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ABSTRACT

This paper introduces a sophisticated dual energy storage system (DESS) designed to enhance the efficiency
and performance of electric vehicles. The system strategically combines a primary photovoltaic (PV) energy
source with secondary battery and supercapacitor storage. Leveraging the rapid charge-discharge capabilities
and high-power density of supercapacitors alongside the high energy density of batteries, the DESS aims
to optimize power delivery by effectively balancing long-term energy storage with instantaneous power
demands, particularly for regenerative braking and rapid acceleration. The operational strategy involves
the supercapacitor handling high-frequency current fluctuations and the battery addressing low-frequency
components, resulting in a smoother voltage profile compared to conventional systems. Optimal sizing and
integration of these components are determined based on specific load requirements, voltage levels, energy
capacity, and cycling life. The DESS, integrated with a permanent magnet synchronous motor (PMSM) in
the d and q axes, undergoes rigorous testing under diverse real-world conditions, including varying wind
and terrain, with and without braking. Simulations using MATLAB and DSPACE hardware 1IKW PMSM to
validate the system's current profile, voltage regulation, power split operation in different load conditions,
and overall energy efficiency, demonstrating a significant improvement in the reliability, performance, and
efficiency of electric vehicles. The proposed system achieves a DC-link voltage regulation of 48 V, improves
energy efficiency by 12%, and extends battery lifetime by reducing stress currents by 18%.

Keywords: Photovoltaic; Battery; Supercapacitor; Bidirectional DC-DC converter; Permanent Magnet
Synchronous Motor.

1. INTRODUCTION

Electric vehicles are currently being developed as an alternate method of transportation since the negative
impact of internal combustion and environmental concerns is rising substantially. The National Oceanic and
Atmospheric Administration (NOAA) releases global warming statistics yearly, showing 2023 as the sixth hot-
test year since 1880, per universal climate data [1]. However, there are environmental issues with electric vehi-
cles. The biggest problem for every government is controlling air pollution, which causes respiratory diseases,
cardiac problems, and lung cancer in 99% of humans, according to the World Health Organization (WHO) [2]. A
DESS system combines the capability of both batteries and supercapacitors to create an efficient energy storage
solution. Batteries offer high energy density but may have limitations in terms of fast charge and discharge rates;
the Supercapacitor, on the other hand, provides high power density and fast charging/discharging capabilities
but has lower energy density compared to batteries. By integrating these two technologies, a dual energy storage
system can leverage the strength of each component. Batteries can handle long-term energy storage needs, while
capacitors can handle sudden power demands and provide rapid bursts of energy [3].

The EV sector helps economic growth, and the country’s various government schemes and motivations
encourage consumers to switch to electric vehicles. China, the most populated country, ranks top in plug-in
light-duty EV sales, which are supported. India, the world’s second-most populous nation, is developing EV
technology and producing several start-up business enterprises [4]. Although electric vehicle transportation
began in 1827, it has been ineffective due to a lack of battery technologies. Researchers have developed several
advancements in electric vehicles since the twentieth century, including energy storage devices and improved
power electronic converters [5].

The Electrical Measurement process was carried out using a robust optimization approach. In this
approach, the authors considered uncertainty in the cost function and compared their findings to those of other
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optimizing methods. This methodology’s input sources include batteries, ultracapacitors, and fuel cells. How-
ever, there is no hardware implementation or operating cycle [6].

There have been proposals for hybrid energy storage systems that combine supercapacitors and Li-ion
batteries. Supercapacitors can be a useful addition to Li-ion batteries by supplying peak power during transient
events and enhancing energy recuperation efficiency. Their high-power density distinguishes them, as well as
their quick charge/discharge capability and extended cycle life. In addition to improving EVs’ dynamic perfor-
mance, supercapacitors’ integration with Li-ion batteries reduces battery stress and increases battery. Lifespan.
Additionally, hybrid energy storage systems can raise EVs’ overall energy efficiency, improving their depend-
ability and sustainability.

Solar-powered BEVs should be designed with these basic hardware considerations in mind: The maxi-
mum power point tracking module uses the amount of diffused solar radiation to calculate the energy the panel
can generate. Solar panel dimensions: This term typically describes the area of the vehicle that gets more sun-
light during the day [7].

The solar panel size, the amount of sunlight, and the battery-charging cycle all significantly affect how
long it takes for the battery to charge. This information helps the user choose the vehicle’s operating mode. BMS
and MPPT modules are, hence, essential parts of solar-powered BEVs. In addition to BEVs, the EVs of super-
capacitors provide extra advantages to the controller recommended for the vehicle in this study.

By optimizing total performance, this system improves longevity, power delivery, and energy efficiency.
Applications for dual-energy storage systems include grid stabilization, renewable energy systems, electric vehi-
cles, and any situation requiring high energy and high-power density. Assume that the energy density and sig-
nificant power of an electric vehicle. Then, because of the three-control performances of a permanent magnet
synchronous machine and its work’s rule-based and dynamic programming-based algorithm, it can operate for
extended periods with rapid acceleration, giving the battery bank a longer time [8]. Because of the Supercapacitor
and Battery, the system has to regulate the temperature. PMS functioning is achievable with the support of a ther-
mal management system, as the authors showed by demonstrating an equivalent demand for the controller [9].

The following are fundamental hardware parameters to be considered for the implementation of solar-
based Battery Electric Vehicles (BEVs):

(a) Solar Panel Sizing: Determined by the surface area of the vehicle that receives maximum solar irradiance
during daylight hours, ensuring optimal energy harvesting.

(b) Maximum Power Point Tracking (MPPT) Module: Utilized to extract maximum power from the solar panel
by dynamically adjusting operating conditions in response to varying levels of diffused solar irradiance.

A sizing method for batteries and supercapacitors (SCs) has been studied, and an integrated control strat-
egy for power sharing between Hybrid Energy Storage Units (HESUs) has been developed using an adaptive
approach. A computational experiment has been conducted using MATLAB and D-SPACE hardware to val-
idate the system’s current profile, voltage regulation, power flow management, and overall energy efficiency.
The results demonstrate significant improvements in the reliability, performance, and efficiency of electric vehicles.

The proposed work uniquely combines renewable source integration, hybrid energy storage, Super
Capacitor, MPPT, self-charging, vehicle dynamics, and a validated control strategy, making it a more holistic
and novel solution compared to other studies.

Table 1 is a Summary of the literature review for the comparative analysis reveals that forecast-integrated
optimization offers the most promising results in terms of cost, sustainability, and predictive accuracy. However,
each study contributes uniquely to the field, whether through algorithmic innovation, system design, or energy
management strategies.

This table serves as a valuable reference for selecting appropriate methodologies and optimization tech-
niques based on specific objective be it cost reduction, fuel efficiency, or environmental impact.

2. SYSTEM DESCRIPTION

A hybrid electric vehicle (HEV) power flow control system architecture is depicted in block diagram form in
Figure 1. The main elements of the block diagram are the PV Module, Boost Converter, Buck-Boost Converter,
and the MPPT control. The PV module connects the mediator boost converter to a DC power source. In order to
meet the requirement for a reduced load, PV electricity enters the DC connection and is either used by the load
or stored in batteries. Supercapacitors inside and outside the batteries supply power to the load, while superca-
pacitors control the power from the batteries. The system utilises both supercapacitors and batteries, combining
their complementary characteristics. Supercapacitors offer high power density and fast response, while batteries
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Figure 1: Block diagram for system configuration [21].

provide high energy density and long-term storage. The hybrid storage system improves the stability and reli-
ability of the overall system by smoothing out power fluctuations and providing backup power. MPPT ensures
that the maximum power is extracted from the PV array, maximizing the system’s efficiency. The system can
be adapted to various applications and load profiles due to its modular design and the flexibility offered by the
hybrid storage system.

