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Abstract 

 
The paper introduces a control strategy for a plug-in hybrid electric vehicle (PHEV) 

system, integrating a photovoltaic-based RES with battery and supercapacitor-based 

ESS. The objective is to efficiently utilize the PV system using a neural network to 

determine its maximum power points. To ensure robust control, the paper designs both 

a robust nonlinear higher-order super twisting sliding mode controller and an integral 

terminal sliding mode controller. 

One notable aspect of the proposed system is the implementation of a current-fed con- 

verter for the PV and supercapacitor. Unlike SCR-based converters, current-fed con- 

verters prevent device failure and core saturation, making them more reliable. This 

characteristic contributes to the overall robustness of the system. The integration of the 

neural network, along with the designed controllers and current-fed converter, enhances 

the efficiency and reliability of the plug-in hybrid electric vehicle system. This research 

holds promise for developing advanced and resilient energy management solutions for 

sustainable transportation systems in the future. Additionally, a power bi-directional 

converter is employed for the battery in the EV system. This converter enables the 

battery to both charge and discharge power as required by the system which facilitates 

the energy flow between the battery and the rest of the system, allowing efficient energy 

management and utilization within the PHEVs. The integration of ANN for PV with 

the above mentioned converters and controllers along with improved-gray wolf optimiza- 

tion represents the novelty of this work. The paper confirms global asymptotic stability 

of the control method using Lyapunov stability analysis. It further demonstrates the 

proposed system’s behavior through a hardware-in-the-loop experiment. 

Keywords: PV, SC, Battery, (DC-DC) Current-Fed Bridge Converter, Bi-directional 

Power Converter, ANN, GWO, HIL, EV’s 
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CHAPTER 1 
 
 
 

Introduction 
 
 
 
 

1.1 Background 

 
Electric vehicles (EVs) are rapidly gaining popularity as a viable alternative to conven- 

tional internal combustion engine (ICE) vehicles [1]. This surge in popularity can be 

attributed to their superior energy efficiency and lack of local pollution, making them an 

attractive option for mitigating environmental pollution and reducing energy consump- 

tion. An essential characteristic of EVs is their significant capacity to store electrical 

energy, enabling them to contribute to power system control and management. 

Photovoltaic (PV) systems are a primary renewable energy source; however, their inter- 

mittent nature makes them unreliable without an ESS [2]. To address power imbalances 

and reduce the size of the ESS, PV systems are often complemented with batteries and 

SCs. This combination ensures a balanced and efficient power flow in EVs. When re- 

newable energy sources like PV cannot meet energy demands, batteries serve as backup 

energy sources. Meanwhile, an energy storage and management system, such as a super- 

capacitor, compensate for power variations during consumption or production. Operat- 

ing PV systems at their MPP is crucial for optimizing their performance and achieving 

efficiency [3]. The output power of PV systems is influenced by various environmental 

factors, including temperature and solar radiation. By ensuring they operate at their 

MPP, the overall efficiency and effectiveness of PV systems in EVs can be maximized. 
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Figure 1.1: IV and PV Characteristics of varying Irradiance 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2: IV and PV Characteristics of Varying Temperature 
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Figure 1.3: PV System Strategy 

 
1.2 Problem Statment 

 
A solar panel comprises PV modules that convert sunlight into DC electricity through 

specialized cells. Figure 2 illustrates the PV energy system, wherein the PV array is 

connected to a DC-DC current-fed bridge converter to facilitate power exchange with the 

DC bus [4]. Operating in CCM, this converter ensures a consistent and reliable power 

supply to the electric vehicle. The converter comprises essential components, such as a 

capacitor Cp, inductor Lp, resistor Rp, and two IGBT switches S1 and S2. 

Figure 1.3 showcases the control strategy employed for MPPT of the PV system. Op- 

erating photovoltaic (PV) systems at their MPP is crucial for optimal performance. 

Researchers have extensively studied various MPPT algorithms, including linear and 

nonlinear controllers, conventional techniques, as well as AI and fuzzy logic-based meth- 

ods. Among these, AI-based MPPT algorithms have demonstrated greater effective- 

ness, particularly in handling the unpredictable nature of RESs [5]. These algorithms 

can adapt to changing conditions more effectively, ultimately enhancing the overall ef- 

ficiency of PV systems. 
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CHAPTER  2 
 
 
 

Literature Review 

 
Electric vehicles (EVs) offer a cleaner and more sustainable alternative to conventional 

vehicles fueled by gasoline or diesel. They rely on electric motors and rechargeable 

batteries, producing zero emissions at the point of use. By reducing emissions, EVs 

contribute to improved air quality, climate change mitigation, and decreased reliance 

on fossil fuels [6]. Additionally, EVs bring benefits such as lower operating costs and 

higher energy efficiency compared to traditional vehicles. With ongoing technological 

advancements, the goal is to make EVs even more efficient, reliable, and cost-effective, 

making them a more viable option for consumers. 

The main objective of EVs is to provide a cleaner, more efficient, and sustainable mode 

of transportation, benefiting both the environment and the people who depend on trans- 

portation for their daily needs. 

To achieve this, a novel energy management system is introduced, employing artificial 

neural networks (ANN) to control Renewable Energy Sources (RESs) integrated with 

Energy Storage Systems (ESS). This system works in tandem with the super-twisting 

sliding mode control (STSMC) algorithm, known for its capability to handle parametric 

variations and external disturbances. 

The energy management system ensures that the RESs integrated with EVs operate at 

their maximum power point (MPP), optimizing efficiency throughout the day despite 

environmental fluctuations that could affect their performance. By incorporating ANN 

with STSMC, this innovative system effectively manages RESs and ESS, guarantee- 

ing optimal performance and efficiency even in the presence of external disturbances 

and environmental changes. The combination of these technologies holds promise for 
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Figure 2.1: Block diagram of proposed system 

 

enhancing the overall sustainability and reliability of EVs. [7]. 

