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Abstract:  
Solar energy is a clean, renewable resource receiving much attention as a competitive alternative to conventional energy sources. 
The subject of this study is the integration of rechargeable batteries, supercapacitors, and photovoltaic panels into a hybrid 
storage system. These parts work together to improve system performance and overcome the shortcomings of individual 
technologies. Supercapacitors' high power density and fast charge-discharge times enhance the energy density of rechargeable 
batteries. The battery's lifespan is increased, and adding a supercapacitor enhances the system's overall dynamic performance. 
The supercapacitor improves the operating conditions of batteries and photovoltaic panels by buffering current variations. The 
DC-DC converter design and the selection of the maximum power point tracking (MPPT) algorithm significantly impact the 
system's performance. This study examines the performance of several DC-DC converters, such as the boost and Super-lift Luo 
converters, and analyzes several MPPT techniques. The supercapacitor is essential when determining which combination suits a 
given set of operating conditions. An energy management system has been designed to synchronize the charging and discharging 
of the PV panels, supercapacitor, and battery. Optimal power flow and practical energy storage are ensured by a bidirectional DC-
DC converter controlled by a fractional-order proportional-integral-derivative controller. The simulation results show that the 
Super-lift Luo converter outperforms the boost converter in terms of efficiency and power delivery. The perturbation-and-
observation algorithm produces a peak power output of about 980 watts by efficiently tracking the PV panels' highest power point. 
The energy management system efficiently balances the energy distribution between the battery, supercapacitor, and load to 
ensure optimal system functioning. This study demonstrates how hybrid storage devices can effectively capture solar energy. A 
viable way to address the growing need for clean, sustainable energy is to combine the benefits of PV panels, supercapacitors, 
and rechargeable batteries.  It is evident that when utilizing a super lift Luo, the battery's state of charge is approximately 0.2% 
greater than when using a boost converter. Additionally, super lift Luo is higher for supercapacitors, reaching 0.4% more 
significantly than a boost converter. The battery and supercapacitor can be charged faster and more efficiently due to the higher 
efficiency and power output of the HESS employing a super-lift Luo converter. 
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Highlights:  
• Hybrid system combines batteries and supercapacitors for optimal 

PV storage. 
• Bidirectional DC-DC converter ensures stable voltage and efficient 

energy flow. 
• Supercapacitors handle rapid load changes to extend battery 

lifecycle. 
• PI control strategy maintains DC bus stability under varying solar 

radiation. 
• Dynamic performance improved through coordinated energy 

management. 
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1.INTRODUCTION
In recent years, clean energy sources, including 
PV panels, wind, and fuel cells, have been used 
to meet the enormous energy demand. PV 
systems and solar thermal applications 
generate electricity for heating, cooling, and 
other purposes. PV-based applications can be 
employed in grid-tied, standalone, or hybrid 
generating modes in conjunction with other 
renewable energy sources, such as HEV. They 
comprise numerous separate solar cells, most 
of which are silicon-based. Sunlight causes 
electrons in solar cells to break free from their 
atoms. These electrons produce an electric 
current as they move through the cell. The cell 
generates more electricity as it receives more 
sunshine. Reducing greenhouse gas emissions, 
which contribute to climate change, can be 
achieved using PV panels to generate power [1]. 
Using PV panels to charge SC and batteries and 
choosing battery types and suitable methods, 
such as the MPPT algorithm, charge controller, 
and DC-DC converter, is essential to achieve 
high efficiency in extracting and using electric 
power [2]. One standard tool for describing the 
performance of solar systems is the voltage-
power curve (P-V). It contains a point known as 
the maximum power point, which indicates the 
highest energy output of the PV system. Should 
the characteristic curve be stationary, the PV 
system should be able to be controlled to 
achieve the MPP for the duration of its life. On 
the other hand, under real-world conditions, 
the characteristic curve varies nonlinearly with 
environmental factors such as solar radiation 
and PV cell temperature. They were making it 
difficult to obtain the MPP. These problems are 
resolved by using MPPT techniques. Any solar 
system aiming to get the most energy from its 
PV panels needs to track the best power. 
Numerous methods are used for maximum 
power extraction, including Perturbation and 
Observation [3], the fuzzy logic technique [4], 
incremental conductance [5], and practical 
swimming optimization [6]; any further 
methods can be found in the literature [7]. This 
paper will use the modern PSO algorithm, 
named after the enhanced PSO MPPT 
algorithm. Also, P&O should be used to 
improve this method into a flexible step-size 
P&O technique. Using a specified number of 
solar power measurements, an artificial neural 
network (ANN) method identifies the PV 
array's global maximum power point. All 
previous MPPT algorithms will be compared 
based on maximum power extraction, 
efficiency, and effects on the charging 
operation. Battery provision is required in the 
proposed HESS. In grid-tied mode, the battery 
absorbs extra electricity and delivers stored 
energy. Batteries and supercapacitors supply 
peak and off-peak power in a standalone 
application such as a hybrid electric vehicle 
(HEV) [8]. Batteries are not the only energy 