3. NUMERICAL MODEL OF AN MPPT WITH SOLAR PV PANEL

The mathematical models for PV arrays are based on the theoretical equations that describe the functioning of the PV
cells and can be developed using the equivalent circuit of the PV cells. The empirical models rely on different values
extracted from the characteristic equation of the solar panels using an analytical function. Many photovoltaic cell
models have been developed in the literature to describe the behaviour of a PV cell. The most frequently used model
is the traditional single-diode model, also known as the five-parameter model. Solar cells, machines that turn sunlight
into electricity, are depicted in Figure 2. Understanding the performance of these devices, improving their design,
and forecasting how they will behave in different scenarios depend on modelling them. Modelling strategies for the
physical, empirical, and equivalent circuit models. A numerical model of an MPPT (Maximum Power Point Tracking)
system with a solar PV panel involves simulating the behaviour of the PV panel, the MPPT algorithm, and the load.

I, =Iph_[d_[Sh (D
V,+1 R
I, = IRd[Exp[Ln—”]—l-]n )
t
, _KT
q

o I

. ]
' Practical cell
bococnowocoscosncncnsccovsconansonaneee Jd

Figure 2: Model of a solar cell.



O KAMBALA, K.; PATHIPOORANAM, P., revista Matéria, v.30, 2025

V. +1,R V. +1,R
Ipv :[ph _IRd exp nV _1 R (3)
Tt sh
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1, =13 —STC+K (T -Tgc)— 4)
Gre
V. +1,R
TR

sh

In the single-diode model, the current source is used to model the incident solar irradiance, a diode for
the polarization phenomena, a series resistance and a parallel resistance to represent the power losses. Using
Kirchhoff’s law, the cell terminal current is the most commonly used model. It represents the PV cell as a current
source, a diode, a series resistance (Rs), and a parallel resistance (Rp).

Where Iph and Io are the photo-generated current and the dark saturation current of the PV system,
respectively, and Vt = Ns kT/q is the thermal voltage of the PV system with Ns cells connected in series, Rs and
Rsh are the cell series resistance and the cell shunt resistance, respectively, a is the diode quality factor, q is the
electronic charge 1.6 x 10—19C, k is the Boltzmann’s constant 1.38 x 10—23 J/K, and T is the ambient tempera-
ture, in Kelvin. The short circuit current (SCC) under standard test conditions (STC) is abbreviated as the Isc
short circuit current coefficient, established as Ks GSTC. The irradiance and temperature values at the STC
are 25 °C and 1000W/m?, respectively [22]. Where Iph, 1, I, and R, E represents the photo-generated current,
diode current, reverse saturation diode current, and shunt resistor current, respectively. The identity factor of
the diode is represented by n, and the series resistance is described with R and V, Represents the junction
thermal voltage. The Boltzmann constant, defined as k, is 1.3806503 x 10? J/K. The electron charge, q, equals
1.60217646 x 10" C, and the temperature, T, is expressed in Kelvin. The /, and ¥, The output voltage and cur-
rent, respectively represent the calculated data that the manufacturer has earlier determined, as well as the values
of q, k, and T. Consequently, there are five unknown parameters. (Ip » Lops 1, R, and R ) Calculated and enhanced
parameters are required. Determining the parameters is difficult since they significantly affect the efficiency and
reliability of the solar cell.

P = N, |I,—IE WV Vo
R VTS BT ®

sc

The solar PV system operates at maximum power point (MPP), as seen in Figure 3, and its ability to raise
the MPP position for an extended period is not sustained. Equation models can be used to carry it out, though.
Because of its incremental resistance, the MPPT methodology offers a variety of better adaptable methods
because of its rapid response, value, and application to real-world situations [23].

dP
WH (6)

P(m)—p(m-1) (7
v(m)—V(m-1)

d(m) = {d(m -D)—=s

d(m) = {d(m —1)—+s

The duty ratio of the boost converter is called the S from the above two equations, and d(m) identifies the
scaling factor to maintain the step size in an investigation. The VSS-INR algorithms determine MPPT accuracy
for optimal MPPT operation. The following rule solves the following equation.

d(m) = ‘Z—I}; < Admax 8)

The above equation is the higher step size and high level for the number of steps and the scaling factor.
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Figure 3: Flow chart for solar MPPT.

S < Admax / ‘d—P‘ )
av

S: scaling factor

The methods used in MPPT can be altered to specific ranges in the threshold values. The valid range of the pho-
tovoltaic cell’s power derivative [dP/dI], as well as the exponential values of PV. Output power P_ is the slope
between Power and current is known to be [dP/dI], which is defined in the paragraph that follows

dp
B = Pex X|— 1
ex ‘dV (10)
dpP
—| = [tan® (11)
‘dV‘ jtana|

The above equation’s limit is between -90° & 90°°.

The duty cycle continually regulates this MPPT system’s boost converter to obtain the maximum power
point, utilizing a variable step size method. By modifying the duty cycle, the solar panels’ reference current,
known as Iref, can be obtained when solar PV performs. When maximum Power is reached, I . = IMPP, and
Alref) The maximum is set by the standard in adjustable step size mode.

Ve = (Alref)maximum x sin®@k (12)

In the above equation, VSk represents the variable step size at a specific period k. Since k starts from
0 and goes up, VSk signifies the step size at different points in time. Sin (®k) This term likely represents the
oscillation of some variable, possibly the voltage or current, at period k. @ (phi) is a standard notation for the
phase angle in electrical engineering.

The exact relationship between VSk, sin(®k), and the duty cycle oscillation would depend on the specific
system and control algorithm [24]. The given information does not clarify the impact of VSS-INR on the duty
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ratio size. More context about VSS-INR and its connection to the duty cycle would be needed for a complete
understanding.

4. ENERGY STORAGE SYSTEM

Energy Storage Systems (ESS) can store available energy from renewable energy and be used during peak hours
of the day. Figure 4 shows Energy storage systems classified based on the type of energy they store and the
technology. These electrochemical energy storage devices are lead-acid, lithium-ion, and nickel-metal hydride
batteries. Flow batteries store energy in electrolytes, allowing for flexible scaling and longer life.

As per the National Electricity Plan (NEP) 2023 of the Central Electricity Authority (CEA), the energy
storage capacity requirement is projected to be 82.37 GWh (47.65 GWh from PSP and 34.72 GWh from BESS)
in the years 2026-27. This requirement will increase to 411.4 GWh (175.18 GWh from PSP and 236.22 GWh
from BESS) in 2031-32. Further, CEA has also projected that by the year 2047, the requirement of energy stor-
age is expected to increase to 2380 GWh (540 GWh from PSP and 1840 GWh from BESS) due to the addition
of a more significant amount of renewable energy in light of the net-zero emissions targets set for 2070 [25].
The Ministry of Power has also notified a long-term trajectory for Energy Storage Obligations (ESO) to ensure
sufficient storage capacity is available with obligated entities. As per the trajectory, the ESO shall gradually
increase from 1% in FY 2023-24 to 4% by FY 2029-30, with an annual increase of 0.5%. This obligation shall be
fulfilled only when at least 85% of the total energy stored is procured from Renewable Energy sources annually.

4.1. Battery

Batteries are electrochemical devices that store and release electrical energy. They are classified based on their
chemistry, construction, and intended use. Figure 5 represents batteries and electrochemical devices that convert
stored chemical energy into electrical energy. They come in various forms, each with its characteristics and
applications. There are two types of batteries: primary batteries and secondary batteries. The best battery type
for a particular application depends on factors such as Energy density, Power density, Life Span, safety, and cost.

