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Abstract: This paper investigates the effect of the electric double layer capacitor (EDLC) in reducing
stress and prolonging the battery lifespan in a hybrid energy storage system (HESS). A 65 F, 16.2 V
EDLC supercapacitor was connected in a laboratory experiment to produce its charge/discharge
profile at a constant current of 5 and 10 A. The EDLC’s Faranda or “two branch model” mathematical
parameters were extracted from the experimental charge/discharge profile. The extracted parameters
were used as inputs to design the Python/MATLAB/Simulink (PMS)-hybrid model of the EDLC.
The charge/discharge profiles of the simulated PMS model of the EDLC were then compared to the
charge/discharge profiles derived from the experimental setup of the EDLC and were found to match.
The PMS model of the EDLC was then used as a subcomponent in an HESS system modelled in
MATLAB/Simulink. Using constant load conditions, the battery’s voltage, current, power and state
of charge (SOC) were analyzed for a battery energy storage system (BESS) without a supercapacitor
and then compared to an HESS system with a supercapacitor in an experimental setup. This process
was repeated with the simulated PMS model of the EDLC in MATLAB/Simulink for HESS and
without the EDLC for BESS. Finally using a variable load in an experimental setup, the battery’s
voltage and current were analyzed for a BESS system and compared to an HESS system. All these
data show that, in an HESS system with a supercapacitor, there is less stress on the battery with a load
applied. This is indicated by the voltage and current values in an HESS system being consistently
more stable with respect to time as compared to the BESS system. As a result, in an HESS system, the
battery will have a longer lifespan.

Keywords: battery lifespan; battery energy storage system (BESS); EDLC; hybrid energy storage
system (HESS); Python/MATLAB/Simulink (PMS)-hybrid model; supercapacitor

1. Introduction

The need for the storage and backup of electrical power has given rise to the use
and development of energy storage devices (ESD) [1] that can store the electrical energy
produced. The most widespread and popular ESDs are batteries such as the lead-acid
batteries and the lithium-ion batteries, just to name a few. While batteries have a high
energy density, they exhibit low power densities [2], which hinder their performance in
high-power fluctuating applications. In a battery energy storage system (BESS), the stress
and instability [3] exerted on the battery in these instances lead to the reduction in the
battery lifespan and increased costs in having to replace them. This has become one of the
drawbacks and disadvantages of micro-grid BESS systems.

To counter this, a supercapacitor, or Electric Double-Layer Capacitor (EDLC), is con-
nected in parallel with the battery in a hybrid energy storage system (HESS) to negate a
lot of the effects of the high-power fluctuations [4–6]. The supercapacitor, with its high-
power density and high charge/discharge cycles, responds quicker than the battery to
the instantaneous change in power demands while leaving the battery to take care of the
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medium- and long-term energy needs. HESS configurations are used in diverse places
such as micro-grids, hybrid electric vehicle (EV) cars [6] and uninterrupted power supply
systems to optimize power usage and increase battery lifespans.

This research will aim to establish the effect of the EDLC on the battery in an HESS
system by analyzing the voltage, current, power and state of charge (SOC) graphs of the
battery in an HESS and compare these indicators to those in a BESS system without the
EDLC. The voltage, current, power, charge used and the state of charge (SOC) values of
the battery were first obtained experimentally and then by simulation. The simulation
model consists of a Python/MATLAB/Simulink (PMS)-hybrid model [7] of the EDLC as a
sub-component in a MATLAB/Simulink model for the HESS configuration. In the case of
the BESS configuration, the EDLC is removed.

So far, most of the simulations of the hybrid energy storage systems [8,9] and the
modelling of supercapacitors [10] have been carried out in purely MATLAB/Simulink
simulation environments. In [8–10] the authors modelled the EDLC in MATLAB/Simulink
and then simulated the HESS system [8,9] to determine the effect of the EDLC on the lifespan
of the battery. In all these instances, the MATLAB/Simulink EDLC model integrated well
with the battery in the HESS system, and simulations showed that the EDLC creates stability,
reduces stress on the battery and thus helps to increase the battery lifespan.

In paper [11], the authors investigated a hybrid energy storage system (HESS) con-
sisting of a superconductor and a battery to cater to power fluctuations in a micro-grid
system. A control system based on a real-time digital simulator was introduced together
with a battery lifetime prediction model. Experimental and simulation results showed that
the HESS had the lifespan of the battery increasing from 6.38 years to 9.21 years when
compared to a battery-only system.

A new control system to reduce battery aging which consists of a supercapacitor
and a battery in a micro-grid energy storage system was proposed by the authors in [12].
Simulations were performed for a wind hybrid energy storage system, and by using this
control system for it, a marked reduction in the battery peak current and the ampere hour
throughput was observed, which will lead to an extension of the battery lifespan.