 
• The study introduces two robust nonlinear controllers, namely the IT-SMC and the 

ST-SMC, designed to enhance the performance of electric vehicles (EVs). These 

controllers aim to facilitate smooth EV operations while mitigating disturbances, 

leading to improved dynamics and extended battery life. Additionally, they effec- 

tively minimize the chattering effect, resulting in enhanced system efficiency and 

reduced power losses. 

• To optimize the performance of these controllers, their gains are fine-tuned using 

a meta-heuristic algorithm called the I-GWO algorithm. 

• The main objective of these controllers is to ensure effective management and 

control of the bidirectional power flow during Vehicle-to-Grid (V2G) or Grid-to- 

Vehicle (G2V) modes, ensuring seamless integration with the power grid. 

• To validate the effectiveness of the system, the study conducts Hardware-in-the- 

Loop (HIL) and D-Space experiments. These experiments serve as practical tests 

to confirm the controllers’ performance and feasibility in real-world scenarios. 
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2.1 Components 

 
The electric vehicle (EV) consists of several essential components, such as a photovoltaic 

(PV) array, a supercapacitor (SC), and energy storage systems (ESSs). 

 
2.2 Photovoltaic (PV) Array 

 
A solar panel functions as a collection of PV modules, each containing individual cells 

that harness sunlight and convert it into direct current (DC) electricity. Figure 2.1 

illustrates the configuration of the PV energy system. To enable power exchange with 

the DC bus, the PV array is connected to a DC-DC current-fed bridge converter, as 

mentioned in reference [8]. This setup efficiently utilizes the generated solar power, 

thereby enhancing the overall performance of the system. 

The converter operates in Continuous Conduction Mode (CCM), ensuring a stable and 

reliable power supply to the electric vehicle. It comprises a capacitor Cp, inductor Lp, 

resistor Rp, and two IGBT switches, S1 and S2. This converter plays a crucial role in 

facilitating smooth power transfer and maintaining the system’s integrity during energy 

conversion. 

 
2.3 Supercapacitor (SC) 

 
Supercapacitors offer a faster and more efficient method for the system to gather energy, 

leading to reduced stress on batteries and extended overall lifetime while keeping costs 

to a minimum, as referenced in [9]. Unlike conventional capacitors that store electricity 

through chemical reactions in a static state, supercapacitors work differently. They 

employ conducting plates, known as electrodes, separated by an insulating material 

called a dielectric. When connected to an electric circuit, these plates generate an 

electrical field that polarizes atoms in the dielectric, creating a charge. This unique 

mechanism enables supercapacitors to effectively store and release electrical energy as 

required. The resulting double electric layer attracts opposite polarity electrons in the 

electrolyte, allowing supercapacitors to store significantly more power than standard 

capacitors. This capability makes them a valuable component in the system, enhancing 

energy efficiency and supporting smooth power delivery. 
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2.4 Battery System 

 
The proposed electrical circuit diagram of the EV model is shown in Figure 3.1. It 

includes an additional bidirectional DC-DC power converter that connects to the EV 

battery. This converter consists of an inductor (Ld), a capacitor (Cd), and a half-bridge 

circuit equipped with two switches (S5 and S6). The converter serves as a crucial link 

between the battery and the DC bus, capable of functioning as either a buck converter 

or a boost converter depending on the direction of energy flow. 

In this study, the electrical battery model incorporates two resistors and one capacitor. 

To control the converter’s switching, a PWM (Pulse Width Modulation) circuit generates 

switching signals (u1, u2, and u3) with values in the finite set 0, 1, as referenced in [15]. 

This comprehensive setup ensures efficient power exchange between the battery and the 

DC bus, enabling the effective operation of the EV model and optimizing its overall 

performance. This circuit design enhances the EV’s energy efficiency and supports 

seamless power transfer, contributing to a more reliable and efficient electric vehicle 

system. 

 
2.5 Proposed Methodology 

 
In this thesis, we present robust nonlinear controllers, including fast and non-singular 

integral terminal sliding mode controllers and super twisting sliding mode controllers. 

These controllers effectively address the previously mentioned issues and minimize the 

chattering effect, providing an optimal solution. They generate duty cycles and provide 

them to converters to ensure proper operation. 

The rest of the paper is structured as follows: Chapter 3 describes the energy manage- 

ment scheme and the mathematical modeling of the system. In Chapter 4, we state the 

controller design objectives and present the design of the two controllers and the ANN- 

based MPPT algorithm. Chapter 5 showcases the MATLAB/Simulink based simulation 

results. Finally, Chapter 6 covers the conclusion and outlines future work. 
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CHAPTER  3 
 
 
 

Proposed Approach and System 

Modelling 

 
3.1 Overview of the system 

 
The proposed electric vehicle (EV) model is depicted in Figure 2.1, illustrating the 

electrical circuit diagram. The system incorporates three main power sources: PV 

modules, supercapacitors, and a battery, alongside a capacitor (Cv) responsible for 

filtering the DC bus voltage. The power converter functions as a boost rectifier in 

the G2V mode and as an inverter in the V2G mode [8]. The EV model includes a 

regulation mechanism for the DC bus current (Idc). Alongside this, a bidirectional DC- 

DC converter is connected to the EV battery, playing a vital role as a link to the DC 

bus. This converter has the flexibility to operate as either a buck or a boost converter, 

allowing safe battery discharging in boost mode and efficient battery charging in buck 

mode. The system is designed to ensure seamless energy exchange between the battery 

and the DC bus, optimizing overall performance in both modes. This setup guarantees 

smooth and reliable power flow, contributing to the EV’s efficiency and effectiveness 

in managing energy during different operational scenarios. By regulating the DC bus 

current and employing a bidirectional converter, the EV model becomes a more versatile 

and efficient solution for electric transportation. 
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Figure 3.1: Circuit diagram of proposed system 
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3.2 Modeling of the System 