source used in modern energy storage systems; 
ESSs are battery-based [9]. The battery's power 
density must be high enough to deliver the 
required peak power. However, they cost more 
than their equivalents with a lower power 
density [10]. There are still batteries available 
with higher power densities. While they are 
accessible, batteries with a higher power 
density are significantly more costly than those 
with a lower power density. If a HEV's 
regeneration brakes are used to feed this excess 
directly into the battery without any control, the 
battery's lifetime could decrease [11]. Thermal 
management makes it difficult for rechargeable 
batteries to operate securely under heavy load 
situations. The system is built because of the 
technique, and before the battery, the 
supercapacitor charges and discharges. Assume 
that the grid frequency stays below the 
predetermined minimum even after the 
supercapacitor has been entirely depleted, as 
the supercapacitor begins to charge. In that 
case, the battery will discharge, extending its 
lifespan [12]. The main objective of using a DC-
DC converter with a solar panel is to regulate 
and match the PV panel's voltage to the battery 
voltage; it uses the optimal voltage to obtain the 
maximum current to charge the battery [13]. 
The typical boost, buck, among the varieties of 
DC-DC converters are buck-boost converters. 
This paper will compare a super lift-Luo and a 
boost converter and their effects on the PV 
panel. When hybrid energy storage is utilized, 
DC-DC converters are required; they have a 
specific architecture. The DC-DC converter in 
HESS controls the energy storage system's 
charge and discharge operations. When 
charging, it functions as a low-to-high-voltage 
buck converter, and when discharging, it acts as 
a high-to-low-voltage boost converter for low 
voltage [14]. A HESS that combines PV panels, 
batteries, and supercapacitors offers several 
advantages for residential, commercial, and 
industrial applications. HESS can lower peak 
loads and increase overall system efficiency by 
storing excess energy generated by PV panels 
during peak sunshine hours and discharging it 
during high-demand periods. HESS 
contributes to grid stabilization and lowers 
voltage and frequency variations by balancing 
the supply and demand for electricity. HESS 
can provide reliable backup power during grid 
outages, ensuring critical system uptime and 
minimizing downtime. Greater energy 
independence and lower energy prices can 
result from HESS's ability to lessen reliance on 
the grid. Supercapacitors can quickly deliver 
and absorb power, making HESS ideal for 
voltage control and frequency regulation that 
require quick reaction times. Batteries can 
withstand fewer charging and discharging 
cycles by sharing the load with supercapacitors, 
thereby increasing their total longevity. 
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Intelligent control systems that maximize 
efficiency and save costs by optimizing energy 
storage and use can be installed on HESS. 
Applications for HESS include off-grid power 
systems, electric car charging, and integration 
of renewable energy sources. Using 
photovoltaic systems and energy storage, HESS 
may lower greenhouse gas emissions and 
advance sustainable development. By 
enhancing grid resilience and stability, HESS 
can lower the chance of blackouts and poor 
power quality. The following plan summarizes 
the current study: Section two methodology 
includes (MPPTs algorithm, PV-panel, SC, 
battery, DC/DC converter, and EMS); while in 
section three, results and discussion have been 
presented; and section four shows the 
conclusions and remarks. 
2.METHODOLOGY 
2.1.Maximum Seeking Power 
Controllers 
A maximum-seeking solar controller is a device 
that optimizes the power extracted from PV 
panels. It does this by matching the solar 
panels' electrical impedance to the battery bank 
or the grid. That allows the solar panels to run 
at their MPP for a given set of conditions, 
resulting in increased power output from the 
solar system [15]. 
2.1.1.Perturbation and Observation 
Controller 
Because of its simple implementation, the most 
frequently used approach is the perturbation 
and observation algorithm. As the names 
indicate, it depends on the system's disturbance 
caused by a rise or reduction in reference 
voltage, which directly affects the chopper 
converter's cycle, and then monitors the effects 
on the panel's output power. As power 
increases, the duty cycle also changes similarly. 
It is approaching the maximum point. 
Therefore, if there is a power failure, it goes 
away from the MPP. The duty cycle variation 
must then be reversed in a direction [16, 17]. 
2.1.2.Enhanced Particle Swarm 
Optimization 
The suggested MPPT algorithm, a hybrid of 
Levy flight optimization (LFO) and PSO, and 
hereafter referred to as enhanced particle 
swarm optimization (EPSO), will eliminate 
mutual drawbacks to achieve more effective 
MPP search performance. PSO is initially used 
as a checking algorithm in the proposed EPSO 
approach to determine the MPP [1]. After 
identifying the global maximum, LFO will take 
over and operate at that point to improve 
accuracy. Adding a duty cycle constraint varies 
the suggested LPSO technique from the 
traditional PSO. This constraint checking is 
added for every duty cycle before updating 
location and velocity [18, 19]. 
2.1.3.Artificial Neural Networks 
A system with an artificial neural network is one 
whose architecture first drew inspiration from 

the schematic operation of biological neurons 
before shifting more toward statistical 
techniques. An arrangement of connected cells, 
known as neurons, makes up an artificial neural 
network. In parallel, each neuron operates 
independently of the others, building a system 
that determines which tasks are essential to 
accomplishing functions. Instead of 
programming, learning techniques are used to 
construct the network and process the 
information it receives [20]. Figure 1 shows the 
MPPT control (based on neural networks) that 
operates on the photovoltaic system. 
Temperature (T) and radiation (G) are 
atmospheric data used as input variables for the 
MPPT command, with the duty cycle (D) of the 
output controlling how best to operate the 
converter.  

 
Fig. 1 ANN-MPPT System Block Diagram. 

Appropriately learning artificial neurons is 
necessary for a neural controller to work 
efficiently. Levenberg-Marquardt was the 
algorithm used for training. 70% of the 100 data 
sets are used, 15% are allocated to testing, 15% 
to validation, and 15% for training. Finding the 
network structure is one issue that needs to be 
fixed before using a neural network. Three 
layers have been selected for this work: an input 
layer with two neurons, one for measuring 
surface temperature and the other for 
measuring solar irradiance, and ten neurons in 
a hidden layer. A single neuron in the output 
layer provides the duty cycle [21]. 
2.1.4.Incremental Conductance 
Controller  
Conductance and incremental conductance can 
be used to determine the operating point at the 
maximum power point. Thus, to follow the 
MPP, one can compare the immediate and the 
incremental conductance. The duty cycle will 
increase if the instantaneous conductance 
exceeds the opposite of the incremental 
conductance. Assuming this does not occur, the 
duty cycle will be reduced. The block's 
subsystem used the PV's input voltage and 
current modules to compute the variations in 
conduction angle [22]. 
2.2.Photovoltaic Panel  
The specifications of the PV panel in this 
research are given in Table 1 below: The solar 
field comprises parallel and series modules to 
achieve the required power. Every module 
consists of individual cells [23]. A single-diode 
model balances simplicity and accuracy well, 
making it ideal for this research. Regarding the 
PV panel's mathematical model, built in the 
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MATLAB-Simulink environment, a one-diode 
model, as shown in Fig.2, was considered [24].  
Table 1 Technical Specifications Concerning 
PV Panels. 

Variable  Value 
Parallel strings 4 
Series-connected 2 
Highest Power 120.7 W 
Cells per module  72 cell 
O.C voltage 21 V 
S.C current  8 A 
MPP voltage  17 V 
IMPP  7.1 A 

 
Fig. 2 Equivalent Circuit of PV Panel. 