Similar work was carried out by the authors in [13], employing a power sharing
method (PSM) in a hybrid storage system consisting of a li-ion battery and supercapacitor.
The hybrid PSM was tested in a 10 MW system in the UK and USA to determine the impact
on the battery lifespan. The results showed that by using the PSM and the hybrid storage
system, the stress on the battery was significantly reduced.

Battery stress reduction and lifespan research was conducted in other HESS systems
in [5,14–17], where the results concluded that the presence of the EDLC does indeed reduce
battery stress and help to prolong battery lifespan.

The innovation or contribution of this research lies in the design of a Python/MATLAB/
Simulink (PMS)-hybrid model of the EDLC model, which is first tested independently and
then later incorporated with a battery in an HESS system for simulative purposes with the
PMS-hybrid model to improve battery lifespan. Previous research on modelling EDLCs
and HESS systems has focused mainly on a MATLAB/Simulink [8,10] approach or a model
without the Python component. The main reason for incorporating Python programming
is for its flexibility factor.

The outline of the work is as follows: Section 1 introduces the topic and discusses the
literature on HESS systems and what other authors have achieved regarding this topic.
Section 2 deals with the method that was used to carry out this research. Section 3 shows the
results achieved. Section 4 analyzes and discusses the results. Finally, Section 5 concludes
the work.
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2. Methodology
2.1. Modelling and Parameter Extraction from the Live EDLC to Develop the PMS-Hybrid
Simulation Model of the EDLC

The datasheet values of the actual EDLC that was modelled and then used as a
sub-component in an HESS configuration can be seen in Table 1 below.

Table 1. EDLC datasheet parameters.

Parameter Value

Capacitance (F) 65

Voltage (V) 16.2

The EDLC’s equivalent circuit parameters derived for this research were based on and
obtained from the “two branch” or Faranda model of equivalent circuit models [18]. These
parameters were crucial in designing and then simulating the Python/Matlab/Simulink
(PMS)-hybrid model [7] of the EDLC and in later using the resulting model as a sub-
component in the HESS configuration in MATLAB/Simulink. A laboratory experiment
was initially setup where the EDLC was charged/discharged at a constant current of 5 and
10 A, respectively, to obtain its charge/discharge profile. The equivalent circuit parameters
were then calculated from the experimental charge/discharge profiles using the equations
and methods described in [18]. The “two branch” model is an electrical equivalent circuit
representation of the EDLC that has been proven over the years to be quite reliable for
EDLC simulation and in predicting EDLC behaviour.

Table 2 below shows the equivalent circuit parameters of the 65 F, 16.2 V EDLC derived
at a constant current of 5 A from the charge profile.

Table 2. EDLC-derived parameters at 5 A.

Parameter Value

C0 (F) 51.2362

KV (F/V) 1.3541

C2 (F) 16.7331

R2 (Ω) 5.9762

R0 (Ω) 0.06

Table 3 below shows the equivalent circuit parameters of the 65 F, 16.2 V EDLC derived
at a constant current of 10 A from the charge profile.

Table 3. EDLC-derived parameters at 10 A.

Parameter Value

C0 (F) 56.3636

KV (F/V) 1.0101

C2 (F) 19.2031

R2 (Ω) 2.6037

R0 (Ω) 0.06

Slight differences can be observed in the equivalent circuit values of C0, KV, C2 and
R2 for 5 A and 10 A, but, otherwise, both sets of parameters correlate with similar values of
supercapacitors in the literature and are within acceptable ranges.
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After acquiring the parameters, these parameters were used as inputs to the designed
Python/MATLAB/Simulink (PMS)-hybrid model [7]. The Python/MATLAB/Simulink
(PMS)-hybrid model in Figure 1 was used to simulate the EDLC.
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Figure 1. Python/MATLAB/Simulink (PMS) model.

The PMS model works by taking in the derived parameters as inputs in the sub-
component of Simulink. The distinct curve characteristics of the EDLC were produced
through a Python code encapsulated in MATLAB. The Python code communicates with the
MATLAB code in certain sub-sections of the algorithm for calculating the different values.
The results of this are returned to Simulink, where they are displayed on a scope and at the
same time downloaded to Excel files for record and data keeping. The voltage-controlled
current source is used to supply the input current to pulse the PMS EDLC model in a
repeated cycle.

The simulated charge/discharge profiles of the EDLC emanating from the PMS-hybrid
model were subsequently compared to the live experimental charge/discharge profiles to
determine the accuracy of the derived parameters and the designed PMS-hybrid model.
The comparison is analyzed in the Section 3.