 
The integrated model presented in this study encompasses the fundamental aspects of 

the electric vehicle being investigated. It captures the average state-space model of the 

converters utilized in the system, incorporating a comprehensive set of equations that 

account for the currents and voltages of each individual component. These equations are 

instrumental in defining the converters’ behavior and their precise function in manag- 

ing power flow within the system. By leveraging this well-defined mathematical model, 

researchers and engineers can thoroughly analyze and optimize the electric vehicle’s per- 

formance under various operating conditions. This approach empowers them to enhance 

the vehicle’s efficiency and effectiveness, ultimately contributing to the advancement of 

sustainable and eco-friendly transportation solutions. The use of a rigorously formulated 

model aids in developing smarter and more reliable electric vehicle systems, propelling 

the transition to greener and more environmentally friendly transportation alternatives. 

 

ẋ1 = 
Vpv 

Lp 

x2 
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Lp
 + 
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+ d (3.2.1) 

ẋ2 =  
x1

 
C 

2x2upv − 
C R + 

x2  
R + d (3.2.2) 

p 
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ẋ5 = −
Rg x5 − 

(2u1  − 1) 
x6 +  

Vb   
+ d (3.2.5) 

Lg Lg Lg 
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+ 
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Cd CdRB CdRB 

ẋ9 =  
  x8   

− 
  x9   

+ 
  x9   

+ d (3.2.9) 
CBatRB CBatRB CBatRP 

The PV system’s state-space model is represented by ẋ1  and ẋ2, while ẋ3  and ẋ4  corre- 

spond to the state-space model for the supercapacitor (SC). Additionally, the battery’s 

state-space model is described by ẋ5, ẋ6, ẋ7, ẋ8, and ẋ9.  These equations capture cru- 

cial parameters, including the average grid current (i), the output voltage of the rectifier 
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(VDC), the inductor current (iL), the average output voltage of the DC-DC converter 

across capacitor Cd (VBat), and the average voltage across the battery capacitor (VC- 

bat). 

Furthermore, the system accounts for external influences through a bounded disturbance 

d(t). The disturbance is introduced to consider potential external factors affecting the 

system’s performance. The bounds of this disturbance are specified as follows: 

 
δ1 ≤ d(t) ≤ δ2 (3.2.10) 

where δ1 and δ2 are the disturbance’s lower and upper limits, respectively. Physically, 

the disturbance can be observed as switching spikes in the converter or any transient 

significant enough to test the proposed controllers. 

 
3.3 Energy Management Strategy 

 
An energy management system (EMS) is a system or framework designed to monitor, 

control, and optimize the energy consumption and usage of various devices, equipment, 

or systems within a building, facility, or organization [9]. 

 
3.4 Energy Management System for Photovoltaic Integra- 

tion with Supercapacitor and Battery 

This section presents an advanced Energy Management System (EMS) designed to op- 

timize the integration of photovoltaic (PV) cells with energy storage devices, namely a 

supercapacitor bank and batteries as shown in Figure 3.2. 

 
3.4.1 Energy Management System Architecture: 

 
The proposed EMS consists of a PV array, a DC bus, a supercapacitor bank, a bat- 

tery storage system, and a control unit. The PV array converts sunlight into electrical 

energy, which is then supplied to the DC bus. The control unit monitors the power 

flow and manages the energy distribution based on real-time power requirements. The 

EMS utilizes a hierarchical approach for energy utilization and storage [10]. The main 
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objective is to optimize the utilization of PV-generated power. When the PV produc- 

tion exceeds the immediate demand, the surplus power is directed towards charging 

the supercapacitor bank. Supercapacitors are chosen for their high power density and 

quick charge/discharge capabilities, making them well-suited for capturing and storing 

short-term excess power. In cases where the PV production exceeds both immediate de- 

mand and the supercapacitor storage capacity, the Energy Management System (EMS) 

automatically redirects the surplus energy towards charging the battery storage sys- 

tem. This efficient allocation of surplus energy ensures that renewable power sources 

are maximized, enhancing the overall performance and sustainability of the system. The 

EMS intelligently manages power distribution, ensuring optimal utilization of available 

resources and minimizing energy wastage, which is a significant step towards achieving 

more eco-friendly and energy-efficient solutions. 

Batteries provide a higher energy density and longer discharge duration, enabling the 

storage of excess energy for extended periods. 

 
3.4.2 Energy Deficit Management 

 
During periods of insufficient PV generation, the EMS ensures uninterrupted power 

supply by drawing power from the battery and supercapacitor in a sequential manner. 

This sequential discharge strategy optimizes the use of stored energy and extends the 

system’s autonomy during low or no PV production. The EMS control unit continu- 

ously monitors the PV generation, load demand, and energy storage levels. It employs 

intelligent algorithms to dynamically adjust the energy flow and prioritize the utiliza- 

tion of available resources. Real-time monitoring enables accurate system operation and 

efficient energy management [10]. 
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Figure 3.2: Energy Management System 
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CHAPTER  4 
 
 
 

DESIGN OF NONLINEAR 

CONTROLLERS 

 
4.1 Controller Design Objectives 

 
In this section, we present the design of two controllers, namely the ITSMC and the 

STSMC, integrated within an energy management system, as depicted in Figure 4.1. The 

primary objective of these controllers is to address the challenges encountered during the 

control of DC-DC power converters. STSMC-based controllers for PV energy systems 

with energy storage result in reduced sensitivity to external variations and disturbances. 

Moreover, our proposal introduces an energy management system that utilizes the 

STSMC approach to effectively distribute load demands between RESs and the ESS. 