The model was created using the following 
Eq.(1) [18]: 

𝑰𝒑𝒉 = [𝑰𝒔𝒄 + 𝑲𝑰(𝑻𝒄 − 𝑻𝒓𝒆𝒇)]
𝑮

𝑮𝒓𝒆𝒇

 (1) 

The current at the junction is expressed as 
follows: 

𝑰𝒅 = 𝑰𝒔(𝐞𝐱𝐩⁡(
𝒒(𝑽 + 𝑹𝒔𝑰)

𝑵.𝑲. 𝑻
− 𝟏) (2) 

The following gives the current flowing through 
the resistance Rsh: 

𝑰𝒔𝒉 =
(𝑽+𝑹𝒔𝑰)

𝑹𝒔𝒉
  (3) 

Hence, 

𝑰 = [𝑰𝒔𝒉 + 𝑲𝑰(𝑻𝒄 − 𝑻𝒓𝒆𝒇)]
𝑮

𝑮𝒓𝒆𝒇
−

𝑰 [𝐞𝐱𝐩 (
𝒒(𝑽+𝑹𝒔𝑰)

𝑵.𝑲.𝑻
) − 𝟏] −

(𝑽+𝑹𝒔𝑰)

𝑹𝒔𝒉
  (4) 

The output current will rise in response to 
increased solar radiation, increasing the 
extended power (P-PV). The irradiance is 
measured in units of W/𝑚2. Equation provides 
the mathematical relationship between 
Equations power, current, and irradiance (5). 

𝑮𝟏

𝑮𝟐
=

𝑰𝟐

𝑰𝟏
=

𝑷𝟐

𝑷𝟏
  (5) 

Most solar panel outputs are assessed under 
standard test conditions. This is stated at 25 C0, 
or 77 F. Therefore, the PV panel's output voltage 
and power drop as the temperature rises. Here 
are a few techniques used in hot and cold 
climates to manage PV panel temperature 
changes.  

𝑽𝑻 =
𝒌𝑻

𝒒
× 𝒏𝑰 × 𝑵𝒄𝒆𝒍𝒍  (6) 

where: 𝐼𝑑 is the diode current; Isc is the current 
at a short circuit;𝐼𝑜 is the diode saturation 
current;𝐼1, 𝐼2 are the solar panel's currents; Is is 
the diode's reverse saturation current; 𝑉𝑑 is the 
diode voltage; Rs is the diode's series 
resistance; Rsh is the diode's parallel resistance 
(Ω); Vpv is the voltage across the diode;𝑃1, 𝑃2 are 
the power of the solar panel; T is the junction's 
Kelvin cell temperature; nI is the diode ideality 
factor; Ki is the temperature coefficient of the 

short-circuit is the (1.602×10-19 C); N is the 
ideality issue of the diode;𝑁𝑐𝑒𝑙𝑙  is the number of 
cells in a module connected in series; G1 and G2 
are the solar irradiance of the PV panel [25]. 
2.3.Battery Mathematical Model 
The charger device can recharge the battery 
packs externally from the power grid. The 
battery is a critical component widely used in 
applications that depend on HESS, like hybrid 
and electric vehicles (EVs) (HEVs). Fig.3 
depicts the battery's analogous circuit [26]. 

  
Fig. 3 Rechargeable Batteries Equivalent 

Circuit. 
Equation (7) describes the battery voltage Vbat 
and provides the controlled voltage source. 
𝑽𝒃𝒂𝒕 = 𝑬− 𝑹𝒃𝒂𝒕𝑰𝒃𝒂𝒕⁡⁡, 𝒂𝒏𝒅⁡𝑬

= 𝑬𝒐 −𝑲
𝑸

𝑸𝑫 − ∫ 𝒊. 𝒅𝒕

+ 𝑨. 𝒆𝒙𝒑⁡(−𝑩∫ 𝒊. 𝒅𝒕) (7) 

where E is the voltage when there is no current; 
𝐸𝑜 is the battery's potential constant; K is the 
potential of polarization; Q is the capacity of the 
battery's storage; A is the exponential zone's 
value (V); B is the inverted exponential zone 
time constant (Ah)-1. The technical 
specifications of the rechargeable battery in this 
study are given in Table 2: 
Table 2 Technical Specifications Concerning 
Battery. 

Variable Value 
Rated voltage 24 V 
Nominal capacity  14 Ah 
Percentage state of charge  50% 
Battery response time 0.1 sec. 

2.4.Mathematical Model for 
Supercapacitor  
One of the newest developments in energy 
storage, particularly for embedded devices, is 
SC. The SC is a support and protection device 
for the battery [19]; it can handle sudden 
overloads in the system due to its 
characteristics. SC is used in HESS with the 
battery to extend the battery's lifecycle. Fig.4 
below shows the SC electrical model. The model 
consists of an analogous series of resistances. 
𝑅𝑆𝐶 connected in series with a capacitance 𝐶𝑆𝐶. 
Eq.(8) provides SC voltage 𝑉𝑈𝐶  as a function of 
SC's current 𝐼𝑈𝐶  and SC power. Table 3 shows 
the supercapacitor parameters used in the 
HESS [27]. 
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𝑽𝑺𝑪 = 𝑽𝑰 − 𝑹𝑺𝑪 ∗ 𝑰𝑺𝑪

=
𝑸𝑺𝑪

𝑪𝑺𝑪
−𝑹𝑺𝑪

∗ 𝑰𝑺𝑪⁡, 𝒂𝒏𝒅⁡⁡𝑷𝑺𝑪

=
𝑸𝑺𝑪

𝑪𝑺𝑪
∗ 𝑰𝑺𝑪 −𝑹𝑺𝑪

∗ 𝑰𝑺𝑪𝟐 (8) 
where 𝑄𝑆𝐶  is the amount of energy that is stored 
within a cell.  
Employing a storage component called an SC, 
which comprises many cells coupled in parallel 
and series, respectively, by Ns and Np. Eq.(9) 
defines the SC stack's capacity and resistance.  

𝑪𝑺𝑪 = 𝑪𝒆𝒍𝒆𝒎
𝑵𝒑

𝑵𝒔
⁡ , 𝒂𝒏𝒅⁡⁡𝑹𝑺𝑪 = 𝑹𝒆𝒍𝒆𝒎

𝑵𝒔

𝑵𝒑
  (9) 

Given the element voltage and current, the 
stack's voltage and current are given by Eq.(10). 