2.2. Design of the Experimental HESS Model and the MATLAB/Simulink Simulation HESS
Model with a PMS-Hybrid EDLC as a Sub-Component

The EDLC parameters derived from the experimental charge/discharge profile of
the live 65 F, 16.2 V EDLC were used to design the PMS-hybrid model of the EDLC. The
actual 65 F, 16.2 V EDLC was used in the design of the experimental HESS circuit, and the
PMS-hybrid model of the EDLC was used to design the MATLAB/Simulink [9] simulation
HESS model. The experimental HESS model consists of the following components: the
65 F, 16.2 V EDLC and a 12 V lead-acid battery whose parameters are shown in Table 4.
These two are the main components in the HESS. A 0–20 V variable DC power supply was
used to charge the battery and the EDLC, a 5.2 Ω, 20 W variable resistor load can be set up
to draw a constant or a variable current, a 20 A, 200 mV shunt resistor of a low impedance
value was used to measure the current drawn by the load at the battery and, finally, a
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four-channel 20 MHZ Tektronix oscilloscope was used to measure the circuit voltage and
current at any point.

Table 4. Lead-acid battery parameters.

Parameter Value

Rating (Ah) 8

Voltage (V) 12

Total charge (Coulombs) 28,800

The block diagram summarizing the components of the experimental HESS can be
seen in Figure 2 below. The experimental HESS circuit focuses mainly on the current
demand from the load side by placing the supercapacitor after the battery on the load side.
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Figure 2. Experimental Hybrid Energy Storage System block diagram.

Figure 3 shows the components in the experimental HESS circuit connected in the
actual laboratory experiment. The 0–20 V variable DC-power supply, the 65 F, 16.2 V,
EATON model EDLC, the RS-PRO 12 V Sealed lead-acid battery (7 Ah), a 20 A, 200 mV
shunt resistor, a four-channel 20 MHz Tektronix oscilloscope and the 5.2 Ω, 20 W variable
load can be clearly seen in the circuit below.

The experiment involved first connecting only the fully charged battery in-circuit in
a battery energy storage system (BESS) [19,20] configuration with the load. The values of
the battery voltage and current were measured. The battery power utilization, the charge
used and the state of charge (SOC) of the battery as a function of time were then calculated
under a constant load condition. Under a variable load condition, only the battery voltage
and current fluctuations were measured. Equations (1)–(4) below were used to calculate
the charge utilization of the battery and the SOC of the battery as a function of time. The
total or accumulative battery charge is given in (1), derived from [8,15],
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Total Charge = 8 Ah × 60 min
h

× 60 s
min

= 28800 C (1)

where Ah is the ampere-hours battery rating and total charge is the maximum charge that
this battery can hold.

Derived from [8,15], the charge used is:

Charge used = I × ∆t (2)

where I is the battery discharge current and ∆t is the time duration.
Derived from [8,15], the charge remaining is:

Battery charge remaining = total charge − charge used (3)

Derived from [8,15], the SOC is:

SOC =
total charge − charge used

total charge
× 100% (4)

where SOC is the state of charge of the battery at any time.
The discharge voltage, current, power, charge used and SOC of the battery were

obtained for the BESS experiment. The EDLC was added to the experimental circuit by
connecting it in parallel to the battery to turn it into a hybrid energy storage system (HESS).
The voltage and current were measured, and the power, battery charge used and SOC were
derived in a manner similar to what was performed in the BESS experiment. The battery
data obtained under the BESS configuration were compared to the battery data obtained
under the HESS configuration, and the results were analyzed in the Sections 3 and 4. The
lead-acid battery and the EDLC were pre-charged to a voltage of 12 V before running
these experiments.

The HESS simulation model was designed with the PMS-hybrid model of the EDLC
as a sub-component in the MATLAB/Simulink HESS model. To use the PMS-hybrid model
as a sub-component in the MATLAB/Simulink HESS model, one input and one output
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of the PMS-hybrid model of the EDLC must be considered. The input to the PMS model
of the EDLC is the ISC node which supplies the current. The output of the PMS model of
the EDLC is the EDLC voltage node which generates the voltage, as shown in Figure 1. In
the HESS simulation model in Figure 4 the ISC node is connected to the ISC node in the
PMS sub-component, and the “1” node is connected to EDLC voltage node in the PMS
sub-component. The simulation setup, shown in Figure 4, consists of the designed EDLC
PMS-hybrid model encapsulated as a subsystem, an in-built Simulink lead-acid battery, a
Simulink resistive load, a Simulink scope for data capturing, a Simulink current measuring
meter, connected in series with the battery, as was performed in the experimental setup,
and a Simulink voltage measuring device in parallel with the load. The lead-acid battery
and the EDLC had built-in voltages.
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Figure 4. Simulated Hybrid Energy Storage System (HESS) MATLAB/Simulink model.