The designed framework aims to achieve the following objectives: 

1. MPPT of PV energy systems, ensuring optimal utilization of RESs by harnessing the 

maximum power available. 

2. Accurate tracking of the battery’s state currents to achieve their reference values, 

thereby reducing the system’s reliance on RESs and enhancing overall efficiency. 

3. Ensuring the global asymptotic stability of the entire system, guaranteeing a robust 

and reliable operation of the integrated PV and ESS setup. 
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Figure 4.1: Energy Management System 

 
 
 
 

 
Table 4.1: Parametric values of the controllers 

 

Controller Parameters Values 

 C 250 x 10−3 

 L 39 x 10−3 

 R 0.9 

 r 0.4 

 kp 5500 

 kw 5000 

 ks 3000 

 k1 2000 

 k2 1000 

 a1 2000 

 a2 1000 

 a3 4000 
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4.1.1 Integral Terminal Sliding Mode Controller (ITSMC) Design for 

PV and SC Energy System 

ITSMC is a variant of sliding mode control that incorporates integral terms of errors to 

reduce steady-state errors [11]. In the context of the PV and SC systems, a PV module 

serves to convert solar energy into electricity. By combining multiple PV modules, 

we create a PV array, allowing for increased power generation capacity from the solar 

energy harvested. The efficiency of the PV array depends on environmental factors 

such as irradiance and temperature. To maximize power output from the PV array, the 

duty cycle of the DC-DC current converter is adjusted by varying it. This adjustment 

is achieved using a neural network-based MPPT algorithm [12], which provides more 

precise results and requires less time compared to conventional perturb and observe- 

based MPPT algorithms. The neural network is optimized to determine the MPPV 

reference at which the PV array should operate due to the intermittent nature of solar 

energy. 

Conversely, a supercapacitor, also referred to as an ultracapacitor, serves as an en- 

ergy storage device with an exceptional ability to rapidly store and release substantial 

amounts of electrical energy. Differing from traditional batteries, supercapacitors store 

energy within an electrostatic field rather than through chemical reactions. One of their 

primary advantages lies in their remarkable power density, enabling them to efficiently 

store and discharge energy at a significantly faster rate compared to conventional batter- 

ies. As a result, supercapacitors find practical applications in scenarios where high power 

output is essential for short bursts of energy. They are particularly useful in electric 

vehicles, providing quick bursts of power for acceleration. Additionally, supercapaci- 

tors have a long cycle life, enabling them to be charged and discharged numerous times 

without significant degradation in performance, unlike traditional batteries that tend to 

degrade over time and require replacement. Moreover, supercapacitors can operate over 

a wide range of temperatures, making them suitable for use in extreme environments. 

To achieve maximum power generation from the RES, we track the PV array and SC 

current  state  (ẋ1  and  ẋ3)  to  their  desired  values  (ẋ1reff  and  ẋ3reff )  using  an  error 

term in the energy system controller. 

 
e1 =  x1 −  x1reff (4.1.1) 
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q 
(4.1.7) 

S1 = e˙1 + e1λ 
p 

q 

q 

S2 = e˙3 + e3λ 
p 

q 

q 

S1 = 
Vpv 

− 
x

 + 
2x  upv  

+ d − ẋ1 
q 

S2 = 
Vsc 

− 
x

 + 
2x usc  

+ d − 
p q 

e1dt 

ẋ3 

 

e3 =  x3 −  x3reff (4.1.2) 

Time derivative of the above mentioned error is equal to: 
 

 

e˙1 = 

ė 3 = 

Putting value of ẋ1  and ẋ3  we get; 

ẋ1   − 

ẋ3   − 

ẋ1ref f (4.1.3) 

ẋ3ref f (4.1.4) 

 
e˙1 = 

Vpv 

Lp 

x2 
− 

Lp
 +  

2x2upv 

Lp 
+ d − 

 
ẋ1reff (4.1.5) 

 
 

e˙3 =  
Vsc 

Lsc 

x4  
−  

Lsc 
+ 

2x4usc 

Lsc 
+ d − ẋ3 

 
 
ref f 

 
(4.1.6) 

Since both the state space models of the PV and SC energy systems have a single control 

input, a common sliding surface has been chosen for both systems as follows: 

 ∫ p 

 
 

 ∫ p 
 

S2 = e3 + λ 

Time derivative of the above sliding surface is: 

e3dt 
q 

(4.1.8) 

 

˙ 
∫   p 

−1 
 

 

˙ 
∫   p 

−1 
 

 
 

For ueq1  put Ṡ1  = 0 and for ueq2  put Ṡ2  = 0; 
 

 
 

˙       2 2  
   ∫ 

 
 

  p 
−1 

 

 Lp Lp Lp 
 
 
 

˙        4 4  

   

ref f 
 
 
 

 

q 
 

 
      ∫ 

 
 

 

 

 
  p 

−1 
 

 
 

To prove the stability of the system, Lyapunov candidate function is taken as: 

e3dt 
q Lsc Lsc Lsc 

e1dt 

e3dt 

e1dt 

S1 = e1 + λ 

(4.1.9) 

(4.1.10) 

+ e1λ 
p 

(4.1.11) 

+ e3λ (4.1.12) ref f 
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  !   ! 

  ! 

  ! 

  ! 

