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conventional engine with a fuel source to an electric type drive system, include the
electric motor and the energy/power storage called battery. There are several types
of electric motors that suitable for EV and the best solution was Brushless Direct
Current (BLDC) motor in terms of power, speed, torque and low maintenance.
Meanwhile, the fuel source replacement is the electrical energy/power storage such
as batteries. The aims were to study the best Energy Storage System (ESS) in EV which
leads to introducing Battery Energy Storage System (BESS), but the drawbacks of the

Keywords: system give the opportunity improvement, in replacement using Supercapacitor
Electric Vehicle (EV); BLDC motor; Energy storage System (SESS) and Hybrid Energy Storage System (HESS). SESS is a
Battery Energy Storage System (BESS); reliable source, but the stand-alone Supercapacitor also has a minimum operation
Supercapacitor Energy Storage System time. With several adjustments in the energy management control strategy, the
(SESS); Hybrid Energy Storage System discharge rate of energy from a supercapacitor can be minimized to prolong its
(HESS) operation.

1. Introduction

The development of the electric vehicle (EV) is an initiative to save the planet from pollution and
global warming. There are several ways to recycle the energy and covert it to electrical energy such
as using Piezoelectric System [1]. The selection of electric motors is important in EV, where is in this
research focusing on Brushless DC motors (BLDCM) due to its high-power density, small size, and
simple structure. BLDCM is widely used in industrial control and aerospace [2]. Applications for
brushless motors include hand-held power tools, model airplanes, cars, and computer peripherals.
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Energy storage systems (ESS) is a significant identity in numerous applications, especially in (EV).
The introduction of EVs marks the beginning of an evolution in automotive technology, including
advancements in transmission systems, braking systems, electric motor systems, and power storage
systems.

Previously, ESS consisted of batteries, which were introduced in 1745 by Ewald Georg Jirgen von
Kleist of Kammin, known as “Leyden jar batteries” [3]. Supercapacitors (SC) are a new type of energy
storage devices that tempt to take the place of batteries as dependable energy sources. Due to its
ability to store electrical charge in a surface-electrolyte interface's electric double layer, SC is also
known electrically as the electrochemical capacitor (EC). In 1957, General Electric employee H.I.
Becker received a patent for the first electrochemical capacitor device. Even though this device used
double-layer charge storage, its need to be immersed in an electrolyte solution makes it challenging
[4]. A transient may happen at the start of the supercapacitor’s discharging process increasing the
peak current to the application and causing damage. According to this aspect, future case studies of
supercapacitors' power demands are needed to analyse the different conditions of high load
demand, low load demand, stable power demand, and unexpected demand [5]. The behaviour and
characteristics of discharging supercapacitors by identification of discharging process [5].

2. Direct Current (DC) Motors for Electric Vehicle (EV) Applications

Brushed motors and brushless motors are the two most popular types of DC motors. DC brushed
motors have brushes, as suggested by their names, which are utilised to commutate the motor and
make it spin. While, a Brushless DC Motor (BLDCM), also known as the Permanent Magnetic
Synchronous Motor (PMSM) [6]. It employs an electronic control that takes the role of the mechanical
commutation function. Wound wire coils are used in DC motors to produce a magnetic field. These
coils, which make up the "rotor" of a brushed motor, are free to rotate to drive a shaft. The coils are
typically wound around an iron core, however there are brushed motors that are "coreless," meaning
the winding is sustained by itself. Although they are built somewhat differently, brushless DC motors
work on the same magnetic attraction and repulsion theory as brush motors.

The magnetic field of the stator is rotated by employing electronic commutation rather than a
mechanical commutator and brushes. There is no mechanical wear issue with the shifting parts
because of the removal of the brushes and commutator [7]. Due to BLDCM benefits of better power
density, improved performance, cheaper maintenance costs, efficient control, and uncomplicated
equipment setup, BLDC motors in particular are widely employed in the automobile industry
especially electric vehicle (EV) [6,8]. It may be seen in both domestic appliances and traction
applications as well as in industrial solutions like servo drives and actuators. This is caused, in part,
by the fact that using permanent magnets makes it possible to miniaturise electronics, which also
improves their dependability and energy efficiency [9]. BLDCM involves a variety of components,
particularly the motor controller, that should be emphasized.