I Energy Storage System (ESS) ]
| Electrical energy Storage [Electrochemical Energy Storage I Mechanical Energy Storage ] I Hybrid Energy storage ]
System System(ECESS) System(MESS) System(HESS)
3 g S . o Fly wheel Energy storage - X 5C.
Super capacitor energy Storage Battery Energy Storage System f—e y R 8 _‘{ Battery super capacitor (BSC-
System & L - System HESS)
BT SRl RS Fuel cell Energy storage |, Pumped hydro Encrgy Storage _’{ Battery-Battery (BB-HESS) ]
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Figure 4: Classifications of energy storage systems.

r—— Batteries —l

Secondary Battery
(Rechargeable Battery)

| } | l/ll }

Lithium Nickel Metal Lithium

Primary Battery (Non-
Rechargeable Battery)

o O

Dry cell Battery Hybride Lead Acid You Ni-cd
Lithium Lithium Lithium Lithium
Cobalt Ferrous T.ita:\:le Manganesc
Oxide Phospate Oxide

Figure 5: Types of batteries.



O KAMBALA, K.; PATHIPOORANAM, P., revista Matéria, v.30, 2025

Vocv [_
«<

Figure 6: Battery cell model.

EV batteries rely on materials like lithium, nickel, and cobalt, raising concerns about their environmental
and social costs during mining. The extraction of these materials can harm the environment, causing soil ero-
sion, water contamination, and habitat loss. The projected 40-fold increase in lithium demand by 2050 (as esti-
mated by the World Economic Forum) highlights potential resource limitations. The true environmental benefits
of electric vehicles depend on their power source. If charged primarily by electricity generated from fossil fuels,
they may not significantly reduce pollution compared to internal combustion engines. Widespread adoption of
renewable energy sources and integration of energy storage systems are crucial for achieving significant decar-
bonization. Furthermore, energy storage systems should be emphasized, particularly in the transition towards
a carbon-free future, as it’s vital for effectively integrating and utilizing the intermittent power generated from
renewable energy sources like wind and solar.

Moreover, the products emit many greenhouse gases, such as carbon dioxide. The Battery is the principal
energy source in this EV System, and it can power the PMSM load if the Supercapacitor and solar fail to deliver
Power. Choosing the correct battery is critical in EVs in terms of mileage, battery cells, and modules. C- rate of
charge, depth of discharge [26] (Figure 6).

VTER ([) = VOCV (SOC(I))_RDIBAT (Z)_Vl(t) (13)

The diagram shows that the battery cell model is C, R1 is the parallel resistance and Capacitance, and
V. and I are the terminal voltage and current delivered by the battery cell. The battery power employed in
this simulation is 81 kWh, with an initial voltage of 540 V [27]. A single battery has 12V and 150 Ah capacity,
whereas 40 batteries paired in series provide 480V and 150 Ah capacity. To determine the SoC range, battery
Life, and Safety, overcharging a Battery beyond its capacity can lead to internal damage, such as the formation
of dendrites (Metallic growth) that can cause short circuits and even explosions. The over-discharging and drain-
ing of a battery completely can permanently damage the internal chemistry, reducing its lifespan and capacity.
An accurate SoC for thermal management is essential. Excessive charging/discharging can generate heat, poten-
tially leading to thermal runaway and safety hazards. Battery cycling frequency between 0% and 100% SoC can
significantly shorten battery lifespan and reduce stress. The battery’s reduced stress operation is within 20% &
80%. The range minimises stress on the battery, leading to a longer lifespan and better performance. Improved
safety in the range avoids the risks associated with deep discharge and overcharging. Operating within a recom-
mended range, such as 20% to 80% [28].

The bidirectional power modulator charges and drains the Battery according to the SoC level. The charge
and discharge quadratic boost converter maintains a constant voltage of 434V via the Battery’s charge and dis-
charge switch while the controller modifies the duty cycle frequency [29] (Figure 7).

Battery Energy Storage Systems (BESS) are crucial components in photovoltaic (PV) systems, espe-
cially in regions with fluctuating solar irradiance or high energy demand during peak hours. They store excess
energy generated by the PV system during sunny periods for later use when solar generation or demand is low.

DC-DC |

s - —-» Inveter
: Conveter {

: Discharge
Solar PV |

L
Battery
‘ Charging | Battery:-’l:—.

Figure 7: Battery energy storage system for PV system.
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Represents the energy storage system, which is the set of methods and technologies used to store various forms
of energy [30]. The battery energy storage system (BESS) for Systems is a DC/DC converter that provides DC
link voltage to the inverter from the Battery. When selecting a BESS for system size, battery chemistry, Depth
of Discharge (DOD), Cycle Life, and Efficiency are the factors to consider.

4.1.1. During the charging process

Any liquid or solid substance that permits ions to flow through it is called an electrolyte, and it facilitates this
movement. Nickel manganese cobalt oxide (NMC) or lithium cobalt oxide are layered oxide materials that
make up the cathode. Figure 8 shows an anode composed of silicon or graphite. Electrons flow from the external
charger to the anode to create a positive and negative charge as lithium ions migrate from the cathode to the
anode. The two electrodes develop a potential difference as a result, which propels the lithium ions to migrate.
The BMS tracks temperature, voltage, current, and state of charge. Charging and discharging procedures are
also regulated to guarantee optimum performance and security [31]. The Charging system supplies electrical
energy to the Battery during Charging. The Load draws electrical energy from the Battery during discharging.
The Power electronics control the flow of electrical energy between the Battery, charger, and Load. This can
include components like DC-DC converters, inverters, and rectifiers.

4.1.2. During the discharging process

Figure 9 shows the opposite Process during discharging. To create electrical energy, electrons move from the
anode to the external circuit, and lithium ions return to the cathode. After receiving electrons and lithium ions,

Charging Battery

i——q_——q_——— _— e = = —— — — —— =~

Electrolyte

1 Electrolyte 4

!

—_—— — — —p
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Positive Current Collector
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( Cathode) ( Cathode)
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® ®
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Figure 8: The lithium-ion battery is charging.
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Figure 9: The lithium-ion battery is discharging.
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the cathode acquires a negative charge. Lithium ions and electrons leave the anode and become positively
charged [32].

4.2. Super capacitor or ultra capacitor

Supercapacitors, sometimes referred to as ultracapacitors or electric chemical capacitors, are energy storage
devices that use the electrostatic separation of charges to store electrical energy. Supercapacitors have a high
cycle life and can charge and discharge quickly because they store energy electrostatically rather than chemi-
cally, as conventional batteries do. With densities so high that they are commonly utilized in battery applications,
supercapacitors provide the highest capacitive density of any capacitor currently available. The recommended
option in applications necessitates storing significant energy and delivering it regularly [33].

The equivalent circuit, a simplified or first-order model of an exceptional capacitor, is shown in Figure 10.
Since the electrodes are made of porous materials, real supercapacitors have more lines than capacitors. The
capacitor’s circuit may be shown more accurately. Various methods can be used to measure Capacitance.

* Method of Charging

* Method of charging and discharging: The charge method calculates the measurement and formula [34].

The charging and discharging mechanism, which involves storing and releasing electric energy in a
capacitor, is depicted in Figure 11. A voltage source is linked across the capacitor during charging, progressively
raising the voltage. When a capacitor is discharged, the electrical energy that has been stored is released. The
capacitor begins to discharge when it is connected to a circuit with a voltage lower than its charged voltage. As
time passes, the Output’s current and the voltage across the capacitor drops [35]. A capacitor’s charging and
discharging follow exponential curves, and the time it takes to charge and discharge significantly depends on
the capacitator and the resistance in the circuit. The equations governing these processes are based on the R.C.
time constant.