S2 
Lsc Lsc Lsc 

x3ref f 3 λ p/q 

2 
− 

2x2 
− 

2x2 
e λ p/q 

1 

x1ref − d − kpvsign S1 

2 
− 

2x4 
− 

2x6 
e λ p/q 

3 

x3ref − d − kscsign S2 

 
 

 
S2 S2 

V  =     1  +  2 (4.1.13) 
2 2 

 

V̇  =   S1Ṡ1  + S2Ṡ2 (4.1.14) 
 
 

V˙ = S1 e˙1 +  e1λ(p/q) 

  ∫

 
p/q−1 

e1dt 

 
+ S2 

 

e˙3 + e3λ(p/q) 

  ∫

 
p/q−1 

e3dt 

 

 
V˙ = S1 

 
 
 

Vpv 

Lp 

 
 
 

x2 
− 

Lp
 

 
 
+  

2x2upv 

Lp 

 

 
+ d − 

 
ẋ1reff  +  e1λ(p/q) 

 ∫

 

 

 
p/q−1 

e1dt 

(4.1.15) 

 
 

 
(4.1.16) 

+ 
Vsc x4   

+  
2x4usc  

+
 
 

˙ + ( ) 

  ∫  p/q−1 
!
 

 
 

To make V negative definite, let us take: 
 
 

−kpvsign (S1)  = 

 

 
−kscsign (S2)  = 

Vpv 

Lp 

 
 

 
Vsc 

Lsc 

x2 
−  

Lp
 

 
 

x4  
−  

Lsc 

+  
2x2upv 

Lp 
 
 

 

+ 
2x4usc 

Lsc 

+  d − 

 

 
+ d − 

ẋ1reff  + e1λ(p/q) 

 ∫

 

 

ẋ3reff  + e3λ(p/q) 

 ∫

 

p/q−1 

e1dt 

(4.1.17) 

 

p/q−1 

e3dt 

(4.1.18) 

Solving Eqs. for control inputs upv and usc following control laws are obtained: 
 
 

= 
1 Vpv Lp   

( ( ) 

  ∫  p/q−1 

+  ˙ )
  

( ) (4.1.19) 
 

 

= 
1 Vsc Lsc   ( ( ) 

  ∫  p/q−1 

+  ˙ )
  

( ) (4.1.20) 
 

Putting the values from Eqs. V˙ can be calculated as: 
 
 

V˙  = −kpvS1sign (S1)  −   kscS2sign (S2) (4.1.21) 
 

which shows that system is asymptotically stable and all errors will converge to zero in 

finite time. 

e3dt 

  

  

  

− d − 

upv e1dt 

usc e3dt 
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4.1.2 Integral Terminal Sliding Mode Controller (ITSMC) Design for 

Battery 

During G2V mode, the converter acts as a boost rectifier, facilitating a two-stage CC- 

CV charge to efficiently recharge the EV battery. In V2G mode, it functions as an 

inverter, conducting a single CC operation with a negative current reference to efficiently 

discharge the battery and supply power to the grid. To achieve the desired CC-CV 

operation, a DC-DC converter is employed, and the controller must effectively manage 

the switching dynamics of both the DC-DC and AC-DC converters to ensure stable and 

efficient converter operation. Additionally, the controller needs to handle uncertainties 

and nonlinearities in the system, such as variations in load conditions, input voltage, 

and frequency changes, to ensure safe and reliable converter operation. 

Battery controller objectives: 

1. Achieve maximum power factor (MPF) for grid current and voltage synchronization. 

2. Regulate DC bus voltage to desired levels. 

3. Enable CC-CV operation in G2V mode and CC operation in V2G mode. 

4. Ensure safe battery charging and discharging [13]. 

In order to accurately track the average grid current (i) and inductor current (iL) to 

their desired state values (ẋ5reff  and ẋ7reff ) for achieving maximum power generation, 

we define the error term for designing the battery controller as follows: 

 

e5  =  x5 −  x5reff (4.1.22) 

e7  =  x7 −  x7reff (4.1.23) 

Time derivative of the above mentioned error is equal to: 
 

ė 5 = 

ė 7 = 

Putting value of ẋ5  and ẋ7  we get; 

ẋ5   − 

ẋ7   − 

ẋ5ref f (4.1.24) 

ẋ7ref f (4.1.25) 

ė5  =   −
Rg 

x5    −   
(2u1 − 1)x6    +   

Vb 
 

 

+ d − 
 
ẋ5 

 
(4.1.26) 

Lg Lg Lg ref f 

e˙7 = −  
R0 x5   −   

x8    
+   

u23 x6 + d − 
 
ẋ7 

 
(4.1.27) 

Ld Ld Ld ref f 
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  ! 

q 
(4.1.28) 

S3 = e˙5 + e5λ 
p 

q 

q 

S4 = e˙7 + e7λ 
p 

q 

q 

d 

d 

e5dt 

 

As the state space model of battery system have two control input, so there will be two 

sliding surface which is: 
 ∫ p 

 
 ∫ p 

 

S4 = e7 + λ 

Time derivative of the above sliding surface is: 

e7dt 
q 

(4.1.29) 

 

˙ 
∫   p 

−1 
 

 
 

˙ 
∫   p 

−1 
 

 

For ueq3  put Ṡ3  = 0 and for ueq4  put Ṡ4  = 0; 

˙ Rg 
 

 

(2u1 − 1)x6 Vb 
 

 

 

  

 ∫ p/q−1 

S3 = −
L

 x5   − 
L 

+   
L 

+  d − ẋ5reff  + e5λ(p/q) e5dt 
(4.1.32) 

Ṡ4  = 
R0 

− 
Ld

 
x8 

x5 − 
L

 + 
u23 x6

 

Ld 
+ d − ẋ7ref f + e7λ(p/q 

) 

  ∫ 

 p/q−1 
(4.1.33) 

To prove the stability of the system, Lyapunov candidate function is taken as: 

S2 S2 

V  =     3  +  4 (4.1.34) 

2 2 
 
 

V̇  =   S3Ṡ3  + S4Ṡ4 (4.1.35) 

V˙ = S3 e˙5 +  e5λ(p/q) 

  ∫

 
p/q−1 

e5dt + S4 e˙7 +  e7λ(p/q) 

  ∫

 
p/q−1 

e7dt 

 
V˙ = S3

   

− 
Rg 

x5 − 
(2u1 − 1)x6 

 
 

 

 
+  

Vb 

 

 
+  d − ẋ5 

(4.1.36) 

 

+  e5λ(p/q) 

 ∫  

e5dt

  

p/q − 1

!