2.1 Design of Speed Controller

The Speed Controller of BLDC motor are important in wide range of applications as it has a direct
impact on the machine's operation and is critical to the work's quality and optimum output [10]. The
applications such as home electrical appliances, car appliances and large industrial plants uses
different motor rotational speeds must be set for different materials such as drill sizes when drilling,
and a conveyor belt must be able to adapt its speed to the workflow [10].
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The project developed with Fuzzy Logic Controller since its consistency in solving complex, non-
linear issues, adaptability for a variety of challenges, and combine of manipulating approaches, fuzzy
continues to be the preferred solution. Fuzzy wants to make decisions based on rules. Under non-
linear and unsure parameters and appropriate monitoring capabilities, fuzzy good judgement alter
layout to improve dynamic overall performance. When using electromagnetic brakes, fuzzy logic can
be applied as well. It provides outstanding overall performance, increased road adaption, and
reduced braking distance [11].

However, the fuzzy PID method is the most utilized combination method. Fuzzy PID are
considered to have the best operational performance and have many advantages, including reduces
overshoot, minimizes step errors, and improves operational accuracy. In this study, the researcher
investigated the BLDC motor step operating system using the fuzzy PID method because Fuzzy PID
method give best performance overall. The result of simulation was set BLDC motor speed to 650rpm
for 1 seconds [11]. Table 1 shows the motor model used in the experiment.

Table 1

BLDC motor model [11]

Parameter Nilai
Motor Power (Watt) 2 kW
Resistance Equivalent (R) 0.045
Resistance Equivalent (L) 6.85e-3
Constant Voltage (Vp L-L) 65.48
Moment of Intertia (J) 0.0008
Back EMF flat area (derajat) 120
Viscous damping 0.001
Number of Pole 12

The project was developed to create an Adaptative PID Speed Controller for BLDC Motor. The
adaptive PID auto-tuner is a hybrid controller that mixes PID and PID auto-tuner functions. This mixed
controller can modify to any situation, the increase inside the quantity of input selection changes.
Even if the speed of the BLDC Motor are changes, the adaptive PID controller is designed to calculate
the manage parameters which can be changed adaptively to supply preferred manage performance.
The researchers set the reference speed of the BLDC to 1000 rpm [12]. A basic block diagram of an
adaptive PID controller is shown in Figure 1.
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Fig. 1. Basic block diagram of an adaptive PID controller [12]

An Adaptive Neuro Fuzzy Interface System (ANFIS) controller-based speed control for BLDC motor
is another type of speed control. It is thought to provide a faster response to speed fluctuations
imposed on the BLDC, stabilize the system more dynamically, and reduce steady-state errors. ANFIS
Controller was combination between Neural Network and the Fuzzy Inference. The Fuzzy Inference
made a variable rule of input and output after Neural Network sense the changes in BLDC Motor. The
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project was used Photovoltaic source to supply voltage and current to BLDC Motor. The result from
Simulink was ANFIS controller is robustness for high performance application [13].

Proportional Integral (PI) Controller to control the torque and speed to maintain the desired
performance. The Pl controller is specifically made up of two circuit blocks: proportional and integral.
The speed controller compares between the actual speed and reference speed, so the controller will
control the voltage incoming. The torque controls have four main stages, which is reference
maximum current quality, back electromagnetic field (emf), current regulator will compare between
set torque and actual torque and the switching controller need a specified value in reference. The
result of the Pl controller had better performance than the BLDC without a controller. The current
response to the torque is quickly and the voltage response to the speed also quickly [14].

Proportional Integral Derivation (PID) Controller demonstrate the dynamic reaction to the
suggested modified PID controller's quick tuning results, it can assist in managing the motor's speed
and maintaining steady speed during load variations PID controllers can aid in improving the
performance of BLDC motors. The PID controller is specifically made up of three circuit blocks:
proportional, integral, and derivative [12]. The PID controller is used for the response in overshoot,
steady-state error, response time and settling time. The researchers also compared the Pl controller,
Fuzzy Controller and PID Controller but PID controller had better performance than the other two
controllers [15,16].