The simulation model was first configured with a battery-only (BESS) setup similar to
what was performed in the laboratory experiment, and then the battery voltage, current
and SOC were captured in the BESS configuration. The simulation was repeated with a
lead-acid battery and a PMS EDLC in an HESS configuration; the exact same data were
captured. The graphs for the battery voltage, current and SOC for the BESS and HESS
configurations were then compared.

3. Results and Analysis
3.1. Results for the EDLC

The EDLC’s experimental charge profiles obtained at a constant current of 5 and 10 A
were superimposed on each other, as can be seen in the graph in Figure 5. It can be clearly
seen that the charge profile for 10 A has a much higher gradient than the charge profile
for 5 A, resulting in the 16.2 V EDLC reaching its maximum voltage of 16.2 V within a
shorter time at 10 A. This result is consistent with the theory of charging the EDLC at a
higher current.
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Figure 5. EDLC’s experimental charge profile at 5 and 10 A.

The experimental discharge profiles of the EDLC can be seen in Figure 6 below. The
discharge profiles are obtained by discharging the EDLC at a constant current of 5 and 10 A.
The EDLC discharges within a shorter time at the higher current of 10 A than it does at 5 A.
This is depicted by the higher gradient of the 10 A discharge profile. The supercapacitor
charge profiles in Figure 5 are not exactly linear and have a bit of decay but do not exactly
match the exponential decay seen in the discharge profile in Figure 6. They both truly
come from a constant-current supply/load; however, for them to perfectly match each
other, they would have to come from an ideal experimental charge/discharge profile of a
supercapacitor. However, this does not occur in the experiment because you have some
hysteresis losses in the charge/discharge cycle since the constant current is maintained
by a 5.2 Ω, 20 W potentiometer variable resistor load with coils, as seen in Figure 3. The
potentiometer contacts also play a role in the resistive load.
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The simulated EDLC charge profiles are obtained by executing the PMS-hybrid model
designed in Section 2.1. The charge profiles are carried out for both 5 and 10 A by utilizing
the extracted set of parameters in Table 2 for 5 A and the extracted set of parameters
in Table 3 for 10 A. Both charge profiles are superimposed in Figure 7 below. Just as in
the experimental results, in the simulation charge profiles, the 10 A plot shows a higher
gradient than the 5 A plot. The simulated charge profiles from the PMS-hybrid model show
a smoother curve than those derived from the experiment, which is potentially due to the
Python simulation of the supercapacitor character.

Energies 2022, 15, x FOR PEER REVIEW 9 of 18 
 

 

parameters in Table 3 for 10 A. Both charge profiles are superimposed in Figure 7 below. 

Just as in the experimental results, in the simulation charge profiles, the 10 A plot shows 

a higher gradient than the 5 A plot. The simulated charge profiles from the PMS-hybrid 

model show a smoother curve than those derived from the experiment, which is poten-

tially due to the Python simulation of the supercapacitor character. 

 

Figure 7. EDLC simulated charge profile at 5 and 10 A. 

The simulated discharge profiles of the EDLC can be seen in Figure 8 below. The 

simulated discharge profiles show the EDLC discharging within a shorter time at 10 A 

than at 5 A.  

 

Figure 8. EDLC simulated discharge profile at 5 and 10 A. 

Figure 9 shows the experimental and simulated charge profiles superimposed on the 

same graph in order to enhance comparison between the two models, as indicated in sec-

tion III A. In the charge profiles, it can be seen that, for both 5 and 10 A currents, the 

experimental and simulated graphs exhibit almost a perfect match. This reflects a correct 

extraction of the parameters from the live EDLC. There is, however, a slight difference or 

lag between the experimental profile and the simulation profile for both currents. This lag 

is brought about by a few factors, including: the parameters extracted need to be input to 
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The simulated discharge profiles of the EDLC can be seen in Figure 8 below. The
simulated discharge profiles show the EDLC discharging within a shorter time at 10 A than
at 5 A.
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Figure 9 shows the experimental and simulated charge profiles superimposed on
the same graph in order to enhance comparison between the two models, as indicated in
Section 3 A. In the charge profiles, it can be seen that, for both 5 and 10 A currents, the
experimental and simulated graphs exhibit almost a perfect match. This reflects a correct
extraction of the parameters from the live EDLC. There is, however, a slight difference or
lag between the experimental profile and the simulation profile for both currents. This lag
is brought about by a few factors, including: the parameters extracted need to be input
to the Simulink sub-component of the PMS model; there is a feedback loop in the PMS
model in Figure 1 which consists of the voltage-controlled current source taking the output
voltage of the EDLC generating a current and feeding it back as the input current to the
EDLC; this has a time requirement and introduces some delay. The simulation of the EDLC
in MATLAB has a clock delay cycle of 50 ms. Lastly, when using programming languages
such as Python and C++, they introduce a smoothening effect on the curve that is perceived
as a slight lag.
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Figure 9. Experimental and simulated charge profiles superimposed at 5 and 10 A.