(CX(VO—VJJ
t=|l——— (14)

t
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Figure 10: Supercapacitor for equivalent circuit.
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Figure 11: Charging and discharge method for ultra super capacitor.
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Where R = resistance
C = Capacitance in the circuit.
Constant Current Discharge time
For Constant resistance discharge
The time is determined by

4.3. Permanent Magnet Synchronous Machine (PMSM)

In the motor mathematical model, the d and q axes in a PMSM represent the two orthogonal axes. As seen in
Figure 12, the g-axis is perpendicular to the d-axis, which is aligned with the rotor magnetic fields. Vector
control approaches use the axis to make controlling the motor easier [36]. When the three-phase AC system is
converted to a two-axis system (d-q axis), the motor’s torque and flux can be more easily controlled individually.

V, =Rstidi + % —oreAqr (16)

Vqi = Rstidi + % —oreAdi 17)

From the above Equation
Vdi and Vqr = Direct axis voltage and quadratic axis voltage
Idi and Iqr = Direct axis current and quadrature axis current (A)
Adi and Aqr = flux linkage in the stator of the direct and quadrature axis (Wb)
o, = angular velocity of the rotor
Rst = stator resistance

The flux linkage of the stator equations is

Adi = Ldi+Aro (18)

Aqr = Lqriqr (19)

The stator inductance from the direct-quadratic axis is Ldi & Lqr (H),
Aro = flux linkage of the rotor at the normal time (Wb).

The electromagnetic torque generation can be represented as:

Figure 12: Flux linkage system.
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Tel = %nPol Adiigr — Aqridi
3 . Sy
= EnPol Aro+Ldi—-Lqr idi. iqr

Tel = %nPol Aext iqr (20)

Where Tel = Mechanical angular Velocity (rad/s)

V = viscous coefficient, J is the moment of inertia (Kg.m?)

dwre n 0
=T Ve,) @n

Where o,, = mechanical angular velocity(rad/s), T1 = load torque(N-M)

5. VEHICLE DYNAMIC MODELLING

5.1. Vehicle modes of operation

5.1.1. Vehicle normal mode

When the Battery’s rated Power exceeds the motor’s necessary Power in Normal Mode, the Supercapacitor does
not give the motor power. Hence, the Battery supplies the motor [37]. During the day, the Solar PV array charges
the Battery, which is used for regular motor acceleration. This guarantees a renewable mode of operation.

Cruising is the Process of keeping a constant speed with little fluctuation. It is frequently used for auto-
mobiles, motorcycles, or electric vehicles. Figure 13 illustrates the cruising required to keep speed steady while
maximizing energy use in an EV. Corresponding to a motor [38]. This can be achieved through efficient motor
control algorithms, proper power management, and aerodynamic considerations for the driving experience
while maximizing the vehicle range by minimizing energy losses.

5.1.2. Vehicle traction mode

The vehicle switches to traction mode when the battery cannot meet its needs. Since the battery pack is the main
energy source in this example and provides power to the motor when fully charged, the Supercapacitor helps the
battery by providing extra power to the electric motor when needed. The Supercapacitor delivers the additional
power required to run the motor if the power demand surpasses the battery pack’s capacity. This makes it pos-
sible for the cars to operate more effectively and perform better, particularly while accelerating and when there
are sudden spikes in power demands when driving. Upward, the power produced by the PV module will be used
to charge the Supercapacitor, which the motor will then use when a strong torque is required to overcome the
gradient force [39].
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Figure 13: Cruising.
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5.1.3. Climbing/acceleration mode

Climbing and acceleration are two essential aspects of a motor’s Performance, especially in electric vehicles
(EVs) equipped with motors like PMSM.

5.1.3.1. Climbing

When an electric vehicle needs to climb a hill or an incline, it requires more torque from the motor to overcome
the gravitational force pulling it back. In this scenario, the motor must deliver a higher Torque to ensure the
Vehicle can maintain an appropriate climbing speed. The motor control system must adjust the torque output
based on the incline severity, vehicle weight, and other factors.

5.1.3.2. Acceleration

Acceleration refers to the rate at which the Vehicle increases its Speed to overcome friction and inertia; the
motor must deliver a high Torque for swift acceleration. In EVs, instantaneous torque delivery is a significant
advantage of electric motors as they can provide maximum torque even from a standstill. Efficient motor control
algorithms are crucial to managing the torque output during acceleration while maintaining stability and avoid-
ing issues like wheel slip [40].

The climbing and acceleration scenarios depicted in Figure 14 require sophisticated control strategies to
regulate torque, current, voltage, and power delivery to the motor’s sophisticated control systems. For instance,
field-oriented control is frequently employed to maximize motor performance in various operating scenarios.

5.1.3.3. Breaking with super capacitor

When the brake is applied, regenerated Power enters the Supercapacitor. This reduces the number of charging
cycles for the primary Battery, extending its life over time. Supercapacitors are high-energy-density capacitors
capable of quickly storing and delivering large amounts of Power [41]. Their capacity to manage quick charging
and discharging cycles makes them perfect for applications needing quick, high-power energy storage and deliv-
ery. Using supercapacitors for breaking has several benefits, including high power density, long cycle life, fast
charging and discharging, and environmental friendliness. Despite price reductions, supercapacitors are still
more costly than alternative energy storage solutions.

5.1.3.4. Single battery braking

Single-battery braking is a regenerative braking system where a single battery stores the energy recovered during
braking. This approach is commonly found in electric vehicles (EVs) and hybrid electric vehicles (HEVs) [42].
When the Supercapacitor is ultimately charged, it will be open-circuited, and the Battery will take in any extra
electrical energy generated during the regenerative braking process, provided that it has not been overcharged.
In some cases, EVs and HEVs may use a combination of a battery and a supercapacitor for braking. Improved
peak power handling, faster Charging and discharge, and Extended Battery Life.

5.1.4. Vehicle dynamic modelling

The proposed work uses ambulances, and the chapter examines the dynamic equations that control vehicle
movements. The internal combustion engine-powered vehicle has numerous issues, including a high floor base
that makes driving unsteady, limited acceleration with j, and strong vibration for the patient and the medical
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Figure 14: Climbing and acceleration.
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Figure 15: Vehicle dynamics for ambulance.

Table 2: Weight calculation for the proposed Ambulance vehicle.

Weight of the fuel tank and engine 750 kg
Kerb without engine/fuel tank 3350
Passenger weight and equipment weight 1000 kg
Fuel tank 56 kg
Hydrogen tank 100 kg
10 solar panels and Battery 406 kg
Motor 140 kg
Other weights 50 kg
Total 5000 kg

staff’s treatment. In vehicle dynamics design, the workstation size is constrained so that the medical vehicle can
be electric. Figure 15 explains the force acting on the car.

There are three different forces: Rolling opposition force, aerodynamic pull force, and Inclined resistance
force. Newton determined that the ambulance bus’s entire mass, gravity, and tyres exert the rolling opposing

force [43].

Rr = mkd (22)

Where Rr is the rolling opposition in force in Newton,

m is the mass of the vehicle in kg, and

K is the acceleration of gravity in m/s?

The tyre deformation is measured in meters, and S is the bus’s speed in meters per second. The total
vehicle weight is distributed across various subsystems including the engine, fuel tank, hydrogen storage, solar
panels, and passenger load, as detailed in Table 2.
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The bus speed is expressed in meters per second, the tyre deformation in millimeters, and the S.M. is the
maximum Speed of the bus (912 km/hr.), P .= power of rolling opposite in watts

rolling

Rolling =490.5 x 90 [1000/3600] = 12262W
R . =12.5W

olling

When a vehicle moves dynamically, the force impacts its forward movement and acceleration. The aero-
dynamic force generated by the Vehicle is given in the next equation [44].