𝑽𝑺𝑪 = 𝑵𝒔. 𝑽𝒆𝒍𝒆𝒎⁡, 𝑰𝑺𝑪 = 𝑵𝒑. 𝑰𝒆𝒍𝒆𝒎 (10) 

Table 3 Technical Specifications of 
Supercapacitor. 

Variable Value 
Nominal Condenser  29 F 
Series fighting 0.003 Ω 
Nominal voltage 32 V 
Number of series capacitors 1 
Parallel capacitors 1 
Initial potential  32V 
Working temperature  25𝐶𝑜 

 
Fig. 4 Super Capacitor Equivalent Circuit. 

2.5.Chopper Converter 
The PV module and the electrical load are 
connected via a chopper converter. It is often 
used in DC power sources, such as DC drives 
and photovoltaic panels, to achieve the required 
voltage by converting uncontrolled DC input to 
controlled DC output. It is likely to regulate the 
voltage from the solar system by storing the 
input energy in the transformer's inductance 
for a short while, then releasing it to the output 
at a variable voltage. Those are effective 
converters (88.20-96.55%). Several DC-DC 
converter types are employed with PV panels. 
This paper presents a simple comparison of the 
proposed super lift-Luo and boost converters. 
2.5.1.Super-Lift LUO Converter 
New step-up (boost) converters from DC to DC, 
employing the voltage lift technique, were 
developed from prototypes in several models. 
These converters have simple construction, 
increased power density, high efficiency, and an 
inexpensive topology for positive-to-positive 
DC-DC voltage-raising conversion. The lift-Luo 
converter produces lower output-voltage 
ripples and a higher potential gain than the 
boost converter. Based on its capabilities, the 

Luo converter is categorized as a Super-Lift 
converter and a voltage-lift converter. The lift-
Luo converter's passive architecture includes 
two diodes, a capacitor, and an inductor. 
Discusses the various Luo converters, as given 
in [28, 29]. The super lift Luo converter can 
function effectively by keeping to the following 
premise:(1) The resistance to the load (𝑅𝑜𝑢𝑡𝑝𝑢𝑡) 

needs to be high. (2) The switching time must 
have a time limit. (3) Capacitors Cs_1 and Cs_2 
need to have high values. (4) The duty ratio (d) 
value must be low. Eq.(11) provides the voltage 
gain equation for the super lift-Luo circuit. 

𝑮𝒔 =
𝑽𝒐𝒖𝒕𝒑𝒖𝒕

𝑽𝒊𝒏𝒑𝒖𝒕
= (

𝟐−𝜹

𝟏−𝜹
)𝒏  (11) 

𝑉𝑜𝑢𝑡𝑝𝑢𝑡 and 𝑉𝑖𝑛𝑝𝑢𝑡 are, respectively, the super-

lift Luo circuit's input and output voltages. The 
Gain 𝐺𝑠 Depends on the number of stages (n) 
and the duty ratio (𝛿). When switch Q is in the 
off position, 𝑉𝑖𝑛𝑝𝑢𝑡 is the input voltage used to 

charge the capacitor 𝐶𝑠−1. Concurrently, as the 
inductor current 𝐼𝐿−1Discharges, there is a 

slight voltage drop ∆𝑉𝐶𝑠−1. When the inductance 
𝐼𝐿𝑠−1  value is high, one considers the average 

inductor current (𝐿𝑠-1). Eq.(12) gives the 
voltage across the capacitor (𝐶𝑠−1) and the 
capacitor voltage when the converter switches 
from off to on state, with the transition state set 
to the on state. 

𝑽𝒄𝒔_𝟏 = 𝑽𝒊𝒏𝒑𝒖𝒕 − ∆𝑽𝑪𝒔−𝟏⁡, ∆𝑽𝑪𝒔_𝟏

=
𝟏

𝑪𝒔−𝟏
∫ 𝑰𝑳𝒔−𝟏𝒅𝒕
𝑻

𝜹𝑻

=
𝟏 − 𝜹

𝑪𝒔−𝟏
𝑻𝑰𝑳𝒔−𝟏 (12) 

Equation (13) provides the total current flowing 
through the inductor and capacitor, which is 
the input current during turn-on and provides 
the input current as the current flowing through 
the inductor and capacitor when switch Q is 
open and the input current during the off-time. 

𝑰𝒊𝒏𝒑𝒖𝒕_𝒐𝒏
= 𝑰𝑪𝒔−𝟏−𝒐𝒏 + 𝑰𝑳𝒔_𝟏_𝒐𝒏⁡, 𝒂𝒏𝒅⁡𝑰𝒊𝒏𝒑𝒖𝒕_𝒐𝒇𝒇
= 𝑰𝑪𝒔−𝟏−𝒐𝒇𝒇 + 𝑰𝑳𝒔_𝟏_𝒐𝒇𝒇 (13) 

The equations estimate the output current, a 
dependent parameter that depends on the 
capacitor's duty ratio and current Eqs. (14-15). 

𝜹𝑻𝑰𝑪𝒔_𝟏_𝒐𝒏 = (𝟏 −

𝜹)𝑻𝑰𝑪𝒔_𝟏_𝒐𝒇𝒇⁡, 𝑰𝒊𝒏𝒑𝒖𝒕_𝒐𝒇𝒇 = 𝑰𝑪𝒔−𝟏−𝒐𝒇𝒇 =

𝑰𝑳𝒔_𝟏 ,𝒂𝒏𝒅⁡𝑰𝑪𝒔−𝟏−𝒐𝒏 = (
𝟏−𝜹

𝜹
) 𝑰𝑳𝒔−𝟏  (14) 

𝑰𝒊𝒏𝒑𝒖𝒕_𝒐𝒏 = 𝑰𝑳𝒔_𝟏 + (
𝟏−𝜹

𝜹
) 𝑰𝑳𝒔−𝟏 =

𝑰𝑳𝒔_𝟏

𝜹
  (15) 

The total input current in the on and off states 
relative to the duty ratio is the average input 
current. 
𝑰𝒊𝒏𝒑𝒖𝒕 = 𝜹𝑰𝒊𝒏𝒑𝒖𝒕_𝒐𝒏 + (𝟏 − 𝜹)𝑰𝒊𝒏𝒑𝒖𝒕𝒐𝒇𝒇  (16) 

𝑽𝒊𝒏𝒑𝒖𝒕

𝑰𝒊𝒏𝒑𝒖𝒕
= (

𝟏−𝜹

𝟐−𝜹
)𝟐

𝑽𝒐𝒖𝒕𝒑𝒖𝒕

𝑰𝒐𝒖𝒕𝒑𝒖𝒕
= (

𝟏−𝜹

𝟐−𝜹
)𝟐𝑹𝒐𝒖𝒕𝒑𝒖𝒕  (17) 
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Equation (18) gives the output voltage ripple as 
a function of the resistance (𝑅𝑜𝑢𝑡𝑝𝑢𝑡) and the 

capacitor (𝐶𝑠−2). 