Figure 10 below shows the experimental and simulated discharge profiles of the EDLC
superimposed on the same graph. The discharge profiles for both 5 and 10 A currents show
a slightly more pronounced difference or variation between the experimental and simulated
graphs. The reason for this, apart from the voltage-controlled current source contribution
highlighted in the preceding paragraph, is that the “two branch” model parameters were
extracted from the experimental charge profiles, inserted into the PMS model and used
for both charge and discharge profiles, whilst they are only an estimate for the discharge
profile. This was performed to automate the charge/discharge cycle process when the
EDLC is used as a sub-component in the HESS model to evaluate its effect on the battery in
the HESS.

3.2. Results for Experimental HESS and Simulated HESS Relating to Battery Life
3.2.1. Experimental HESS Results

The battery voltage values measured experimentally for both the BESS and HESS
configurations can be seen in Figure 11. The BESS graph shows a sudden drop in voltage,
while the HESS curve shows a more stable drop in voltage. The variation between the
curves in the BESS and HESS configurations is highlighted by the green circle with short
dashes. In the HESS system, the voltage drop is reduced by 17%. The reduction in voltage
occurs due to the load connection which draws current from the battery. In the BESS
configuration, the load draws a larger current from the battery; as a result, there is a
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larger drop in voltage. In the HESS configuration, the load draws a smaller current from
the battery since the supercapacitor supplies some of the current, and the impedance
from the battery looking in the direction of the load, is higher due to the presence of the
supercapacitor. Hence, the battery voltage in an HESS configuration varies less than that
in a BESS configuration and is more stable. This applies less stress on the battery and can
improve its lifespan.

Energies 2022, 15, x FOR PEER REVIEW 10 of 18 
 

 

the Simulink sub-component of the PMS model; there is a feedback loop in the PMS model 

in Figure 1 which consists of the voltage-controlled current source taking the output volt-

age of the EDLC generating a current and feeding it back as the input current to the EDLC; 

this has a time requirement and introduces some delay. The simulation of the EDLC in 

MATLAB has a clock delay cycle of 50 ms. Lastly, when using programming languages 

such as Python and C++, they introduce a smoothening effect on the curve that is per-

ceived as a slight lag. 

 

Figure 9. Experimental and simulated charge profiles superimposed at 5 and 10 A. 

Figure 10 below shows the experimental and simulated discharge profiles of the 

EDLC superimposed on the same graph. The discharge profiles for both 5 and 10 A cur-

rents show a slightly more pronounced difference or variation between the experimental 

and simulated graphs. The reason for this, apart from the voltage-controlled current 

source contribution highlighted in the preceding paragraph, is that the “two branch” 

model parameters were extracted from the experimental charge profiles, inserted into the 

PMS model and used for both charge and discharge profiles, whilst they are only an esti-

mate for the discharge profile. This was performed to automate the charge/discharge cycle 

process when the EDLC is used as a sub-component in the HESS model to evaluate its 

effect on the battery in the HESS. 

 

Figure 10. Experimental and simulated discharge profiles superimposed at 5 and 10 A. Figure 10. Experimental and simulated discharge profiles superimposed at 5 and 10 A.

Energies 2022, 15, x FOR PEER REVIEW 11 of 18 
 

 

3.2. Results for Experimental HESS and Simulated HESS Relating to Battery Life 

3.2.1. Experimental HESS Results 

The battery voltage values measured experimentally for both the BESS and HESS 

configurations can be seen in Figure 11. The BESS graph shows a sudden drop in voltage, 

while the HESS curve shows a more stable drop in voltage. The variation between the 

curves in the BESS and HESS configurations is highlighted by the green circle with short 

dashes. In the HESS system, the voltage drop is reduced by 17%. The reduction in voltage 

occurs due to the load connection which draws current from the battery. In the BESS con-

figuration, the load draws a larger current from the battery; as a result, there is a larger 

drop in voltage. In the HESS configuration, the load draws a smaller current from the 

battery since the supercapacitor supplies some of the current, and the impedance from the 

battery looking in the direction of the load, is higher due to the presence of the superca-

pacitor. Hence, the battery voltage in an HESS configuration varies less than that in a BESS 

configuration and is more stable. This applies less stress on the battery and can improve 

its lifespan.  