E. = [% pA frontal S, x S} (23)

p = air density(1.23kg/m?)

A_ = frontal area of the bus (6m?)

frontal

p = air density(1.23kg/m?)
From the above equation
Fareo = 1/2 x 1.23 x 6 x 0.5 x 252 x 25 =28828W

F =29KW

The Vehicle is any sloping road whose weight generates a force that forces it downhill at a 45° angle,
integrating the resistive force formula.

F;'ncline =m k Sll’l(a) (24)

k is the angle of the road

F__ =5000 x 9.80 x sin (45°)

incline

F =34677TW

incline

F =33 kW

incline

The sum of all the forces acting on a vehicle is called the total force, as shown in the Equation.

F

total

F

rolling

+ F;ncline + F aero (25 )

F_=12kW +29 kW + 3 kW

total

F_ =763kW

Total
The Vehicle’s Acceleration is measured by the second law of Newton, which states that each movement of the
body depends on the total force exerted by the body. Vehicle movement forward position forces must outweigh
opposing forces such as Wind, gravity, road, and tyre resistance. When converting an Intensive Care I1C)- based
ambulance to an EV ambulance, the PMSM is chosen based on its 76.3 kW [45].

6. SIMULATION AND RESULTS FOR VEHICLE DYNAMICS

The simulation results for the electric Vehicle’s Vehicle modeling include additional features, such as a vehicle
body and tired model, Wind and Terrain Effects, and a brake model. Sensor measurements are also used in this
mechanism. Here, I have taken a half-car model for the prototype. The Vehicle is in zero condition. The constant
value is positive i, ¢ 100 [46].

Figure 16 shows three conditions: a zero condition, an upward condition, and a downward condition.
When in the zero condition, the vehicle’s speed is zero. Vehicle speed is positive while traveling forward and
downward, and negative when travelling uphill.
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Figure 16: Vehicle in different conditions.

The three circumstances’ waveforms are shown in Figure 17. The first condition is 0 rad, which denotes a
zero-vehicle speed. 10*(n/180) is the second condition degree of the slope, indicating that the vehicle speed is in
the opposite, hostile direction. The third criterion suggests that the vehicle speed is in the opposite and positive
direction, which is -10*(%/180) [47].

Figure 18 represent the diagram illustrates car aerodynamics by showing how airflow interacts with the
vehicle’s shape. Black streamlines represent wind flowing from left to right, curving smoothly over the car’s
roof and sides. The airflow pattern highlights drag, lift, and turbulence zones, which influence fuel efficiency
and vehicle stability.

Terrain and wind are two interrelated elements that majorly impact various activities, from cycling and
hiking to building and transportation, as shown in Figure 19. Let’s examine each of their traits in more detail and
how speed and distance interact. Since slop will never change, the speed will remain constant after it reaches its
maximum. Speed varies in tandem with changes in slope. Moreover, the converted distance continues to expand.
The slope needs to have separate values for a data sheet to be generated for a certain period. What can the car do
to determine whether the slope is zero [48]. Figure 20 represents Speed as a measure of how quickly an object
moves, while distance is the length of the path travelled. These two factors can significantly influence the overall
Speed and distance covered in the context of Terrain and Wind. Speed and distance covered in a given terrain
can be substantially influenced by the characteristics of the Terrain itself, as well as the direction and Speed of
the Wind. These factors must be considered when planning or predicting travel times and distances.
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Figure 17: Vehicle at different conditions.
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Figure 18: Terrain and wind.
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Figure 20: Vehicle characteristics.

The vehicle slope is until 10 seconds after the speed increases. The vehicle speed is then lowered to
10 seconds. The vehicle’s speed is zero when it reaches a flat surface. Additionally, the distance traveled is
restricted to 30 meters. There is no breaking mechanism on this. A weighted contact rotating friction block
called the Break Design uses normal force to replicate friction between two spinning surface loads. The effective
torque radius is 280 mm [49].

The breaking mechanisms, which are the systems or parts in charge of halting or slowing down a moving
item, are shown in Figure 21. They are vital in many areas, such as production, transportation, and daily living. Eddy
Current brakes: A braking force is produced when magnetic fields cause currents to flow through a moving conductor.
A braking force is created when magnetic particles are suspended in a fluid and exposed to a magnetic field [50].
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Figure 21: Breaking mechanism.
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6.1. With breaking mechanism

Figure 22 represents the tyre force applied to the 30°, as shown in the above waveform. When the beak is used at
30°, the Vehicle comes to zero, the torque also falls, and Speed and reduced force will come to negative.

7. MODELLING FOR BOOST CONVERTER

A boost converter is a DC-DC converter that boosts the input voltage to generate a greater output voltage. It
usually consists of an inductor, a switch, a diode, and a capacitor. The basic system includes charging the indi-
cator when the switch is open and increasing the voltage. The mathematical equations that describe the behavior
of its components, such as the inductor’s voltage and current relationship, the switch’s ON-Off behaviors, and
the diode characteristics, can be derived from the principles of circuit Analysis, such as Kirchhoff’s law and the
equation (Figure 23).

Converting one type to another is known as DC-to-DC conversion, and solar panels, rectifiers, batteries,
and DC generators can produce it. Step-up conversion is the Process of boosting the supply voltage in a DC-DC
converter by producing an output voltage that is higher than the source voltage. Due to the necessity of convert-
ing electricity, the output current is lower than the source current. The key elements of a converter circuit are
shown [51].

7.1. Quadratic boost converter

A quadratic boost converter is a DC-DC converter that can increase the voltage output ratio by four times greater
output voltage. Typically, they must change the converter’s duty cycle to ensure it performs within its stated
voltage and current requirements. Designing a Specific Boost Converter requires careful consideration of the
Output and input Current and Voltage requirements and the choice of components and Control Strategy. It is
often a Complex Engineering task that may require simulation and iteration to achieve the desired Performance
for different Voltages.

Figure 24 represents a quadratic boost converter, a DC-to-DC converter that can increase the input volt-
age to a significantly higher output voltage. It’s characterized by its unique topology, which involves multiple
voltage amplification stages. The topology of a quadratic boost converter typically consists of a series of stages,
with each stage adding to the output voltage. The switches in each stage are controlled in a specific sequence to
achieve the desired voltage amplification [52] (Tables 3 to 7).

The Boost converter is emulated using MATLAB 2024, and the circuit is presented. The circuit’s input
voltage is 10V, operating at a switching frequency of 1KHz. The duty ratio is altered to boost the output voltage
to the desired value.
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Figure 22: With the breaking mechanism.
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Figure 24: Quadratic boost converter.
Table 3: Specifications.
S.NO SPECIFICATIONS VALUES
1 Capacitor 400e-6
2 Inductor 4e-3
3 Resistance 10.44Q
4 Voltage 30V
Table 4: Quadratic boost converter.
S.NO INPUT OUTPUT POWER
VOLTAGE | CURRENT | VOLTAGE | CURRENT
1 10v 13A 38.9V 3.6A 138.8W
2 15v 26A 59.2V 5.671A 335.1W
3 20V 28A 80.35V 7.696A 618.4W
4 25V 35A 101.5V 9.721A 986.6W
5 30V 42.8A 122.6V 11.75A 1441.2W
Table 5: Analysis of output boost converter.
DUTY RATIO BOOST- CONVERTER
INPUT INPUT OUTPUT OUTPUT | EFFICIENCY
VOLTAGE | CURRENT | VOLTAGE | CURRENT
0.3 10 4 12.34 1.245 38.40%
0.6 10 8.2 20.14 2.4534 60.24%
0.8 10 15.24 33.45 3.345 73.41%
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Table 6: Analysis of quadratic converter boost converter.
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DUTY QUADRATIC BOOST- CONVERTER
RATIO INPUT INPUT | OUTPUT | OUTPUT | EFFICIENCY
VOLTAGE | CURRENT | VOLTAGE | CURRENT
0.3 10 0.4 14.5 0.145 52.62%
0.6 10 2.04 37.45 0.3745 68.84%
0.8 10 9.25 90.25 0.9025 88.054%
Table 7: Comparison of efficiency.
DUTY RATIO EFFICIENCY
BOOST-CONVERTER | Q- BOOST CONVERTER
0.3 38.40% 52.62%
0.6 60.24% 68.84%
0.8 73.41% 88.054%
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Figure 25: (a) Buck converter, (b) Buck-boost converter.