Moreover, Multiple Controller (MC) was developed to create a BLDC Motor Speed Controller.
There are 3 types of controllers have been used in this project, which is Fuzzy Logic Controller,
Artificial Neural Network and PID controller were combined made it 7 controller combination. This
project aimed to compare the performance of 7 controller performances and the combination
multiple controllers will give a better response for BLDC, but not all combination controllers work
better than a single controller. According to the journal, multiple combinations of controllers will
improve the performance of BLDC than single controller-like Fuzzy + PID, Fuzzy + Artificial Neural
Network + PID and Fuzzy + Artificial Neural Network [17]. Figure 2 propose a technique for multi-
controller schematic.
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Fig. 2. Multi-Controller Schematic (Proposed Technique) [17]
3. Battery as Energy Storage System (BESS)

As the issue of ongoing and predictable energy scarcity continues and global concerns for the
environment persist, the implementation of clean energy sources that rely on renewable resources
and battery storage system could be an innovative and environmentally sustainable solution. BESS is
foundation energy storage, which has a quick response time, a high level of dependability, and a low
self-discharge rate [18]. A battery is known as a device that stores chemical energy and converts the
energy to electrical energy when connected through the load with the application of electron
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transfer. Electrochemical reactions in batteries are accompanied by a spontaneous drop in the Gibbs
free energy due to variations in the reactant and product lattice cohesive energies and ionization free
energies (in water), as quantified for numerous metal combinations [19].

3.1 Battery Energy Storage System (BESS) Powered BLDC Motor

BESS is excellent in storing voltage and current for long term application. Moreover, the costing
also cheaper and can stand for a long period as the self-discharge rate is small. Driving a BLDC motor
using BESS as energy storage acquires energy from solar Photo Voltaic (PV) [20].

3.1.1 Lead-acid technology

Understanding how batteries behave in various working environments is crucial. The market for
electrochemical storage devices is currently dominated by applications of established lead-acid
technology. Despite the fact that the fundamentals of the system have been known for more than a
century, operational details, such as the condition of deep discharge, remain poorly understood. This
condition operation has been further researched and included in a semi-empirical battery ageing
model to facilitate the effective integration and exploitation of big BESS with hundreds of lead-acid
cells [21].

The main motivation for its continued usage is the low price. Nevertheless, although there are a
few projects in development, lead-acid batteries are not yet a common component of consumer
electric vehicles. This type of battery is mostly utilised as a supplementary storage system for
commercial vehicles. An additional benefit is the ability to be recycled although the life span is only
three years [22]. Both the mobile and stationary applications employ lead acid battery systems.
Emergency power supply systems, standalone PV systems, battery systems for reducing output
swings from wind power, and starting batteries for cars are some of their frequent applications [23].
However, one of the major disadvantages of this technology is that it ages, both calendar and cycle,
which makes long-term operation and performance difficult [24].

3.1.2 Lithium-ion technology

Other than lead-acid cells, lithium-ion cell are commonly used in EV [25] . The power density of a
lithium-ion battery is generally less than its energy density [26]. An energy storage system is
necessary during vehicle configuration to satisfy both the power and energy demands. As its
extremely high power-to-weight ratio, vehicles are very energy efficient. At high temperatures, the
battery works better than others because of its energy to weight ratio, a key element in electric car
batteries. Furthermore, it can maintain its charge because it has a low self-discharge level [22]. Li-lon
batteries currently make up the largest market category for electric car equipment. Li-lon batteries
are the best option in this category because to their low weight, large energy storage capability,
moderate energy consumption (14.7 kWh/100 km), constant cost price reduction, advanced
production technology, increased cycle life, and moderate energy consumption [27].

The construction of a circuit model based on the demand of vehicle battery pack, which to identify
the parameters, a joint experiment of intermittent discharge and hybrid power pulse characterization
is established on the basis of the model's parameter identification needs. The results of the study
reveal that it is capable of determining the parameters. Second, MATLAB/Simulink was used to
simulate the splice equivalent circuit model of a vehicle battery pack, demonstrating that the model
is capable of describing the vehicle battery pack [28]. The power arrangement is insufficient while
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considering the power density features. Due to the battery's high discharging current, the capacity
degradation rate is accelerated. In simple, the high discharge current speeds up the degradation [26].