  ∆𝑽𝒐𝒖𝒕𝒑𝒖𝒕 =
𝑰𝒐𝒖𝒕𝒑𝒖𝒕(𝟏−𝜹)𝑻

𝑪𝒔−𝟐
=

(𝟏−𝜹)𝑽𝒐𝒖𝒕𝒑𝒖𝒕

𝒇𝑪𝒔−𝟐𝑹𝒐𝒖𝒕𝒑𝒖𝒕
 (18) 

Raising 𝐶𝑠−2reduces the ripple voltage to a 
minimum. Capacitor 𝐶𝑠−1has a higher value 
than a capacitor 𝐶𝑠−2, which is made feasible 
using duty ratio d values smaller than unity.  
Equation (19) provides the error formula for the 
output voltage of the super_lift Luo converter. 

𝒆𝑺𝒖𝒑𝒆𝒓_𝒍𝒊𝒇𝒕⁡𝑳𝒖𝒐⁡ = 𝑽𝑫𝒄−𝒓𝒆𝒇
− 𝑽𝑫𝒄−𝑺𝒖𝒑𝒆𝒓_𝒍𝒊𝒇𝒕⁡𝑳𝒖𝒐⁡ (19) 

Where is the 𝑒𝑆𝑢𝑝𝑒𝑟_𝑙𝑖𝑓𝑡⁡𝐿𝑢𝑜⁡is the Super_lift Luo 

converter's error, 𝑉𝐷𝑐−𝑟𝑒𝑓is the converter's 

desired output.is the converter's desired 
output, and 𝑉𝐷𝑐−𝑆𝑢𝑝𝑒𝑟_𝑙𝑖𝑓𝑡⁡𝐿𝑢𝑜⁡is the Super_lift 

Luo converter's output voltage. 
2.5.2.Boost Converter 
The conventional boost converter has a wide 
range of applications in power electronic 
applications, such as solar power systems and 
controlled DC power supplies. Increasing the 
desired load's DC output voltage from a low DC 
input voltage is beneficial. There are two 
current operating modes for the converter. 
There are two types of current modes: 
continuous (CCM) and discontinuous (DCM) 
(CCM). The traditional boost converter can 
function at multiple power levels and in any 
current mode in power applications, and every 
setting has unique variation features [30, 31]. 
The specifications of the boost and super-lift 
Luo converter in this study are given in Table 4.  
Table 4 Technical Specifications of the Boost 
and Super-Lift Luo Converter. 

Variable Name Numerical Value 
Input capacitance 3500*10−6 F 
Output Capacitance  570*10−5 F 
Inductance 100*10−6 H 
R-load 5 Ω 

The diode is reverse-biased when the switch is 
closed. Kirchhoff's voltage law is applied 
around the path, including the closed switch, 
inductor, and source, as given in Eq. (20). 

𝒗𝑳 = 𝑽𝒔 = 𝑳
𝒅𝒊𝒕

𝒅𝒕
  (20) 

The current change in the inductor is calculated 
from Eq.(21). 

∆𝒊𝑳

∆𝒕
=

∆𝒊𝑳

𝜹𝑻
=

𝑽𝒔

𝑳
  (21) 

Finding the value of ∆𝑖𝐿while the switch is 
closed, 

(∆𝒊𝑳)𝒄𝒍𝒐𝒔𝒆𝒅 =
𝑽𝒔⁡𝜹𝑻

𝑳
  (22) 

When the switch opens, the diode becomes 
forward-biased, providing a channel for the 
inductor current that prevents it from changing 
instantly. The voltage across the inductor is 
constant when the output voltage: 

𝒗𝑳 = 𝑽𝒔 − 𝑽𝒐 = 𝑳
𝒅𝒊𝑳

𝒅𝒕
  (23) 

Since the inductor current changes constantly, 
it must vary linearly when the switch opens. The 
following is how the inductor current varies 
when the switch is open: 

∆𝒊𝑳

∆𝒕
=

∆𝒊𝑳

(𝟏−𝑫)𝑻
=

𝑽𝒔−𝑽𝟎

𝑳
  (24) 

when calculating ∆𝑖𝐿, 

(∆𝒊𝑳)𝒐𝒑𝒆𝒏 = (𝑽𝒔 − 𝑽𝟎)
(𝟏−𝜹)𝑻

𝑳
  (25) 

From Eqs. (22-25), there must be no net change 
in inductor current to achieve steady-state 
operation. 

(∆𝒊𝑳)𝒄𝒍𝒐𝒔𝒆𝒅 + (∆𝒊𝑳)𝒐𝒑𝒆𝒏 =
𝑽𝒔𝜹𝑻

𝑳
+

(𝑽𝒔 − 𝑽𝟎)
(𝟏−𝜹)𝑻

𝑳
= 𝟎 ⇒ 𝑽𝒐 =

𝑽𝒔

𝟏−𝜹
  (26) 

𝐼𝐿  By calculating the average inductor current 
and using various substitutes, this can be 
expressed as follows in Eq. (27): 

𝑰𝑳 =
𝑽𝒔

(𝟏−𝜹)𝟐𝑹
=

𝑽𝒐
𝟐

𝑽𝒔𝑹
=

𝑽𝒐𝑰𝒐

𝑽𝒔
  (27) 

The average value of Eq.(27-28) and the 
variation in current are used to calculate the 
maximum and minimum inductor currents. 