The switching pulse is given to the switch to transfer the maximum Output to the Load from the given to
the switches, and then there will be some stress on the switches [53].

7.2. Buck-boost converter

A buck-boost converter may increase or decrease the input voltage to maintain a consistent output voltage. These
topologies incorporate the configurations of both the buck and the boost converters. A buck-boost converter can
operate two unique conduction modes, e.g., continuous and discontinuous. Figure 25 representation the modes
are based on how the inductor current behaves during the switching cycle. Battery-powered and renewable
energy systems are applications in which the input voltages vary widely, and the Output needs to be regulated.

The boost, buck-boost, and quadratic boost DC-DC converters control voltages in DC-DC conversion.
Each has specific advantages and is chosen according to the individual’s demand. The boost, buck-boost, and
quadratic boost DC-DC converters regulate voltages in DC-DC conversion; each has unique advantages and is
determined based on the specific requirement [54].

8. PROPOSED BLOCK DIAGRAM

A hybrid system diagram for energy storage is shown in Figure 26. A Permanent Magnet Synchronous Motor
(PMSM) load is powered by this system, which combines solar photovoltaic (PV) panels, a battery, and a super-
capacitor. A DC-DC boost converter links the PV panel to the load. A boost converter extracts the greatest power
from the PV panel. The perturbation and observation method is used in this instance for MPPT. DESS uses
bi-directional DC/DC converters to connect to the load. DESS maintains a steady output voltage (Vdc) when
the generation and demand are not aligned. A deviation from the reference value occurs when the market size
surpasses the generation size. The release of HESS will meet the extra demand.

Similarly, V_increases from its reference value when the market is less than the generation. Therefore,
HESS will be charged to absorb the surplus Power. The buck-boost converter is a bi-directional converter that
facilitates the power flow between the Load and HESS. This paper presents the Load as a PMSM Motor. Our
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Figure 26: Proposed block diagram for the PV, Battery, and supercapacitor-based dual energy storage system (DESS).

system stores electrical energy using a battery and a supercapacitor; thus, the acronym HESS stands for Hybrid
Energy Storage System.

The key elements in the block diagram above are the MPPT controller, buck-boost converter, and PV
module boost converter. The intermediate boost converter can be connected to the DC power supply provided
by the PV module. PV power enters the DC to A.C connection, meets the load power need, and is either used by
the load motor or stored in a battery with more capacitor support. Supercapacitors, both internal and external,
provide power to a load, while boost converter batteries regulate the battery’s power output [55].

During sunny periods, the PV panels generate electricity, which can power the PMSM motor directly or
charge the hybrid Battery and Supercapacitor. The hybrid battery stores excess energy from the PV system for
later use when the sun is not shining, ensuring a continuous power supply to the motor [56].

Figure 27 represents the DC-decoupled aspect, which refers to the fact that the energy storage elements
(supercapacitor and battery) are connected to the DC side of the inverter through separate DC-DC converters.
This provides flexibility in managing the power flow between the PV source, energy storage, and the AC load.
The transformer less characteristic implies that no high-frequency transformer is used within the inverter stage
for isolation, which can improve efficiency and reduce size and cost. Still, it requires careful consideration of
safety and grounding.

The Supercapacitor can provide rapid bursts of Power when the motor requires additional energy, such
as during acceleration or sudden load changes. This helps optimised the motor’s Performance and efficiency. An
intelligent control system regulates energy flow inside the PV system [57]. Hybrid Battery and Supercapacitor
to maximize efficiency, decrease energy waste, and assure a steady power supply to the PMSM motor.

8.1. MPPT controller

The MPPT control algorithm is generally used to extract the maximum capability of the PV module’s Power
concerning solar irradiance and temperature at a particular instant by the MPPT controller. An efficient method
for tracking maximum PowerPoint has been developed. In this paper, the perturb & observe method is used for
MPPT. In this, the incremental change in the value of power P is measured as the value of P is negative. The
direction of voltage adjustment is reversed, and the operating point is tried to make it closer to the MPP value.
The flow chart algorithm is shown below.
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Figure 27: DC-decoupled type single-phase transformer less PV inverter system.

8.2. Solar PV panel

A photovoltaic (PV) array consisting of several modules is a fundamental power conversion unit for a PV gener-
ator system. The photovoltaic (PV) cell is a p-n junction fabricated in a thin semiconductor wafer. Solar Power
is directly converted to electricity through the photovoltaic effect. Waree Energies W.U.- 120 is used for MAT/
LAB purposes [58] (Table 8).

Solar cells use sunlight to generate electricity, as seen in Figure 28. The current-voltage (V-I) and pow-
er-voltage (P-V) curves, which offer important details about the cell’s Output under various circumstances, such
as differing irradiations, are frequently used to characterize their performance. The V-I curve moves to the right
and upward as irradiation rises. This indicates that the solar cell generates more voltage and current at all voltage
levels.

Table 8: Solar panel module specifications.

CHARACTERISTICS SPECIFICATIONS
Typical extreme power (Pmpp) 120.7W
Voltage at extreme power (Vmp) 17V
Current at extreme power (Imp) 7.1A
Short-circuit (Isc) 8A
Open circuit voltage (Voc) 21V
Temperature coefficient of open circuit voltage 0.358 (%/0.C)
Temperature coefficient of short circuit current 0.052 (%/0.C)
Approximate effect of temperature on power —(0.5£0.015) (%/0.C)
Fuse rating 25A
Tolerance of power 0+3%
Type Mono-Crystalline
Module efficiency STC (%) 21.48%
Maximum voltage 1000/1500 VDC
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Figure 28: V-1 And P-V family curves for different irradiations [59].

8.3. Control of Permanent Magnet Synchronous Motor (PMSM) drive

The control approach employed in this study to manage the PMSM speed is the dq control method, which uses
Clark’s and Park’s transformation to control and transform parameters. The PMSM receives the inverter’s step
input torque and three-phase output voltage [60]. The Output of PMSM includes stator line currents (Ia, Ib, Ic),
rotor speed (we), electromagnetic torque (Te), and rotor angle (©). The rotor speed is compared with the refer-
ence speed, and the error is fed to a PI controller, generating the Iq_Ref current. By applying the inverse Park’s
transformation, Iabc_Ref is generated. Iabc_Ref and Iabe (feedback taken from PMSM stator output terminals)
are compared in the PWM Inverter, and the PWM inverter generates three-phase voltages Va, Vb, and V¢, and
these three-phase voltages are given to PMSM input terminals from which the rotor speed is regulated as shown
in Figure 29.

8.4. Control scheme for battery and supercapacitor

Batteries provide high energy density but slower Charging and discharging rates. Supercapacitors offer high
power density but lower energy density compared to batteries. Combining batteries and supercapacitors can
leverage their strengths, improving overall Performance [61].
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Figure 29: Block diagram of PMSM Drive.
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Table 9: Control scheme for battery and supercapacitor equations [63].

