the minimum LAB’s SoC after supplying CCC for 3 s is 99.69%
and 99.24% for SLAB.
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4.2. Case Three (12 V-90 Ah HESS Capacity)

In this case, the proposed HESS is simulated for 227 s for case three (a) and 234 s for
case three (b), with required CCC ranges between 400 A and 650 A for 3 s. The proposed
case three is compared with a single 12 V-90 Ah LAB with the same required CCC/A.
Figures 16 and 17 show the results of case three.
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Figure 17. HESS supplying the required CCC for case three (b).

In Figure 16, the HESS delivers a maximum current of 653.2 A for case three (a).
Figure 17 shows that the HESS delivers a maximum current of 665.5 A. These values are
both greater than the required CCA of 650 A for 3 s.
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As illustrated in Figures 16 and 17, after three seconds, the CCA demand is 0 A. The
results show that the HESS is charged with a maximum charging current of −21.1 A,
which varies with the HESS’s SoC. The maximum charging voltage from the DC-bus link is
14.5 V. When the battery is fully charged, the current is 0 A, and the battery voltage reduce
to the nominal battery voltage. The current supplied, SoC and voltage responses of the
hybridised batteries during discharging mode are detailed herein. Figure 18 shows the
results of case three (a) during discharging mode.
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Figure 18. The supplied required CCC, SoC and voltage response of HESS for case three (a) during
discharge mode.

As shown in Figure 18, the LAB supplies 386.7 A for case three (a), which represents
59.68% of the required CCA, whereas the minimum voltage is 11.43 V and SoC is 98.32%.
The LIB supplies 260.5 A, which represents 40.3% of the required CCA, whereas the
minimum voltage is 9.985 V and SoC is 98.32%. Figure 19 shows the results of the HESS for
case three (b).
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discharge mode.
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In Figure 19, the LAB supplies 379.1 A, which represents 56.1% of the required CCA,
whereas the minimum voltage is 11.47 V and SoC is 99.7. The LIB supplies 293.4 A, which
represents the 43.9% required CCA, whereas the minimum voltage is 11.02 V and SoC is
98.49%. Moreover, Figures 20 and 21 show the results of cases three (a) and (b) during
charging modes. Case three (a) is simulated for 227 s, and case three (b) is for 234 s during
charging mode.
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Figure 21. The CCC, SoC and voltage response of HESS during charging mode for case three (b).

In Figure 20, the LAB’s SoC starts from 99.68 to 100%, whereas the voltage response
increases from 11.43 V to the charging reference voltage of 13.1 V and the charging reference
current of −13 A. The LIB’s SoC starts from 98.32% to 99.9%, whereas the voltage response
increases from 9.985 V to the charging reference voltage of 14.2 V and the charging reference
current of −6 A. Figure 21 illustrate the results for case three (b).

As shown in Figure 21, the LAB’s SoC starts from 99.7 to 100%, whereas the voltage
responses increase from 11.47 V to the charging reference voltage of 13.1 V and the charging
reference current of −13 A. The LIB’s SoC starts from 98.49% to 99.9%, whereas the voltage
response increases from 11.02 V to the charging reference voltage of 14.2 V and the charging
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reference current of −7 A. The results obtained in these cases are used to determine the
lifespan of the system as compared to a single LAB. Therefore, compared with SLABs, the
performance is analysed in terms of energy storage and lifespan. The comparison is made
based on CCC delivered by the proposed HESS and SLABs, as well as the minimum SoC
and voltage responses of LABs in HESS with SLABs during discharging mode to evaluate
the delivery CCC and how it affects the SoC, voltage, and lifespan of the batteries. Figure 22
shows the results of case three as compared to a single LAB.
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Figure 22. The delivered CCC by HESS versus SLAB, and voltage response of LAB versus SLAB
during discharging mode for case three.

As shown in Figure 22, the proposed HESS is compared with a single 12 V-90 Ah
during discharging mode for 3 s. It is clear from the results in Figure 22 that the proposed
HESS delivers 653.2 A, whereas the minimum voltage is 11.43 V. While the SLAB delivers
631.7, whereas the minimum voltage is 10.64 V. Figure 23 shows that the LAB’s SoC after
supplying the required CCA for 3 s is improved to 99.68% and 99.2% for SLAB.
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As shown in Figure 23, the LAB SoC in a HESS is maintained at 99.7%, which demon-
strates that it loses capacity slowly as compared to a single applied LAB.

4.3. Lifespan Estimation Results

In this section, the lifespan of the battery is estimated and plotted based on the
simulation results discussed above in all two cases. The results in datasheets as described
in Section 3.4 are used as the reference for LAB and LIB, respectively. The battery lifespan
is predicted based on assumptions of the battery having a maximum service per day of
30 and an average surrounding temperature of±25°C. The evaluated system’s temperature
is assumed to be kept at ±25 ◦C because, in the majority of ICEVs, the battery system is
positioned such that constant airflow exists to cool the energy storage system. Hence, this
study did not evaluate the system at different temperature values. In this study, the lifespan
estimation using Equations (21)–(23) is obtained by considering the following:

• On the battery datasheet, the curve showing the number of cycles as a function of DoD
until the battery reaches EoL is used;

• The curve shows the battery lifespan in days as a function of float charging voltage
and temperature.

Thus, to estimate the lifespan, the study uses the extended life cycle graph of LAB
with different DoD as indicated in [37]. Figure 24 shows the estimated lifespan results of
the proposed HESS for case two.
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In Figure 24, case two (a), the estimated lifespan of the hybridised batteries is 8.46 years
for LAB and 8.5 years for LIB. For case two (b), the estimated lifespan for LAB is 8.39 years
and 8.17 years for LIB. Figure 25 shows the estimated lifespan results for the proposed
HESS for case three.