4. Hybrid Energy Storage System (HESS)

Hybrid Energy Storage System is a combination of two or more energy source as the supply to the
system. sometime one acts as the main energy sources and others as a backup or supportive energy
source to the system. In some cases, the SC can be used by HESU to store regenerative energy from
the BLDCM during braking and help the battery power the motor during acceleration [29].

4.1 Hybrid System in Pure Electric Car (EV)

In pure EV, hybrid system means a combination of a battery and supercapacitor to form an energy
storage system. A hybrid battery-supercapacitor is also known for its benefits to the latest devices
nowadays. It is crucial to design and manufacture electrochemical energy storage devices that have
high power and energy densities as well as lengthy cycling lives. Battery-Supercapacitor Hybrid device
(BSH), which is one of these systems and is typically built with a high-capacity battery-type electrode
and a high-rate capacitive electrode, has drawn a lot of interest due to its potential uses in future
electric vehicles, smart electric grids, and even miniature electronic and optoelectronic devices,
among other things [30].

One of well-known applications for hybrid battery-supercapacitor is Electric Vehicle (EVs) which
is being developed. Both the advancement of battery technology and electric cars (EVs) have received
a lot of attention recently. Although battery technology has made considerable strides, the current
battery supply still falls short of the energy needs of EV power consumption. One of the main
problems is non-monotonic energy consumption followed by rapid variations as the battery is being
discharged [31]. New technology development in supplying energy to devices and machines are
widely researched for benefits of consumer nowadays. Many factors are being considered, such as
costing, environment and needs. In researching of establish a hybrid system, HESU parameter
matching approach is suggested for EV. This technique can match parameters while meeting the
performance indicators of the EV in terms of power and energy. The outcome demonstrates that by
lowering the weight and cost, optimum parameter matching is accomplished [32].

The hybrid system BSH, however is more complex than simply joining two electrochemical power
sources. By consideration of establish an integer power source, the complete electrical system needs
to be subtly matched, in addition to the individual cell layouts. Choosing when and how each
electrochemical cell should be charged or discharged is crucial [31]. Electric double layer capacitive
(EDLC) materials and pseudocapacitive materials can be used as SC electrode materials, respectively
[30]. Figure 3 shows power density verses energy density of several electrochemical energy storage.
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Fig. 3. Comparison of electrochemical energy storage
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4.2 Hybrid System in Other Hybrid Car

Automotive Industry supply a hybrid car combining an electric motor and petrol or diesel engine,
and the two energy sources work together to drive the vehicle. Due to these situations, the car can
consume less gasoline and achieve more fuel efficiency than a conventional engine. The engine was
given a performance boost thanks to electric power. Except for plug-in hybrids, hybrid vehicles do
not require recharging because they charge their batteries internally [33]. The reason that plug-in
hybrid electric vehicles (PHEVs) have a longer driving range than pure electric vehicles is that the
engine can keep the vehicle running for an additional driving range that is comparable to that of a
conventional vehicle only when the battery's state of charge (SoC) is low [34].

Others are the project offers a supercapacitor/battery hybrid PEM fuel cell excavator energy
management approach. The energy storage device, using fuel cell as the primary power source for
the majority of the excavator workload while battery or SC, which provides additional necessary
power and recovers energy [35].

4.3 Hybrid Energy Storage System (HESS) Powered BLDC Motor

The hybrid system is practically used in pure EV nowadays. The special characteristics of a SC can
help the battery pack meet peak power requirements, extending battery life and enhancing vehicle
acceleration [36]. The design calculations in [37] are based on theories related to the chosen vehicle.
As mention, a single energy storage device cannot satisfy all necessary requirements, hence this
article also discusses power management between two separate energy storage devices, which
are dual energy devices employing a converter (HESS). Figure 4 illustrates the differences between
lead-acid batteries and SC that complementing characteristics can be employed [38].
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Fig. 4. Comparison between battery and SC [38]