 

 
+ S4 

Lg 

R0 x8 

L 
x5 − 

L
 

Lg 

+ 
u23 x6 
Ld 

Lg 

 
+ d − ẋ7ref f 

ref f 
 

 

+ e7λ(p/q ) 

  ∫ 
 

p/q−1 

e7dt 

 
 
 

(4.1.37) 

To make V negative definite, let us take: 

−k1sign (S3)  = 

Rg   5 (2u1 − 1) V b 
 

  

 ∫ p/q−1 
!

 

S3 x  ˘ g 
Lg 

x6 + 
Lg 

+ d − x5reff + e5λ(p/q) e5dt 
(4.1.38) 

L 
− 

g g g 

e7dt 

e5dt 

e7dt 

  

S3 = e5 + λ 

(4.1.30) 

(4.1.31) 

d 
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  ! 

d 

 
 

−k2sign (S4) = 

S4

  

− 

 

 
R0 x8 

L 
x5 − 

L
 

 
+ 

u23 

Ld 

 
x6 + d − ẋ7reff  + e7λ(p/q) 

 ∫

 

 
p/q−1 

e7dt 

(4.1.39) 

Solving Eqs. for control inputs u1 and u23 following control laws are obtained: 

Lg  
  

Rx5 Vb x6 
 

 

! ∫  p/q−1 

u1 = − 
2x6

 + Lg Lg +   
L 

+  ẋ5ref  − d + (e5λ(p/q) e5dt −  k1sign (S3) 
(4.1.40) 

 

Ld 
  

Rx5 x8 
! ∫  p/q−1 

u23 = − 
x6

 + 
Ld Ld 

+  ẋ7ref  − d + (e7λ(p/q) e7dt −  k2sign (S4) 

(4.1.41) 

Putting the values from Eqs. can be calculated as: 
 

V˙  = −k1S3sign (S3)  −  k2S4sign (S4) 
 

which shows that system is asymptotically stable and all errors will converge to zero in 

finite time. 

 
4.1.3 Super Twisting Sliding Mode Controller (STSMC) Design for 

PV and SC Energy System 

The STSMC is a powerful SMC technique widely employed in various control systems 

[13]. Introduced by Levant in 1993, STSMC extends traditional sliding mode control to 

achieve enhanced performance and robustness. 

Key characteristics of the Super Twisting Sliding Mode Controller: 

1. Robustness: STSMC effectively handles system uncertainties, disturbances, and 

parameter variations by driving the system dynamics to adhere to a predetermined 

sliding surface. This feature ensures robust performance even in the presence of external 

perturbations. 

2. Finite-time convergence: STSMC guarantees that the system state converges to the 

sliding surface within a finite time, enabling control objectives to be achieved promptly 

and reliably. 

3. Chattering suppression: Traditional sliding mode control can exhibit chattering, 

characterized by high-frequency switching of the control signal. STSMC overcomes this 

g 

d 
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issue by incorporating a continuous reaching law that minimizes chattering, leading to 

smoother and more stable control actions. 

4. Nonlinear control action: STSMC’s control action is inherently nonlinear due to 

the presence of the saturation function and the sign function. The saturation function 

restricts the control input within a specified range, while the sign function extracts the 

sign of the sliding surface, contributing to the controller’s robustness. 

5. Gain tuning: The performance of STSMC is influenced by the careful selection of 

the control gain parameter [14]. Proper tuning of this gain is crucial to achieving the 

desired control performance and stability. 

STSMC finds applications in diverse control systems, including robotics, power electron- 

ics, aerospace systems, and mechanical systems. It excels in systems with uncertainties 

and disturbances that demand robust and rapid control responses. 

The primary objective of STSMC is to furnish robust and precise control for dynamic 

systems, especially those exhibiting high levels of nonlinearities, using a sliding surface 

that incorporates a second-order sliding mode term for faster convergence and improved 

tracking performance. 

To design the PV and SC energy system controller, we define the error term as follows: 

 
 

e1  =  x1 −  x1reff (4.1.43) 

e3  =  x3 −  x3reff (4.1.44) 

Time derivative of the above mentioned error is equal to: 
 

 
 
 

Putting value of ẋ1  and ẋ3  we get; 

ė 1 = 

 
ė 3 = 

ẋ1 − 

ẋ3 − 

ẋ1ref f (4.1.45) 

 
ẋ3ref f (4.1.46) 

 
e˙1 = 

Vpv 

Lp 

x2 
− 

Lp
 +  

2x2upv 

Lp 
+ d − 

 
ẋ1reff (4.1.47) 

 

e˙3 =  
Vsc 

Lsc 

x4  
−  

Lsc 
+ 

2x4usc 

Lsc 
+ d − 

 
ẋ3 

 

 
ref f 

 
(4.1.48) 

As the state space model of PV and SC energy system respectively both have single 

control input, so for both there will be one sliding surface has been selected as follows: 
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S1  =  a1.e1 (4.1.49) 

S2  =  a3.e3 (4.1.50) 

Time derivative of the above sliding surface is: 

 
Ṡ1  =   a1.ė1 (4.1.51) 

Ṡ3  =   a3.ė3 (4.1.52) 

Putting value of ẋ1  and ẋ3  we get; 

 
Ṡ1  = a1. 

Lp 

 

+ d − 

 

 
ẋ1 

 
 
 
 

 
ref f 

! 

(4.1.53) 

Ṡ2  = a2.