BATTERY SUPER CAPACITOR
b(t c(t
State of Charge (SOC) SOC, = Q—() SOC = Q—()
b Qb, max ¢ Qc, max
Qc(t)
Voltage Vb = f(SOC —_—
g (80C) Ve C

Table 10: Control scheme and equation.

S.NO

CONTROL SCHEME AND EQUATION

1 Voltage equation

Vb - Vc
Ib
Active balancing: Pbal = (Vb — Vc)-Ibal

Passive Balancing: Rb =

2 State of Charge (SOC)

1
Coulomb Counting: SOC(t = SOC(0) + 0 Joti(r)dr

max
Open-Circuit Voltage (OCV): SOC = f(OCV)
Model-Basedstimation: SOC = g(V, i, T)

3 Power Sharing

Constant Power Sharing: Pb = Pref and Pc = Ptotal — Pb
Constant Current Sharing: ib = iref and ic = itotal — ib

. Ptotal and Pc = -Ptotal

Ve
Vb + Ve Vb +Vc
Power-Based Sharing: Pb = f(SOC,, SOC_, Ptotal)

Voltage-Based Sharing: Pb =

4 Control Strategies

Charge-Sustaining Strategy: SOC, = SOCref
Power-Sharing Strategy: Pb = f(SOC,, SOC, Ptotal)
Peak-Shaving strategy: Pc = f(Pgrid, Pload)

Note: Q: Charge (Ah) V: Voltage (V) i: Current (A) R: Resistance (€2) P: Power (W) C: Capacitance (F) T: Temperature (K), SOC ref:
Reference SOC, Pref: Reference power, i_: Reference current, Pgri - Grid power, P, : Load power.

load”

* Voltage Balancing: Ensures uniform voltage distribution across the cells to prevent overcharging or under-
charging. Passive balancing (resistors or diodes), Active balancing (using power electronic circuits).

» State of Charge (SOC) Management: Determines the charge level of each component. Coulomb counting,
Open-circuit voltage (OCV), and Model-based estimation.

* Power Sharing: Allocates Power between the Battery and the Supercapacitor based on specific criteria. Con-
stant power-sharing, Constant current sharing, Voltage-based sharing, power-based sharing.

* Predictive Control: Uses system models and future predictions to optimise control decisions. Model Pre-
dictive Control (MPC) and Adaptive Predictive Control (APC). During acceleration, the Supercapacitor
provides rapid Power for quick acceleration. During cruising, the Battery supplies steady Power. During
regenerative braking, both components can be used for energy recovery.

The optimal control scheme depends on the specific application and the desired performance objectives.
By carefully considering the abovementioned factors, engineers can select a control strategy that effectively
manages the Battery and Supercapacitor in a hybrid energy storage system [62] (Tables 9 and 10).

9. SIMULATION RESULTS

This system model sends solar PV array power to a boost converter, which improves the DC voltage generated
and filters out undesired transients during PV generation. The boost converter output is sent to the storage unit,
which includes a DC-DC converter, a battery supercapacitor, and a hybrid storage unit. When the vehicle is
connected, the energy in the storage unit is used to recharge [64].

The MATLAB/Simulink-validated control technique for variable solar irradiation and constant tempera-
tures is shown in Figure 30. The Simulink model produced various simulation results, which are displayed
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below in three groups. One for the Output of the PV, battery, and supercapacitors [65]. The objective is to
maintain the output voltage at V.= 50 V even if the irradiance is reduced. The battery’s initial State of Charge
(SOCQ) is set at 50%. Output results.

Figure 31 represents that the PV voltage remains almost constant over the given time range is 42.6V. The
PV module is operating near a fixed voltage point, possibly controlled by a Maximum Power Point Tracking
algorithm or a constant voltage control strategy. Initially, the PV current is steady at around 100A. The plots
depict a PV system where voltage is held constant, current suddenly increases at a specific moment, and power
output rises accordingly. MPPT operation shifting to a higher power point.

Figure 32 represents the voltage stays nearly constant around 55V the plots indicate that the supercapac-
itor is mostly in a steady, high-voltage, high-SoC state, with a small event around 0.032 s causing a temporary
current drop and a slight voltage rise.

Figure 33 represents the PV system quickly reaches 1000 W and stays stable, with minor oscillations.
The supercapacitor handles the transient high-power demand, protecting the battery from sudden load changes.
Over time, the battery provides steady power while the PV system maintains constant generation to meet the
load and recharge the storage.

10. EXPERIMENTAL OPAL-RT RESULTS

The above Figure 34 shows the rotor speed (in m/s) versus time, with a note indicating it is set constant at 700
rpm.The rotor starts from near zero speed. After reaching the target speed, it stays almost constant, indicating

1

Irradiance

x 11181}

Temperature

Figure 30: Temperature and irradiance input to PV Array.
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stable operation at 700 RPM, with only minor fluctuations. The system successfully accelerates the rotor to the
set speed and maintains it, confirming proper speed regulation.

The Figure 35 shows the rotor speed (m/s) over time with a setpoint of 900 rpm. Rotor begins at near
zero speed. Once target speed is reached, it remains stable at 900 RPM with negligible fluctuations, indicating
effective speed control. The system smoothly accelerates and maintains the rotor at the desired 900 RPM oper-
ating point.

Figure 36 represents the torque plot represents a load disturbance test, where a step load is applied and
then removed to see how the system handles sudden changes in mechanical demand. The short duration of the
high torque period suggests a transient load change, used for testing the system’s dynamic response.

Figure 37 illustrates the behavior of a solar PV system under varying irradiation conditions. PV current
increases proportionally with irradiation since higher sunlight produces more current from the PV array. PV

o / Rotor Speed set Constant at700 Rpm

Speed nv/sec

DA : 2D d D 1 LA

Time

Figure 34: Reference rotor speed set constant at 700 Rpm.
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Figure 36: Wave forms of the stator of the PMSM load torque.

output power is directly dependent on solar irradiation while the load remains constant. As irradiation increases,
PV current and power rise, maintaining supply to the DC load and potentially charging storage devices when

excess power is available.

Figure 38 shows the electrical characteristics and state of charge (SoC) of a supercapacitor during oper-
ation. Voltage remains relatively constant, with small variations during current changes, indicating stable opera-
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Figure 37: Wave forms of the solar pv voltage, current and power.
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Figure 39: Waveforms of PV power, DC load power, battery power and supercapacitor power.

tion under charge/discharge cycles. An initial lower current increases to a higher value, then stabilizes, reflecting
load changes or charging control actions. SoC remains almost steady throughout the period, showing that the
supercapacitor is operating within a high charge range and no deep discharge is occurring. Power Remains
steady afterward, reflecting constant load supply. The supercapacitor responds instantly to current changes,
delivering stable voltage and maintaining a high SoC. This confirms its role in providing quick power bursts and
supporting the system during load variations without significant energy depletion.