HESS so called hybrid powered BLDC motor system is equipped with two power sources (SC and
battery) allowing high voltage can be achieved. It is possible to get the high voltage required by the
BLDC motor during the commutation period by properly stacking the voltages of these two power
sources [29]. Figure 5 shows Control strategy of BLDC motor powered by Hybrid Energy Storage Unit
(HESU). The advantage of HESU is an alternative to prolong the battery life in EV is to use HESS, which
include a battery and SC [39]. In fact, while SCs have a lifetime of over 500,000 cycles, existing battery
technologies only allow not more than 10,000 of cycles of charge-discharge [40,41].
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The schematic view in Figure 6 illustrates the modeling of the HESS EV system proposed in [42].
Batteries, SC, three-phase inverters, BLDC motors, and motor drivers (speed control) serve as speed
regulators and provide regenerative braking as part of the EV system.
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Fig. 6. EV System Block Diagram [42]

Another advantage of control strategies using HESS is the ability to clearly reduce the peak
current of the battery while maintaining that the voltage of the supercapacitor fluctuates within a
specific desirable range. A platform with a 30-kW rated power was built, and the power flow between
the battery and the supercapacitor was controlled by dc/dc converter [43]. Then, some HESS using
input of speed and changing in speed as input to the controller. The regulated voltage source receives
the output from the controller and feeds the inverter circuit [44]. The fluctuation in current and
voltage of SC during Pl control operation in can be solve using Fuzzy Logic Controller [44]. Most HESS
employ the battery as the primary source and the SC as a backup to offset any shortcomings in the
battery and enable the system to function at its optimum.
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5. Supercapacitor as Energy Storage System (SESS)

Supercapacitors (SCs) are energy storage devices with extremely high capacitance, great
reliability, and high power. They are made with an electrochemical double layer capacitor (EDLC)
structure and proprietary materials and processes. This convergence of state-of-the-art technology
enables SC solutions tailored for applications of backup power, pulse power, and hybrid power
systems. They can be used either alone or in conjunction with batteries to maximize cost, lifespan,
and runtime. A system may require anything from microamps to megawatts, depending on its
requirements.

SCs can be utilized in electric vehicles (EVs) due to their unique properties such as high-power
output, rapid charging and discharging, long lifespan, and high-power density [45]. The SC also
contain more energy while retaining power under discharging conditions. However, the SCs and
electrolyte capacitors vary significantly from the viewpoints of construction and functioning.

Figure 7 shows the SC's supported the existence. It is composed of an electrolyte, a separator,
and positive and negative electrodes (current collectors). The SC is built much the same as
electrochemical batteries, with both electrodes submerged in the electrolyte solution and separated
by a layer known as a separator. The electrodes are protected by a membrane in the separator, which
protects only the mobility of ions and just not their electrical connection [46].
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Fig. 7. Structure of the Supercapacitor [46]

The energy will be stored through the construction of the so-called double-layer structure (also
known as the Helmholtz layer) between the electrolyte and the electrode interfaces. The cations and
the anions of the electrolyte solution will be respectively attracted by the negative and positive
electrodes forming thin double layers without the need for charge transfer. As a result, energy
storage involves no electrochemical phase or composition changes, making the entire process very
reversible, allowing the charge or discharge operation to be performed repeatedly and preferably
without constraint. As a result, SCs have a far longer life cycle than electrochemical batteries. SCs
have an advantage over regular capacitors; hence, they are current market trend. The SC is used in
the research to reduce peak current. This type of SC is used in ES to supply and store peak power
during discharging and charging. SCs outperform regular capacitors in terms of results and stability.
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In Table 2, the comparisons of capacitor and SC are shown [47].

Table 2
Comparisons of Capacitor and Supercapacitor [47]
Capacitor Supercapacitor

Low breakdown voltage rating High breakdown voltage rating
Slow charging and discharging Fast charging and discharging
Low energy density High energy density
Long life cycle Longer life cycle

- Higher superior efficiency

5.1 Supercapacitor Energy Storages in Motor Applications

The Supercapacitor bank can deliver electrical energy for starting, and in the event of electric
braking, the energy can be immediately recovered into the Supercapacitor bank. The outcomes attest
to the efficiency increase in energy usage and the efficacy of this control approach [48]. Figure 8
shows the system combination of supercapacitor bank through the motor drive unit.