 

 

 
+ d − 

 
ẋ3 

 
 
 
ref f 

! 

(4.1.54) 

 

For analyzing the stability, we consider the following Lyapunov candidate function as: 

S2 S2 

V  =     1  +  2 (4.1.55) 

2 2 
 

 

V̇  =   S1Ṡ1  + S2Ṡ2 (4.1.56) 

V˙ =  S1  a1.   
Vpv

 

Lp 

x2 
− 

Lp
 +  

2x2upv 

Lp 
+ d − ẋ1ref f 

!!

  
(4.1.57) 

+ S2  a2.   
Vsc

 

Lsc 

x4  
−  

Lsc 
+ 

2x4usc 

Lsc 
+ d − ẋ3ref f 

!!

 

In order to make the derivative of Lyapunov function negative definite, we have to 

impose the following constraint: 

Ṡ1 = −ψpv |S1|
α sat (S1) − ψpv 

∫  

sat (S1) dt (4.1.58) 

Ṡ2 = −ψsc |S2|
β  sat (S2) − ψsc 

∫  

sat (S2) dt (4.1.59) 

Now plugging the value of Ṡ1  and Ṡ2 

 

a1. 
Vpv 

Lp 

 
x2 

− 
Lp

 +  
2x2upv 

Lp 
+ d − 

 
ẋ1 

 
 

ref 

! 

= −ψpv |S1|
α sat (S1) − ψpv 

∫ 

sat (S1) dt 

(4.1.60) 

a2.  
Vsc 

Lsc 

x4  
−  

Lsc 
+ 

2x4usc 

Lsc 
+ d − ẋ3 

 

ref 

  

= −ψsc |S2|
β sat (S2) − ψsc sat (S2) dt 

(4.1.61) 

∫ 

  
Vpv x2 2x2upv 

− 
L 

+ 
L

 
p p 

Vsc 

Lsc 

x4 2x4usc 
− 

L 
+ 

L
 

sc sc 
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∫ ∫ 

 

Now the overall controller u(pv)ST SMC and u(sc)STSMC  can be obtained as: 

u(pv)ST SMC = 

2 

Lp      

   

− a1
 Vpv  +  a1

 x2 
 

 

− a1d + a1ẋ1 

! 

+ 
2 

Lp 
ψ 

 
 

|S1|
α sat (S1) + ψ 

∫ 

sat (S1) dt

 

 

a1x2 Lp Lp ref f a1x2 
pv pv 

 

(4.1.62) 

u(sc)STSMC   = 

2 

Lp      

   

− a2
 Vsc  +  a2

 x4 
 

 

− a2d + a2ẋ3 
! 

+ 
2 

Lp

 
 

ψ    |S2|
β sat (S2) + ψ 

∫ 

sat (S2) dt

 

 

a1x2 Lsc Lp 
ref f 

a1x2 
sc sc 

 

(4.1.63) 

Now Eq. (4.1.62) and Eq. (4.1.63) can be simplified as: 

V˙  = −S1 

  

ψpv |S1|
α sat (S1) − ψpv sat (S1) dt

    

− S2  

  

ψsc |S2|
β sat (S2) − ψsc sat (S2) dt

 

 

(4.1.64) 

which shows that system is asymptotically stable and all errors will converge to zero in 

finite time. 

 
4.1.4 Super twisting sliding controller (STSMC) design for for battery 

system. 

We define error terms for designing of the battery system controller as follows: 

 
e5  =  x5 −  x5reff (4.1.65) 

e7  =  x7 −  x7reff (4.1.66) 

Time derivative of the above mentioned error is equal to: 
 

 
 

 
Putting value of ẋ5  and ẋ7  we get: 

ė 5 = 

 
ė 7 = 

ẋ5 − 

ẋ7 − 

ẋ5ref f (4.1.67) 

ẋ7ref f (4.1.68) 

e˙5 =  −
Rg x5  − 

(2u1 − 1) 
x6  + 

Vb  
+ d − 

 
ẋ5 

 
(4.1.69) 

Lg Lg Lg reff 

e˙7 = −
R0 x5 − 

x8   
+ 

u23 x6 + d − ẋ7 
 

(4.1.70) 
Ld Ld Ld ref f 

The state space model of battery system have two control input, so there will be two 

sliding surface which is: 

S3 =  a5.e5 (4.1.71) 
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Lg Lg Lg 

Ld Ld Ld 

Ld Ld Ld 
ref f 

    

− −

 

 
 

S4  =  a7.e7 (4.1.72) 

Time derivative of the above sliding surface is: 

 

Ṡ3  =   a5.ė5 (4.1.73) 

Ṡ4  =   a7.ė7 (4.1.74) 

Putting value of ẋ5  and ẋ7  we get: 

Ṡ3  = a5

  

− 
Rg 

x5   − 
(2u1  − 1) 

x6   +  
Vb   

+ d − 

 

 
ẋ5 

! 

(4.1.75) 
 

Ṡ4  =   a7

  

−   
R0 

x5   −   
x8

 +  
u23 

x6 + d  − 

 
ẋ7 

! 

(4.1.76) 
 

For analyzing the stability, we consider the following Lyapunov candidate function as: 

S2 S2 

V  =     3  +  4 (4.1.77) 
2 2 

V̇  =   S3Ṡ3  + S4Ṡ4 (4.1.78) 

V˙ = S3   a5 
Rg 

x5 ˘ 
(2u1 − 1) 

x6 + 
Vb   

+ d 
Lg Lg Lg 

ẋ5ref f 

!!

  
(4.1.79) 

+ S4

 

a7

  

−   
R0 x5   −  

x8   
+ 

u23 x6 + d − ẋ7 

!!