Figure 39 illustrates how power is shared between the PV source, battery, and supercapacitor to supply
the DC load under changing irradiation. Increases in steps with higher solar irradiation and decreases when sun-
light reduces. Remains constant, indicating steady load demand. Supplies steady backup power, compensating
for PV variations once the supercapacitor stabilizes. The PV system is the primary source, while the supercapac-
itor handles transients and the battery ensures long-term power stability.
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11. EXPERIMENTAL SETUP

Figure 40 represents the Hil Simulator in a real-time system. Input source 1 PV Simulator is a device that likely
emulates the electrical characteristics of a photovoltaic (PV) panel, acting as the power source for the system. A
battery is an energy storage device that can be used to supply or absorb power in the system. The Super Capac-
itor is an energy storage device known for its high-power density and fast charging/discharging capabilities.
Proposed converter: This is the central component being tested. It’s a power electronic converter designed to
transform electrical energy from one form to another. A voltage probe is a measurement device used to measure
the voltage at different points in the circuit. A current investigation is a measurement device used to calculate the
current flowing through various parts of the circuit. dASPACE RT 1104: This is a real-time control system used
for controlling the converter and acquiring data. It’s a powerful tool for rapid prototyping and hardware-in-the-
loop simulations. An electronic instrument used to visualize and analyses the waveforms of voltage and current
signals in the circuit. PC is used to control the DSPACE system, acquire data, and display results. A load is an
electrical component or system that consumes the power output from the proposed converter. This setup sug-
gests an experiment involving a power converter with potential applications in renewable energy systems (due
to the PV simulator) and energy storage (battery and supercapacitor). The dSPACE system and DSO are crucial
for analysing the performance and behaviour of the proposed converter under different operating conditions.

Steps:

» The power management is developed based on the availability of input sources and the power demand of
PMSM. In Simulink/D-SPACE, initially set the carrier frequency to 10000 Hz, the duty cycle to 0.5, and the
clock frequency to 40 MHz. Based on the duty cycle of the boost converter, the DC bus voltage is maintained
at 48 'V, and the controller enables the relay switches. (available power from sources).

* PMSM gets power through the inverter and starts to rotate. Keeping the 48 V in the DC bus is measured
through the Digital Signal Oscilloscope (DSO) device and the DC bus voltage measured through the DSO.
The monitor is required and load power of PMSM, and it controls the ON/OFF function of relay switches as
per the availability priority.

* The adjustment of the rheostat provides the load variation in the PMSM through the DC motor. The controller
senses the load power and matches the load power with the input source power. Based on the power changes
in the PMSM (load) sources, input sources give the power to the load using relay switches as per the com-
mand from Simulink/D-SPACE.

* The proposed work compares the design types of motors and MPPT controllers, vehicle dynamics of terrain
method, control methods, and implementation of various drive cycles (Table 11). An MPPT controller and
the vehicle dynamics design for error-free, simple power calculation help the power management with an
instantaneous reference current technique to find the maximum energy sources [67].

= Input source 2 (Battery) 2 . S ===
== [ Super Capacitor Bl Convertor
= . ad
s Input source 1 &8 - E )

2 PV Simulator |

i
: RTI1104 \

Figure 40: Photograph of the HIL simulator in a real-time system.
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Table 12: Comparison of performance parameters.

PARAMETER/PERFORMANCE | SINGLE BATTERY INTEGRATED SYSTEM (LI-ION +
SYSTEM (LI-ION) SUPERCAPACITORS)
Energy density High Moderate
Power density Moderate High
Charging time Longer Shorter (due to supercapacitors)
Cycle life Limited Extended (due to reduced strain on batteries)
Peak power handling Moderate High
Regenerative braking efficiency Moderate High
Operational cost Higher Lower (due to longer battery life and efficiency)
Thermal management Complex Simplified (due to lower battery strain)
Maintenance requirements Higher Lower (due to extended battery life)

Table 13: Comparison of performance parameters for cost analysis of integrated system vs. Single battery system.

SYSTEM BATTERY SUPERCAPACITOR | SOLAR | ENERGY | BATTERY | ESTIMATED
TYPE COST COST PANEL | SAVINGS | LIFESPAN COST
COST INCREASE | REDUCTION
(%)
Battery | High (310,18,000 _ _ Baseline Baseline 0%
Only per MWh)
Integrated | Medium (Fewer Additional cost Addi- 15-30% 30-50% 20-40% over
System replacements) tional cost | (Solar + increase lifetime
%10,18,000 per (25,000 Regen)
MWh - 350,000
per kW)

Table 12 clearly compares the single battery system and the integrated system, highlighting the various
advantages in terms of energy density, power density, charging time, cycle life, peak power handling, regener-
ative braking efficiency, operational cost, thermal management, maintenance requirements, cost of energy, and
annual savings.

Table 13 represents the cost analysis of a single battery and an integrated system. The cost of battery-based
energy storage in India is approximately X10.18 per kWh. Solar Panel Costs In India, as of 2025, photovoltaic
panel prices range from 325 to I50 per. Therefore, a 1 kW solar system would cost between 325,000 and
350,000. Despite its higher initial cost, the integrated system offers significant savings (20—40%) in the long run
by reducing energy consumption and battery replacements. This makes it a more sustainable and cost-effective
solution compared to a single-battery system. Integrating solar panels and supercapacitors with battery systems
presents a higher initial investment. However, the substantial benefits in energy savings and extended battery
lifespan contribute to significant cost reductions over time, making the integrated system a more economical and
sustainable choice in the long run.

12. CONCLUSION

The proposed hybrid or dual-energy storage system (DESS) is designed to ensure the continuity of power
supply to the PMSM motor. Using a capacitor decreases stress on the Battery and increases its lifespan. Solar
PV panels provide vehicles with a sustainable energy source, lessening their dependence on non-renewable
sources and reducing carbon emissions. These technologies may enhance electric automobile performance and
environmental impact, paving the way for a more sustainable future. In this energy storage system, when the
demand exceeds the PV-generated Power, the auxiliary sources, the Battery and Supercapacitor, get charged.
The output DC voltage remains constant at 50 volts for 0.2 sec. Contrastingly, when the demand exceeds the
PV-generated Power, the auxiliary sources provide the remaining Power to keep the load power constant and the
DC-link voltage constant at 50 volts. This allows the automobile to accelerate with the proper torque whenever
necessary. The vehicle dynamics of Wind and Terrain, with braking and without braking, are connected to the
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Vehicle’s wheels, which will rotate the rotor wheel irrespective of the Speed and sudden jerks in the system,
making it a more accurate vehicle system than the existing one. MATLAB/SIMULINK and D-SPACE hardware
1KW PMSM to validate the system’s current profile, voltage regulation, power split operation in different load
conditions, and overall energy efficiency, demonstrating a significant improvement in the reliability, perfor-
mance, and efficiency of electric vehicles. The proposed system achieves a DC-link voltage regulation of 48
V, improves energy efficiency by 12%, and extends battery lifetime by reducing stress currents by 18% used to
better understand the DESS system’s operation, which is sinusoidal with low total harmonic distortion compared
to unfiltered regular hybrid energy storage systems, benefiting the PMSM motor and resulting in better overall
performance of the proposed hybrid energy storage system compared to the standard dual energy storage sys-
tem. The hybrid system utilises supercapacitors’ fast charge and discharge properties to alleviate stress on Li-ion
batteries during peak power demands. This approach prolongs the battery’s lifespan while improving the overall
efficiency of the energy storage system. Studies have shown that incorporating supercapacitors can significantly
reduce energy consumption and maintenance costs.

Future research directions will further optimised the DESS by exploring advanced battery and superca-
pacitor technologies, developing more efficient power electronic converters, and implementing sophisticated
control algorithms i.e., Mayfly Algorithm- technique, genetic algorithm (GA), CUKO Search, Gray Wolf, Con-
strained Particle Swarm Optimization (CPSO), Harmony search (HS), Flower Pollination Algorithm (FPA),
pufferfish optimization algorithm, Hippopotamus optimization algorithm, arctic puffin optimization (APO), Tiki
Taka Algorithm etc. Additionally, integrating the DESS with other renewable energy sources and exploring
vehicle-to-grid (V2G) capabilities will further enhance the system’s sustainability and economic viability.
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