𝑰𝒎𝒂𝒙 = 𝑰𝑳 +
∆𝒊𝑳

𝟐
=

𝑽𝒔

(𝟏−𝜹)𝟐𝑹
+

𝑽𝒔𝜹𝑻

𝟐𝑳
  , and 

𝑰𝒎𝒊𝒏 = 𝑰𝑳 −
∆𝒊𝑳

𝟐
=

𝑽𝒔

(𝟏−𝜹)𝟐𝑹
−

𝑽𝒔𝜹𝑻

𝟐𝑳
 (28) 

In the boost converter, the lowest feasible 
combination of switching frequency and 
inductance for continuous current is so. It is 
helpful to express L in terms of a desired ∆𝑖𝐿, 
value, from a design standpoint, that is given in 
Eq. (29). 

𝑳𝒎𝒊𝒏 =
𝜹(𝟏−𝜹)𝟐𝑹

𝟐𝒇
⁡ , 𝑳 =

𝑽𝒔𝜹𝑻

∆𝒊𝑳
=

𝑽𝒔𝜹

∆𝒊𝑳𝒇
  (29) 

with the switching frequency denoted by f. As 
an alternative, capacitance is the ripple in the 
output voltage. An expression for ripple voltage 
is given in Eq. (30). 

∆𝑽𝒐

𝑽𝒐
=

𝜹

𝑹𝑪𝒇
= ⁡𝑪 =

𝜹

𝑹(
∆𝑽𝒐

𝑽𝒐
⁄ )𝒇

  (30) 

Eq. (31) provides the voltage ripple induced by 
the ESR and the corresponding error formula. 

∆𝑽𝒐,𝑬𝑺𝑹 = ∆𝒊𝒄𝒓𝒄
= 𝑰𝑳,𝒎𝒂𝒙𝒓𝑪, 𝒂𝒏𝒅⁡𝒆𝒃𝒐𝒐𝒔𝒕⁡
= 𝑽𝑫𝑪−𝒓𝒆𝒇 − 𝑽𝑫𝑪−𝒃𝒐𝒐𝒔𝒕⁡ (31) 

Where is the 𝑒𝑏𝑜𝑜𝑠𝑡⁡is the boost converter's 
error, 𝑉𝐷𝐶−𝑟𝑒𝑓is the converter's desired 

output.is the converter's desired output, and 
𝑉𝐷𝐶−𝐵𝑜𝑜𝑠𝑡⁡is the boost Converter's output voltage 
[32]. 
2.5.3.Bidirectional DC-DC Converters 
The bidirectional DC-DC converter's objective 
is energy management systems (EMS). Power 
density, cost, weight, and reliability are critical 
factors for bidirectional power flow, such as in 
electric vehicles. Bidirectional DC/DC 
converters (BDCs) are more efficient, need 
fewer parts, and are less expensive. They are 
commonly used to control charge and discharge 
operations. Figure 5 presents a schematic 
representation of the bidirectional DC-DC 
converters used in this concept. Note that 
separate bidirectional DC-DC converters are 
included in the supercapacitor and the 
rechargeable battery. Switches 1 and 2 in the 
converter switch the output when specific logic 
conditions are met. The PI controllers instruct 
switches S1 and S2 to turn ON and OFF by the 
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controller duty cycle during charge and 
discharge operations [33]. 

 
Fig. 5 Hybrid Energy Storage System (HESS) 

with a DC-DC Converter Operating in Both 
Directions. 

2.6.Energy Management System  
Three PI Controllers generate a control signal to 
adjust the energy distribution between the 
battery, the solar PV supply, and the 
supercapacitors. It ensures the most effective 
energy distribution, considering the system's 
power needs and the unique characteristics of 
each storage device. It increases energy storage 
and delivery capacity, ensuring it is dependable, 
active, and effective in various conditions [34, 
35]. By utilizing intelligent energy flow 
balancing and keeping the battery and 
supercapacitors within their specified SOC 
ranges, the system maximizes energy economy 
and improves overall system performance [36, 
37]. Each energy storage device in this design 
contains a bidirectional DC-DC converter to 
measure and compare system frequencies, 
hence improving the controllability and 
resilience of charge/discharge processes. 
Higher prices are a drawback, but overall 
savings should outweigh this. The battery can 
be charged while the supercapacitor is 
discharged thanks to separate bidirectional DC-
DC converters. The controller detects three 
frequencies related to the grid: minimum 
permissible frequency (𝐹𝑚𝑖𝑛), maximum 
acceptable frequency (𝐹𝑚𝑎𝑥), and measured 
frequency (𝐹𝑚𝑒𝑎n). Assume the reference 
frequency is 60Hz, 59Hz, and 61Hz for 𝐹𝑖𝑒𝑓, 

respectively. When the logic conditions are 
satisfied, the reference signal and the error 
signal generated by the PI block's comparator 
are routed. The switches are adjusted to carry 
out the intended charge/discharge operations 
[38]. An expansion of the classical PID 
controller is the fractional PID controller. 
Changes in the parameters of a controlled 
system and its controller have with a lesser 
impact on fractional-order controllers. It is easy 
to achieve iso-damping with a fractional-order 
controller. This fractional PID controller's 
generalized transfer function is provided in 
Eq.(32): 

𝑪(𝒔) =
𝑼(𝒔)

𝑬(𝒔)
= 𝑲𝑷 +

𝑲𝑰

𝑺𝝀
+

𝑲𝑫𝑺
𝝁, 𝒂𝒏𝒅⁡(𝝀, 𝝁 ≥ 𝟎)  (32) 

where C(s) is the output of the controller, U(s) 
is the signal due to control, E(s) is the signal of 
error , 𝐾𝑃 is the gain of the proportional 
constant, 𝐾𝐼  is the integration constant gain, 𝐾𝐷 
is the gain of the derivative constant, λ is the 
integration order, and μ is the differentiator 
order. The total harmonic distortion (THD) 
given by Eq.(33): 

𝑻𝑯𝑫𝑫𝑪−𝑫𝑪⁡𝑪𝒐𝒏𝒗𝒆𝒓𝒕𝒆𝒓 =
√𝑽𝟐

𝟐+𝑽𝟑
𝟐+𝑽𝟒

𝟐+⋯

𝑽𝟏
  (33) 

where 𝑇𝐻𝐷𝐷𝐶−𝐷𝐶⁡𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟  is the total harmonic 
distortion for DC-DC converters,𝑉𝑛 is the RMS 
voltage of the harmonics. The complete block 
diagram of our proposed system is summarized 
in Fig.6. A promising method for controlling 
HES devices that combine batteries and 
supercapacitors is FOPID control. The potential 
advantages of dynamic reaction, stability, and 
battery longevity make it a tempting option for 
additional study, even though implementation 
requires careful thought. It may create a HESS 
that uses both batteries and supercapacitors, 
making it more responsive and efficient by 
combining FOPID control with a well-designed 
EMS. 