Bidirectional

Supercapacitor |A— . .
P P " ' DC/DC t:::) Motor drive unit
energy storage unit inverter

Control System

Fig. 8. Block diagram of supercapacitor — motor drive system [48]

Its internal characteristics are changed to achieve the same SC characteristic as the battery. The
findings indicate that a super-capacitor can perform battery-like functions for 1000 seconds [49]. SC
discharging time becomes slower when series resistor within capacitors affects the discharging
characteristic. As a result, the series capacitor's capacitance is higher [49]. The electrolyte might be
either organic or aqueous in character. The SC's energy storage output is displayed in microfarads,
nano-farads, or even picofarads for lower amounts. SCs are mostly employed in practice to filter
pulsed load currents, standby power, and memory backup devices, and to replace electrochemical
batteries.

5.2 Comparison Between Supercapacitor and Lead Acid Battery

Traditionally, batteries and supercapacitors operated as symbiotic devices. The SC readily
transferred energy, while the storage capacity of a rechargeable battery filled the needs of a power
bank. These devices seem to be unrivaled in their respective fields. The SC exhibited unprecedented
power density, while the battery offered superior energy density. Recently advanced SCs have come
to market that break down that barrier [50].

When SC and lead acid batteries are considered, it is commonly accepted that the first devices
can deliver more specific powers, while the latter have their main advantage in the higher specific
energy they can deliver. Therefore, a previous paper aimed to compare supercapacitors (SCs) and
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lead-acid batteries and evaluate their performance based on common comparison criteria such as
specific power and energy, cycle efficiency, and simulation results obtained from two different
energy storage systems. The objective of this work is to present an up-to-date comparison between
the two technologies [51]. Figure 9 shows the comparison of SCs versus lead-acid batteries in terms
of quality.
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Fig. 9. Qualitative comparison of the Lead—Acid battery and SC [36]

In comparison with batteries, SC achieve higher power density but lower energy density. The
difference stems from a different mechanism of energy storage. Batteries store energy by redox
reactions in the bulk electrode, leading to high energy density but slow kinetics. The higher rate
capability of SC comes from the electrostatic storage of charge at the electrode surface. The transport
of ions in the solution to the electrode surface is rapid, leading to fast charge and discharge capability
[52]. In contrast to batteries, no electron transfer takes place across the interface. SC can be fully
charged or discharged within a few seconds without damaging the cell and thus are well suited for
use in power-assist applications in vehicle propulsion. The charging and discharging processes are
highly reversible and do not require phase changes in the electrodes. This should lead to increased
cycle life, compared to batteries [53].

5.3 Methods of Simulating and Modelling SC

Simulation and modelling of supercapacitors (SCs) can be performed using various techniques,
each with its own advantages and disadvantages based on the behaviours and charge/discharge
conditions of the SCs. Many simulation techniques have their own algorithms that show they can be
used to simulate SC.

Piecewise Linear Electrical Circuit Simulation (PLECS), LabVIEW, MATLAB Simulink, and PSCAD
(Power System Computer Aided Design) approaches are a few of the simulation tools researched and
are grouped [54]. Table 3 compares simulations base on several references, shows that MATLAB
increases efficiency when modelling SC behaviour. Regarding the viability of the simulation program,
MATLAB performs better. Data collection was performed in charging and discharging simulations
using MATLAB Simulink. Resistance has been shown to be the best component to use in a circuit.
Therefore, SC voltage should be measured accurately [54].
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In contrast to model-based methods, data-based approaches do not require expensive
mathematical models to simulate the internal aging process of SC. Fuzzy logic and Artificial Neural
Networks (ANN) are two examples of approaches to anticipate the trends of device parameters
during the aging process that are mostly based on historical data of the aging process of SCs and state
data [55]. Zhou et al., [56] proposed a hybrid genetic algorithm based on a long short-term memory
neural network. The exit probability and the number of hidden layer units are used as a local search
operator of the genetic algorithm, which improves its global search capability and enables it to
quickly search for the local optimal solution. This method predicts future the remaining lifetime of
supercapacitors in steady-state charging mode, and it also works for supercapacitors with dynamic
operating cycles.