 

Figure 11. Experimental BESS and HESS voltages superimposed.  

The battery current values measured experimentally for both the BESS and HESS 

configurations can be seen in Figure 12. The green circle with short dashes shows the var-

iation between the battery current in the BESS and HESS configurations. The sudden spike 

in current experienced by the battery in the BESS configuration went up to a peak of ap-

proximately 37 A. This increase in current was very sudden. In the HESS configuration 

the increase in battery current is less sudden, more controlled and reaches a peak of about 

19 A. The battery peak current drawn by the load in the HESS configuration is approxi-

mately 48.6% lower than that in the BESS configuration at the onset. The current drawn 

in HESS does not spike and is more controlled and stable due to the presence of the EDLC. 

This puts less stress on the battery and can prolong its lifespan. 

Figure 11. Experimental BESS and HESS voltages superimposed.

The battery current values measured experimentally for both the BESS and HESS
configurations can be seen in Figure 12. The green circle with short dashes shows the
variation between the battery current in the BESS and HESS configurations. The sudden
spike in current experienced by the battery in the BESS configuration went up to a peak of
approximately 37 A. This increase in current was very sudden. In the HESS configuration
the increase in battery current is less sudden, more controlled and reaches a peak of
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about 19 A. The battery peak current drawn by the load in the HESS configuration is
approximately 48.6% lower than that in the BESS configuration at the onset. The current
drawn in HESS does not spike and is more controlled and stable due to the presence of the
EDLC. This puts less stress on the battery and can prolong its lifespan.
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Figure 12. Experimental BESS and HESS currents superimposed.

The battery power results obtained experimentally for both the BESS and HESS
configurations can be seen in Figure 13. The power drawn from the battery in the BESS
configuration is higher than that drawn in the HESS configuration. In the HESS setup,
the power drawn at the onset is reduced by 48.6%. The power drawn in the BESS setup
exhibits a sharp spike. In the HESS setup, the power drawn is more stable and controlled.
The power drawn in the BESS setup has a larger variation than that in the HESS setup. This
means that the battery in the HESS setup will experience less stress and improve battery life.
Additionally, the sudden surge of power in a BESS setup can potentially damage a load,
whereas, in the HESS setup with the supercapacitor present, the load is partially protected.
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The charge utilization curves derived experimentally for both the BESS and HESS
configurations can be seen in Figure 14 below. In the HESS configuration, the amount of
charge used from the battery during the discharge process is less than that of the BESS
configuration. The difference is indicated by the green circle with short dashes. The charge
utilized in the HESS setup by the battery after 8 min is 44% less than that in the BESS. This
indicates that the battery would last longer for a single discharge cycle in the HESS setup.
The charge utilization curve in the BESS setup has a larger gradient as compared to the
HESS curve. Figure 14 shows that the cumulative battery charge used at the time 500 s of
the experiment is less in the HESS setup than it is in the BESS setup. The area under the
curve gives the total charge of the battery.
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Figure 14. Experimental BESS and HESS charge utilization superimposed.

The SOC results calculated from the experiment for both the BESS and HESS configu-
rations can be seen in Figure 15. The battery SOC percentile in the BESS setup decreased
within a shorter time and at a higher gradient than that in the HESS setup. At a runtime
of 500 s, the battery SOC in the HESS setup was 98.25%, and the battery SOC in the BESS
setup was 96.75%. This indicates that there is more charge left in the battery in the HESS
than in the BESS at the same time.

3.2.2. Simulated HESS Results

The simulation results obtained with the PMS-hybrid EDLC model in MATLAB/Simulink
(HESS) and without the PMS-hybrid EDLC model in MATLAB/Simulink (BESS) are given
in this section. The simulated voltage values can be seen in Figure 16. The figure shows
that, in the BESS setup, the battery voltage drops more significantly than in the HESS setup.
This proves that less stress is exerted on the battery due to the presence of the EDLC in the
HESS. The trends of the voltage values in the simulated setup follow a similar pattern as
those in the experimental setup, validating the simulation model.