 
Fig. 6 Proposed Hybrid Energy Storage System. 
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3.RESULTS AND DISCUSSION 
3.1. Performance of DC converters  
The proposed system depicted in Figure 6 has 
been numerically simulated using MATLAB 
Simulink environment R2022b with a power 

sim library at sampling time bounded (%5Mse-
10Mse). The simulation time is limited to (0 hr-
3 hr), which presents all irradiance scenarios. 
Fig. 7 displays the P-V and V-I properties of the 
PV module at various levels of solar radiation. 

 

(a) 

 
(b) 

Fig. 7 PV Solar Panel Characteristics (A)I_V Curve (B)P_V Curve. 
 

The tuning parameters of the proposed system 
are given in Table 5. 
Table 5 Controllers' Parameter Values in 
HESS. 
Parameter Value 

𝐾𝑝, 𝐾𝑖 , 𝐾𝑑, 𝜆, 𝜇 1.477, 3077,0,110,55 

Battery charge PI controller 
(𝐾𝑝, 𝐾𝑖) 

0.043,0.65 

Supercapacitor PI controller 
(𝐾𝑝, 𝐾𝑖) 

0.45,14800 

P&O (Dold,Vold,Pold) 0.35,17,120 
EPSO(C) 244 

 

The operation of a boost and super lift Luo 
circuit is used to calculate a circuit's efficiency 
from the input/output power ratio. The load 
resistors chosen vary by 5 Ω. This test exploits 
the PV module's input sources. The simulation 
results are given in the figures below. The 
temperature of the PV system is 25C0. As shown 
in Fig. 8(A), the irradiance ranges from 6 to 18 
hours. Thus, the simulation used in this work 
will depend on this region.  

 
 

(a) (b) 

  

(c) (d) 
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(e) (f) 
Fig. 8 Boost and Super Lift - Luo Converters with Load (500W): (A) Solar Radiation Profile (B) 

Input PV Tracked Power (C) Super Lift Luo Converter Output Power. (D)Boost Converter Output 
Power (E) THD of the Boost and (F). Super Lift Luo Converter's Output Voltage. 

As seen below in Figs. 8 (E and F), the THD 
voltage for both converters that satisfied the 
super lift Luo load condition was less than 1%, 
as required by IEEE standards. The Super Lift 
Luo converter's design includes additional 
circuitry that helps shape the input voltage 
waveform into a closer approximation of a sine 
wave, which explains why. THD is lowered as a 
result, as is the harmonic content. In contrast, 
the boost circuit's THD varies between 15% and 

10%. The super lift Luo circuit with HESS offers 
higher, smoother performance and a potential 
advantage in reduced THD compared to a boost 
converter. The voltage gain of the Super Lift 
Luo circuit is substantially more significant. It 
uses a more complex circuit with capacitors and 
an extra inductor to achieve this. That allows 
increasing the output voltage significantly, 
often several times the input value.  

 
(a) 

 
(b) 

Fig. 9 Boost and Super Lift-Luo Converters with :(A) Terminal Voltage-Based Reference DC 
Voltage (50V) with their Errors(B) The DC-DC Converters' Efficiency. 

Super Lift Luo converters can achieve higher 
efficiency, especially at low irradiance, due to 
their lower duty cycle, as seen in Fig.9(A). 
Because a high duty cycle is required for high 
voltage gain, the boost converter’s efficiency 
decreases at low irradiance. However, efficiency 

increases with higher irradiance. That improves 
the system's reliability when the super lift Luo 
converter is used. As shown in Fig.9(B), under 
global irradiance or changing daily light 
intensity, the Super Lift Luo converter offers PV 
systems with MPPT several advantages. 

Boost Super-Lift luo 

Super-Lift luo Converter 

Boost 
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Compared to a conventional boost converter, it 
can handle a broader range of input voltages, 
achieve higher efficiency, and increase MPPT 
performance. It is challenging to operate a PV 
panel under global irradiation. However, the 
Super Lift Luo converter consistently produces 
higher output power and lower overshoot than 
a boost converter to meet the desired load 
(500W). Super lift Luo converters have extra 
filtering components to provide a shallow 
ripple. Compared with a well-designed boost 
converter with appropriate filtering, Luo 

converters can deliver a smoother output 
voltage. The effect of both converters, when 
connected with the battery and SC that make up 
the (HESS) is seen in Fig.10. With the Super Lift 
Luo converter, the HESS can extract more 
power from the supercapacitor and battery, 
even in situations where the solar energy input 
varies due to the global irradiance, this is 
because energy losses during the conversion 
process are minimized by the super-lift Luo 
converter design.  

  
(a) (b) 

Fig. 10. Effect of Boost and Super Lift Luo Converter with (A) Battery Output Power and (B) SC 
Output Power. 

Figure 11 illustrates the impact of the two 
converters on the charging and discharging 
processes of the EMS, which comprises a 
rechargeable battery and supercapacitor. It is 
evident that when utilizing a super lift Luo, the 
battery's state of charge is approximately 0.2% 
greater than when using a boost converter. 

Additionally, super lift Luo is higher for 
supercapacitors, reaching 0.4% more 
significantly than a boost converter. The battery 
and supercapacitor can be charged faster and 
more efficiently due to the HESS with a super-
lift Luo converter's higher efficiency and power 
output.  

  

(a) (b) 
Fig. 11 Effect of Boost and Super Lift Luo Converters on (A) Battery SOC and (B) Supercapacitor 

SOC. 

3.2.Performance of MPPT Tracking 
Algorithm 
This subsection will focus on the comparative 
outcomes of MPPTs in various scenarios. The 
MPP reached by every algorithm will determine 

the result of this study. The scenarios are based 
on an irradiance of 1000(W/m2), 400 (W/m2), 
a combination of 1000 - 400 (W/m2), and 
finally, global irradiance, and the results are 
shown in Fig.12 below. 