The study by Liu et al., [57] uses a stacked bidirectional long- term and short-term Memory
Recurrent Neural Network model that adds a reverse recurrent layer in the input sequence with t-
time and subsequent time values to the traditional long- and short-term memory recurrent neural
network. Among those, the stacked network can provide adequate capacity space. To validate the
findings, the forward chain approach is developed, which is superior to the cross-validation method
in machine learning, which ignores the time-series features of the time-series data. The messenger
running time is only around 20% of the running time, and the prediction accuracy is better.

Moreover, Haris et al., [58] deep belief network (DBN) paired with Bayesian Optimization and
Hyper Band (BOHB) was presented as a new deep learning approach for forecasting RUL at the early
stage of SC deterioration. When compared with earlier research, the RUL prediction model
development time was reduced by 54%, significantly reducing the time necessary to collect and test
SC cycle data, and the suggested model has high accuracy and resilience.

Table 3
Comparison of Simulation Software for Supercapacitor Energy Management
Software Advantages Disadvantages Reference
MATLAB with Simulink Accurate mathematical model Hard to withstand high power if [55]
Fuzzy Logic while applying to non-linear connects with hardware (In real time)
system
LabVIEW Good for development and Graphical programming is totally [59]
debugging different compared to text-based
Readily build graphical user programming
interface (GUI) for data reading
MATLAB Simulink Large user base Only mathematical modelling [60]
Easier implementation of control
algorithms
PLECS (Piecewise) Linear Access to MATLAB directly Different functions as MATLAB to [54]
Electrical Circuit Has modelling simulation simulate results
Simulation) Not user friendly
PSCAD (Power System Good at editing schematic Information is not complete [61]
Computer Aided Design) Not suitable to create models

5.4 Supercapacitor Energy Storage System (SESS) Powered BLDC Motor

The primary research question is whether SCs alone can replace batteries in electric vehicles (EVs)
as BLDC motor drivetrain operation. The reason is that SCs have advantages over batteries, but they
also have significant drawbacks that must be rectified for promising future. Due to their superior
power density and cycling properties, SCs are being examined; however, their performance under
regenerative braking situations has not been well explored [62]. The fast-charging capabilities of the
SC enhance the regenerative breaking performance. Particularly in rapid and frequent start-and-stop
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driving cycles, the usage of SC can maximize the alternator's performance to absorb a more kinetic
energy during braking [63].

The biggest barrier to overcome in SC development is to enhance their energy density. Doing so
will enable the devices to expand their range of potential applications and could lead the way for
employing of entirely super-capacitive systems for transportation and energy storage [64]. Using
standalone-produced module called a commercial Maxwell SC, data on SC self-discharge and
supercapacitor E-bike features such motor current, driving range, and energy consumption under
various loads and speeds have been gathered [65]. In Table 4 is a synopsis of the proposed SC as a
main energy source. In short, SC adjustment of critical factors can prolong the capability of SC to

replace batteries in the future.

Table 4
Proposed SC as a main energy source
SC problem Solution Method Result/Finding Reference
The state of charge (SOC) Utilising the Adaptive Neuro-Fuzzy The results of the [66]
accuracy estimation needs to Inference System (ANFIS) simulation show the mean
be highly kept to ensure the SC absolute percentage error
working properly (MAPE) for the SOC
estimation is 0.70% for
charging and 0.83% for
discharging.
A constant current load, a The voltage, current, power, and Fractional-order expressions [67]
constant resistance load, or a energy expressions of SC discharges for Constant current
constant power load are the are derived to maintains their discharge, constant power
three fundamental discharge constancies and performance discharge and constant
modes. resistance discharge
Researchers suggest the usage  Calculations for determine the Test 1: speed 25 km/h, [68]

of an electric two-wheeler for
travelling short distance. In
order to overcome the
limitations of batteries, an
ultracapacitor bank will power
the vehicle.

vehicle's energy requirements,
mathematical modelling of the vehicle,
justification for BLDC motor, system-
simulation, and verification of the SC
bank's ability to power such a vehicle
over short distances.