Figure 17 shows that, in the BESS setup, the battery current remains consistently high
and does not drop. This applies stress on the battery. In the HESS system, the battery
current is less than that in the BESS system, and it gradually decreases; as a result, the
current drawn from the battery is not large and it is controlled, reducing the stress on the
battery. This is due to the presence of the EDLC sharing the battery workload, resulting in
a relief of stress on the battery. The reduction in current in the HESS system is indicated
in [12], therefore validating the result in this work. The trends of the current values in
the simulated setup follow a similar pattern to those in the experiment, validating the
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simulation. It is observed that the graphs of the battery indicators in the HESS system
derived from the simulated PMS model are much smoother than those obtained with other
modelling tools, as in [12]. This makes it easier to analyze the trends of battery indicators
and values in an HESS system. This can be seen in Figure 17. This is a common observation
with programming languages such as Python and C++.
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The simulation results in Figure 18 show that the battery SOC decreases [21] rapidly
under the BESS configuration with a high gradient as compared to that of the HESS, which
decreases gradually. The final battery SOC percentile in the BESS is approximately 96.75%,
and, in the HESS, it is approximately 98.25% after 200 s, which is a variance of about 1.5%,
correlating with the experimental model and validating the simulation. The higher SOC in
the HESS model is achieved by the presence of the EDLC. The EDLC is strategically placed
after the battery to deal with the load demand fluctuations and to protect the battery from
the load, as is detailed in the next section.

Energies 2022, 15, x FOR PEER REVIEW 15 of 18 
 

 

96.75%, and, in the HESS, it is approximately 98.25% after 200 s, which is a variance of 

about 1.5%, correlating with the experimental model and validating the simulation. The 

higher SOC in the HESS model is achieved by the presence of the EDLC. The EDLC is 

strategically placed after the battery to deal with the load demand fluctuations and to 

protect the battery from the load, as is detailed in the next section. 

 

Figure 18. Simulated BESS and HESS SOC percentiles. 

3.2.3. Variable Load/Current Results for the Experimental HESS Only 

In this experiment, a variable load was used, whose resistance was varied by increas-

ing and then decreasing the load every 10 s. Figure 19 shows the resulting voltage trajec-

tories for the BESS and HESS configurations when a variable load is used. 

The battery voltage in a BESS configuration has larger amplitudes for each repeated 

cycle as compared to that in the HESS configuration. This means that the battery in a BESS 

configuration experiences more stress with a variable load. 

 

Figure 19. Experimental BESS and HESS battery voltage fluctuations due to a variable load. 

Figure 20 shows a similar result for the current profile with a variable load. The cur-

rent drawn in a BESS shows larger amplitudes per cycle and spikes at the onset of the 

Figure 18. Simulated BESS and HESS SOC percentiles.



Energies 2022, 15, 8680 16 of 19

3.2.3. Variable Load/Current Results for the Experimental HESS Only

In this experiment, a variable load was used, whose resistance was varied by increasing
and then decreasing the load every 10 s. Figure 19 shows the resulting voltage trajectories
for the BESS and HESS configurations when a variable load is used.
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The battery voltage in a BESS configuration has larger amplitudes for each repeated
cycle as compared to that in the HESS configuration. This means that the battery in a BESS
configuration experiences more stress with a variable load.

Figure 20 shows a similar result for the current profile with a variable load. The
current drawn in a BESS shows larger amplitudes per cycle and spikes at the onset of
the demand, whilst in the HESS configuration, the current shows a lower amplitude and
fewer variations.

Energies 2022, 15, x FOR PEER REVIEW 16 of 18 
 

 

demand, whilst in the HESS configuration, the current shows a lower amplitude and 

fewer variations.  

 

Figure 20. Experimental BESS and HESS battery current fluctuations due to a variable load. 

4. Discussions 

All of the results given above conclusively indicate that the presence of the EDLC in 

an HESS configuration has a positive effect on the health of a battery due to the reduced 

variations of indicators such as battery voltage, current, charge utilized and SOC. This 

improves battery lifespan compared to when the EDLC is absent in a BESS configuration. 

The relationship between the change in the indicators and the battery aging effects is sum-

marized in Table 5 below. The aging processes of a lead-acid battery are detailed in [12]. 

Table 5. Changes in Battery Stress indicators and lifespan. 

Stress Factor Reduction of Stress Factor Reduction of Aging 

Battery voltage values Voltage drop reduced by 17% with EDLC 
Reduces the degradation of active material 

lead dioxide (𝑃𝑏𝑂2) 

Current discharge value 
Initial current spike reduced by 48.6% with 

EDLC 
Reduces the formation of lead sulfate 

(𝑃𝑏𝑆𝑂4) 

Battery power value 
Initial spike in power demand reduced by 

48.6% with EDLC 

Reduces the degradation of active material 

lead dioxide (𝑃𝑏𝑂2) 

Battery SOC percentile 
1.50% increase in SOC with an EDLC present 

within a duration of 5 min. 
Reduces the formation of lead sulfate 

(𝑃𝑏𝑆𝑂4) 

Battery charge utilization  Charge used dropped by 44% with the EDLC 
Reduces the degradation of active material 

lead dioxide (𝑃𝑏𝑂2) 

Battery sulfation involves the accumulation of lead sulfate (𝑃𝑏𝑆𝑂4) on the plates of 

a battery. This process is exacerbated by rapid discharging, overcharging and undercharg-

ing of the battery, caused by current values.  