In Figure 25, case three (a), the estimated lifespan of the hybridised batteries is
8.45 years for LAB and 8.5 years for LIB. For case one (b), the estimated lifespan for
LAB is 8.48 years and 8.6 years for LIB. Case two (a) and Case three (a) have excellent per-
formance in terms of delivered CCC, voltage, and estimated lifespan of 8.49 and 8.4 years
while costing less compared with case two (b) and case three (b).

Furthermore, the lifespan of the LAB is estimated and compared with SLAB. The
proposed HESS also improves the LABs in terms of storage capacity by 10.18% and lifespan
by 3.49 years for case two and by 3.3%, and lifespan by 3.5 years for case three. Additionally,
the results indicate that when the LAB SoC is above 99.65%, it can significantly improve
the lifespan by more than three years.
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The supply of the required cold cranking current to start the vehicle, which is between
100 and 800 A for 3 s, and maintain the battery voltage above 7.2 V, while the battery DoD
is between 1 to 3%. The battery’s lifespan is affected by the DoD. To improve the battery
lifespan, the battery SoC must be kept as high as possible. Thus, DoD will be less.

Although LIBs as a single source for SLI applications are available in the market [5],
the HESS performance is superior to these LIBs. In [52], the algorithm for LIB capability to
crank the vehicle’s engine is developed. Nevertheless, the algorithm shows less efficacy,
and mathematical equations are heavy for computation. Table 2 shows the summary of the
results for both cases.
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Table 2. A summary of the HESS case results.

Case No. Battey Type Capacity (Ah) CCC (A) Load Share (%)

Two

a
HESS 70.4 599.1 100

LAB 60 326.9 53

LIB 7.8 290.3 47

b
HESS 69.8 596.2 100

LAB 62 378.5 62.9

LIB 10.4 222.9 37.1

Three

a
HESS 90.4 653.2 -

LAB 80 386.7 59.7

LIB 10.4 260.5 40.3

b
HESS 90 665.5 100

LAB 77 379.1 56.1

LIB 13 293.4 43.9

5. Conclusions

The study evaluates LABs performance for TVs in terms of storage capacity and
lifespan without changing the current chemical composition of the batteries. The results
show that the proposed integrated fuzzy-logic and Triple-loop PI-based control battery
management strategy for lead-acid and lithium-ion hybrid battery energy storage systems;
improves the batteries’ performance in terms of storage capacity and lifespan. The fuzzy
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logic control is used to allocate the reference current within the hybridised batteries and
to ensure the state of charge of hybridised batteries is within the permissible maximum
and minimum limits. The results show that the FLC is capable of allocating the required
reference current within a margin of ±2%. The bidirectional DC–DC buck-boost converter
with a triple-loop PI-based controller is used to control the voltage and current flow of
the hybridised batteries during charging and discharging modes based on the reference
voltage and current. The results show an enhancement of storage capacity and lifespan
of the proposed 12 V-70 Ah HESS of 10.18% and 3.49 years, respectively, in comparison
with single a 12 V-70 Ah LAB. The results of case three show an enhancement of storage
capacity and lifespan for the proposed 12 V-90 Ah HESS is 3.3% and 3.5 years, respectively,
in comparison with a single 12 V-90 Ah LAB.
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Nomenclature

C1C2 Parallel branch capacitances.
CCC/A Cold-cranking current/ampere.
CCCHESS Hybrid energy storage system cold cranking current.
CCCLAB Lead-acid battery cold cranking current.
CCCLIB Li-ion battery cold cranking current.
Cmin Minimum converter output capacitance.
D Duty cycle.
DoD Depth of discharge.
EoL End of life.
fs Switching frequency.
HESSCCCre f Reference cold cranking current of a hybrid energy storage system.
IAlt Alternator current.
IAux Required auxiliary components current.
ib Battery charging current.
ic Battery circulating current.
Ichre f

Reference charging current.
IDemand Demanded output current.
iLm Inductor current.
∆iLmin Change in minimum inductor current.
io Converter output cold cranking current.
k Battery depth of discharge.
Lmin Minimum inductor value.
LoL Loss of battery life.
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Nc(i) The number of cycles performed at instant i.
Nmax

c The maximum number of cycles to failure.
Nmaxs The maximum number of battery services.
Nop The number of operations.
OCV Open circuit voltage.
ρ PI control compensation factor.
Qb Actual battery capacity.
Qs Stored battery capacity.
R1R2 Parallel branch resistances.
Rs Internal battery series resistance.
SLAB Single lead-acid battery.
SoC State of charge.
SoCHESS Hybrid energy storage system state of charge.
SoCinit Initial battery state of charge.
SoCLAB Lead-acid battery state of charge.
SoCLIB Li-ion battery state of charge.
SoC(LABmin) Minimum lead-acid battery state of charge.
SoC(LABmax) Maximum lead-acid battery state of charge.
SoC(LIBmin) Minimum li-ion battery state of charge.
SoC(LIBmax) Maximum li-ion battery state of charge.
∆SoCLAB Change in lead-acid battery state of charge.
∆SoCLIB Change in li-ion battery state of charge.
T Sampling time.
V Total voltage drops in the RC parallel branch.
Vb/batt Battery voltage.
Vchre f

Charging battery reference voltage.
VDCBus DC bus voltage link.
VH High inductor voltage.
VL Low inductor voltage.
VLmin Minimum inductor voltage.
Vo Converter output voltage.
∆Vo Change in converter output voltage.
Vre f Reference voltage.
Vs Battery internal resistance voltage drop.
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