1.5km

in 216 seconds

energy required = 49.9 kJ
discharge 43.3vto 32vin
240sec

load 5Q

conclusion: 1.4kmin 4
minutes speed of 17 km/h

6. Conclusion

In application of EV, there are advantages of a brushless motor over a brushed motor, which are

a high power-to-weight ratio, high speed, almost comes about as a result of speed (rpm) and torque,
high efficiency, and low maintenance. Brushless DC motors have made it possible to replace rubber
belts and gearboxes in current washing machines with a direct-drive design. In short, BLDC motors
are preferable compared to others in the experimental setup. Table 5 shows comparison between
types of motor [49].
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Table 5

Comparison of BLDCM with Other Motor [49]

Feature

Brushless DC Motor

Brushed DC Motor

Induction Motor

Mechanical
Structure
Maintenance

Speed-Torque
characteristics

Efficiency

Commutation
method

Speed range

Electrical noises

Detecting
method of rotor’s
position

Direction reversal

Control
requirements

System cost

Field magnets on the stator and
stator are made of permanent
magnets

Low or no maintenance

Flat - Operation at all speed with
rated load

High — Because the stator is on
the outside, there are no losses
in the brushes, allowing it to
dissipate more heat and
generate greater torque.

Using solid state switches

High — No losses in brushed

Low

Hall sensors, optical encoders,
etc.

Reversing the switching
sequence

A controller is always required
to control the commutation
sequence

High — Due to external controller
requirement

Field magnets on the rotor
and stator are made of
permanent magnets or
electromagnets

Periodic maintenance
because of brushes
Moderate — loss in torque
at high speeds because of
losses in brushes
Moderate — Losses in the
brushes; Rotor is on the
inner periphery

Mechanical contacts
between brushes and
commutator
Moderate - Loses in
brushed

High — Because of the
brushes

Automatically detected by
brushes and commutator

Reversing the terminal
voltage

No controller is required
for a fixed speed;
controller required for
variable speed

Low

Both the rotor and stator have
windings, but the AC lines are
connected to the stator

Low maintenance

Non - linear

Low — Both the rotor and the
stator suffer from heat and
current losses; high efficiency
induction motors are also
available (higher cost)
Special starting circuit is
required

Low — Determined by the AC
line frequency; Increases in
load further reduces speed

Low

NA

By changing the two phases of
the motor input

No controller is required for a
fixed speed; controller
required for variable speed

Low

6.1 Efficiency and Future Prospect of Supercapacitor (SC) in Energy Storage System (ESS)

The study on using SC as main source of energy supply because of its benefits, including their
high-power density, quick charging and discharging speeds, and wide operating temperature range,
SC are widely employed in a variety of industries. SC have much greater longevity than conventional
batteries, with commercial devices frequently claiming hundreds of thousands of cycles with
negligible degradation [64].

Table 6 shows are the advantages and disadvantages of supercapacitors [69]. For the
development of next-generation energy systems, SC are acknowledged as a new class of potential
electrochemical energy storage devices [70]. Since the SCs storage system are made up numerous of
basic components, the unreliable specifications of each component, the uneven charging voltage,
and the variation in internal temperature in large-scale applications will cause the devices to age and
perform worse over time [71]. In making these possibilities, the help from the battery is also needed
as a check and balance for the system to operate successfully. Supercapacitors are widely used in
many fields alongside with batteries, making the system more reliable. Supercapacitor batteries that
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can be operates independently are nearly a reality. In comparison to lithium-ion cells, a prototype
supercapacitor battery developed by researchers at the University of Central Florida charges faster
and can be recharged 30,000 times without losing any performance [72]. Supercapacitors are the
most efficient technologies for delivering electrical energy instantaneously and in situations where a
long shelf life is required. As a result, there are significant market demands for the growth of
supercapacitors, and long-term advancement is required for their effective development and
commercialization [73].

Table 6

Advantages and Disadvantages of Supercapacitor [69]

Advantages Disadvantages

It offers high energy density and high-power density Low energy density; usually holds 1/5-1/10 of a

compared to common capacitor battery

It offers high capacitance (From 1 mF to >10,000F) Cannot use the full energy spectrum for some
applications

It offers fast charging ability High self-discharge as compared to electrochemical
batteries

It offers superior low temperature performance (from -400C  Low voltage cells: to get higher voltages, serial

to 700C) connections are required

It reduces size of the battery, its weight and consecutively -

cost

Supercapacitors meet environmental standards. Hence, they -
are eco-friendly
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