Battery degradation of active material or aging involve the partial conversion of the 

active material in a battery, that is, the lead dioxide (𝑃𝑏𝑂2) and lead sulfate (𝑃𝑏𝑆𝑂4). This 

is normally caused by high-voltage fluctuations. The average values of the percentiles of 

the indicators that are directly related to stress on the battery are taken, such as the battery 

voltage, whose voltage drop is reduced by 17%, battery current, where the current spike 

is reduced by 48.6%, battery power, whose spike was reduced by 48.6%, and charge used, 

which was reduced by 44%. Taking the average of the percentile changes in the indicators 

gives a potential increase in battery lifespan of approximately 39.5%.  

Figure 20. Experimental BESS and HESS battery current fluctuations due to a variable load.



Energies 2022, 15, 8680 17 of 19

4. Discussions

All of the results given above conclusively indicate that the presence of the EDLC in
an HESS configuration has a positive effect on the health of a battery due to the reduced
variations of indicators such as battery voltage, current, charge utilized and SOC. This
improves battery lifespan compared to when the EDLC is absent in a BESS configuration.
The relationship between the change in the indicators and the battery aging effects is
summarized in Table 5 below. The aging processes of a lead-acid battery are detailed
in [12].

Table 5. Changes in Battery Stress indicators and lifespan.

Stress Factor Reduction of Stress Factor Reduction of Aging

Battery voltage values Voltage drop reduced by 17% with EDLC Reduces the degradation of active material lead
dioxide (PbO2)

Current discharge value Initial current spike reduced by 48.6% with
EDLC Reduces the formation of lead sulfate (PbSO4)

Battery power value Initial spike in power demand reduced by 48.6%
with EDLC

Reduces the degradation of active material lead
dioxide (PbO2)

Battery SOC percentile 1.50% increase in SOC with an EDLC present
within a duration of 5 min. Reduces the formation of lead sulfate (PbSO4)

Battery charge utilization Charge used dropped by 44% with the EDLC Reduces the degradation of active material lead
dioxide (PbO2)

Battery sulfation involves the accumulation of lead sulfate (PbSO4) on the plates of a
battery. This process is exacerbated by rapid discharging, overcharging and undercharging
of the battery, caused by current values.

Battery degradation of active material or aging involve the partial conversion of the
active material in a battery, that is, the lead dioxide (PbO2) and lead sulfate (PbSO4). This
is normally caused by high-voltage fluctuations. The average values of the percentiles of
the indicators that are directly related to stress on the battery are taken, such as the battery
voltage, whose voltage drop is reduced by 17%, battery current, where the current spike
is reduced by 48.6%, battery power, whose spike was reduced by 48.6%, and charge used,
which was reduced by 44%. Taking the average of the percentile changes in the indicators
gives a potential increase in battery lifespan of approximately 39.5%.

5. Conclusions

In this research, a 16.2 V, 65 F EDLC or supercapacitor is modelled using the “two
branch model”. The parameters of the EDLC using the “two-branch model” were extracted
from the charge profile of the live EDLC experimentally at a constant current of 5 and
10 A. These parameters were used as inputs to Simulink sub-components to accurately
model a Python/MATLAB/Simulink (PMS)-hybrid model of an EDLC. In the PMS-hybrid
model, Python was used to program sub-sections of the EDLC, which communicated with
the MATLAB code. The PMS-hybrid model of the EDLC was successfully incorporated
as a subsystem into a MATLAB/Simulink system with a lead-acid battery to form an
HESS model for simulation purposes. The same setup was used experimentally to form an
experimental HESS model. A photovoltaic (PV) system [22] is not modeled in this work;
only the load demand-side perspective is analyzed.

The battery in a BESS system without a supercapacitor experiences high levels of
voltage and current fluctuations that exert stress on the battery and shorten its lifespan.
In order to counter this, an EDLC is connected in parallel with the battery on the load
side to form an HESS. The EDLC, because of its high-power density, absorbs the sudden
spike currents and responds more quickly to fluctuating power demands from the load.
The EDLC shares the supply of current to the load with the battery in an HESS system,
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thus protecting the battery. This, in the long term, saves the battery and prolongs its
lifespan, reducing the overall cost associated with replacing batteries. The experimental
HESS and simulation HESS results prove these results when compared to battery-only
BESS systems. The battery voltage values in an HESS were reduced by 17%, the current
values were reduced by almost 48.6%, the power values were reduced by 48.6% and the
SOC of the battery increased by 1.5% when compared to BESS systems. Optimized energy
utilization [23] and energy storage systems are key elements in todays’ technological world.
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