  
  
  
  

Fig. 12 Maximum Power Tracked under (A) 1000 (w/𝑚2) ,(B) 400(W/𝑚2), (C) 1000-400 (W/𝑚2), 
(D)Maximum Extended Power under Global Irradiance Profile. 

Depending on how radiation input affects the 
MPPT module’s power, it is clear that the power 
output decreases with decreasing irradiation. 
When comparing the outcomes of the four 
algorithms, Perturb and observe(P%O) is a 

more considerable output power than the 
techniques and a higher value for current and 
constant voltage. Based on Fig.12(A), the P&O, 
ANN, EPSO, and InC algorithms can adjust the 
power points for different radiation sources. 

Super-Lift LUO Converter 

Boost Converter 

Super-Lift LUO Converter 

Boost Converter 
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Compared to another method, the P&O has 
shown the ability to perform MPPT under 
varying irradiation levels and to reach a stable 
point more quickly. The P&O technique can be 
used to get a module of 1kW. Compared to other 
algorithms, this outcome better affects the 
charging mode, providing greater power to 
P&O for charging and discharging, as Fig. 12(B) 
illustrates. However, for 400(W/m2), the INC is 
more accurate at tracking and requires less 
power than other algorithms. The particular 
reason for Inc MPPTs is that they employ 
advanced algorithms and enhanced 
perturbation control to overcome the 
drawbacks of conventional MPPT methods in 

low-irradiance scenarios. For this reason, it is 
used for MPP in areas with low solar irradiance. 
The P&O is more efficient and has the best MPP 
among PV panels regarding global irradiation. 
The following things may be the cause of the 
disparity. The specifications of the Simulink 
Lithium-ion battery model differ from those of 
the actual Li-ion battery Gel. Given the current 
integration time and capacity constraints, the 
SoC calculation for the Simulink model uses the 
battery voltage as a starting point. Simulink's 
battery model never simulates an aging or 
capacity-derated battery; instead, it always 
runs under new conditions. 

 
Fig. 13 Battery State of Charge with Different Algorithms: P&O, ANN, EPSO, and INC. 

A greater power output from the P&O solar 
panel means more power is available for battery 
charging. It immediately quickens the rate at 
which the battery's SoC changes. Figure 13 
illustrates that compared to other MPPT 
algorithms, P&O can improve battery SOC 
faster, especially in situations with global 
irradiation. Figure 14 shows the result, 
indicating that the supercapacitor will 
withstand an abrupt overload, preventing 
damage to the battery and shortening its 
lifespan. It is seen that the supercapacitor 
prevents a sudden overshoot in the load 

current, which reaches 400 W. The state of 
charge for SC will first decline from (99 - 98.14) 
% and deliver power to the load, as indicated by 
the figures below, and then the battery will 
provide the load with the appropriate amount 
of energy. In deceleration mode, the hybrid 
electric vehicle (HEV) can also use the SC to 
recover regenerative braking energy, initially 
for battery charging. Figure 14 displays the 
battery and SC EMS based on fractional PID. 
The scenario of (1000-400W/𝑚2). 

 
(A) 

P&O 

EPSO 

ANN 

INC 

𝑃𝑃𝑉 
𝑃𝐿𝑜𝑎𝑑  

𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦 

𝑃𝑆𝐶  
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(B) 

 
(c) 

Fig. 14 Performance of the EMS under 1000-400 (W/𝑚2). (A) Outputs Power (B) SOC of the 
Battery (c) SOC of SC. 

4.CONCLUSIONS 
The Super lift Luo converter's performance over 
the classical boost converter is primarily due to 
its unique topology. This topology allows a 
higher boost ratio without compromising 
efficiency, making it ideal for applications that 
require a significant voltage step-up. Moreover, 
the Super lift Luo converter exhibits better 
transient response and reduced ripple, 
improving overall system performance. 
Efficient energy management is essential to 
maximizing system dependability and 
efficiency. The system can maximize energy 
storage and efficiency by carefully regulating 
energy flow between the solar panels, the 
battery, and the supercapacitor. It is especially 
crucial for grid-connected systems, as the HESS 
can help stabilize the grid by supplying 
electricity during spikes in demand and 
absorbing excess energy during dips in 
demand. The simplicity and resilience of the 
P&O method are the reasons behind its 
continuous dominance in MPPT tracking. The 
program modifies the power converter's duty 
cycle to follow the most significant PowerPoint. 
The P&O algorithm is a common choice in 
many applications due to its simple 
implementation and dependable performance, 
even though alternative algorithms may offer 

more advanced approaches. For the battery to 
remain safe and long-lasting, proper 
management is necessary. The battery's 
lifespan can be significantly increased by 
avoiding overcharging and excessive 
discharging. The Super Lift Luo converter and 
P&O algorithm deliver a robust battery charge-
control solution that helps shield the battery 
from harm and preserve its performance over 
time. Comparing the fractional-order PID 
controllers to conventional integer-order 
controllers reveals several benefits. More 
control performance and system stability are 
possible with fractional-order controllers 
because they offer greater flexibility in 
parameter adjustment. Fractional-order 
derivatives allow the controller to behave more 
complexly, increasing tracking precision and 
robustness to disturbances. Supercapacitors' 
high power density and fast response time 
make them ideal for managing abrupt changes 
in load. Supercapacitors can assist in buffering 
the battery's load, reducing excessive current 
spikes, and enhancing system stability by 
swiftly absorbing and releasing energy. It is 
especially crucial for applications such as 
electric vehicles that experience frequent load 
swings. 
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NOMENCLATURE   

C           Capacitor in (µf) 
E           Voltage source in (V) 
G          Solar Irradiance in (W/𝑚2) 
𝐺𝑠          Voltage gains in (V) 
I Current in (A) 
𝐼𝑏𝑎𝑡       Battery current in (A) 
𝐼𝑠ℎ         Current resistance in (A) 
L Inductance in (mH) 
𝑃𝑏𝑎𝑡𝑡      Power of the battery 
𝑃𝑁         Nominal power of the PV panel in (W) 
𝑃𝑆𝑐          Power of SC in W 
𝑅𝑏𝑎𝑡       Battery resistance in (Ω) 
𝑅𝑆𝐶 Supercapacitor stack capacitor. 
T Temperature, ℃ 
Vbat           Battery voltage in (V) 

Greek symbols 
𝛿 Duty cycle 
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