 
 

To make the derivative of Lyapunov function negative definite, we have to impose the 

following constraint: 

Ṡ3  = −ψ3 |S|
γ  sat (S3) −  ψ3 

∫  

sat (S3) dt (4.1.80) 

Ṡ4  = −ψ4 |S|
δ sat (S4) −  ψ4 

∫  

sat (S4) dt (4.1.81) 

Now plugging the value of Ṡ3  and Ṡ4: 

a5

   

− 
Rg x5  − 

(2u1 − 1) 
x6  + 

Vb  
+ d − 

 
ẋ5 

!  

= −ψ3 |S|
γ sat (S3) −  ψ3 

∫  

sat (S3) dt 

Lg Lg Lg ref f  
(4.1.82) 

a7 

  

− 
R0 x5  −  

x8    
+  

u23 x6 + d  − ẋ7 

   

= −ψ4 |S|
δ sat (S4) −  ψ4 

∫  

sat (S4) dt 

Ld Ld Ld ref f  
(4.1.83) 

Now the overall controller u(1)STSMC and u(23)STSMC   can be obtained as: 

u(1)STSMC = 

Lg    

  

−a5x5 
Rg  

+  a5 
x6

 +  a5 
vb

 
 

+ a5d + a5ẋ5 

!  

+  
Lg  

  

− ψ3 |S|
γ  sat (S3) −  ψ3 

∫  

sat (S3) dt

!

 

2x6 Lg Lg Lg ref f 2x6  
(4.1.84) 

ref f 

ref f 
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∫ ∫ 

 

u(23)STSMC = 

Ld   
  

−a7x5 
R0  

+  a7 
x8

 

 
 

+ a7 
xd

 

 
 

+ a7d + a7ẋ7 

    

+ 
Ld 

  

− ψ4 |S|
δ sat (S4) −  ψ4 

∫  

sat (S4) dt

!

 

x6 Ld Ld Ld 
reff x6

 
 

(4.1.85) 

Now Eq. (4.1.84) and Eq. (4.1.85) can be simplified as: 

V˙  = −S3 

  

ψ3 |S3|
α sat (S3) −  ψ3 sat (S3) dt

     

−S4  

  

ψ4 |S4|
β sat (S4) −  ψ4 sat (S4) dt

 

 

(4.1.86) 

which shows that system is asymptotically stable and all errors will converge to zero in 

finite time. 
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Figure 4.2: Regression plot. 

 
4.2 Design of ANN-based Maximum Power Point Tracking 

(MPPT) 

A PV module serves as a clean and pollution-free means of converting solar energy 

into electricity, and when multiple modules are combined, they form a PV array. The 

efficiency of this PV array depends on environmental factors such as irradiance and 

temperature. To ensure maximum power output from the PV array, the duty cycle of 

the DC-DC current converter is adjusted by varying it accordingly. This adjustment is 

accomplished through a neural network-based Maximum Power Point Tracking (MPPT) 

algorithm [15]. Compared to conventional perturb and observe-based MPPT algorithms, 

the neural network-based approach provides more precise results and operates with 

reduced computational time. 

The neural network used in the MPPT algorithm has been optimized to determine the 

reference voltage for the MPPV at which the PV array should operate. This optimization 

accounts for the intermittent nature of solar energy and ensures that the PV system 

efficiently harnesses available solar power throughout varying environmental conditions. 
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CHAPTER  5 
 
 
 

Gray Wolf Optimization 

 
The Gray Wolf Optimization algorithm is a nature-inspired metaheuristic optimiza- 

tion technique based on the social hierarchy and hunting behavior of gray wolves [16]. 

Proposed by Mirjalili et al. in 2014, this algorithm has demonstrated its efficacy in ad- 

dressing various optimization problems in engineering, economics, and other domains. 

 
5.1 Controller Tuning through Optimization 

 
The algorithm emulates the social hierarchy and hunting behavior of a pack of gray 

wolves. In this approach, each wolf represents a potential solution to the optimization 

problem, and its fitness is evaluated based on the objective function of the problem. 

Initially, the algorithm starts with a population of wolves randomly distributed across 

the search space. The wolves are ranked based on their fitness values, with the alpha 

wolf representing the best solution, followed by the beta, delta, and omega wolves. 

Once the pack hierarchy is established, the wolves collaboratively search for optimal 

solutions within the search space. Each wolf updates its position based on its own 

experience and the collective experiences of other wolves in the pack. The update rules 

are as follows: 

 
• Alpha wolf: The alpha wolf updates its position by moving towards a promising 

region in the search space, which is a weighted average of the positions of the beta, 

delta, and omega wolves. 

• Beta wolf: The beta wolf updates its position by moving towards a promising 
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Table 5.1: Optimization Parameter 
 

Controller gain Search limits Gain value Fitness function value 

Kp1 1 to 500 273.74 52.24 

Kp2 1 to 100 19.84 52.24 

Ks1 1 to 100 12.03 531.8 

Ks2 1 to 500 279.98 531.8 

 
region in the search space, which is a weighted average of the positions of the 

delta and omega wolves. 

• Delta wolf: The delta wolf updates its position by moving towards a promising 

region in the search space, which is a weighted average of the positions of the alpha 

and beta wolves. 

• Omega wolf: The omega wolf updates its position by moving randomly within the 

search space. 

 
The algorithm iteratively continues until a stopping criterion is met, such as a maximum 

number of iterations or the attainment of a satisfactory solution. The best solution found 

by the algorithm corresponds to the position of the alpha wolf at the conclusion of the 

search process. 

 
5.2 Optimization Summary 

 
The Gray Wolf Optimization algorithm is a potent optimization technique inspired by 

the behavior of gray wolves in nature. It has exhibited promising outcomes in tackling 

various optimization problems and is widely adopted in diverse fields for controller tuning 

and the discovery of optimal solutions. 
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Figure 5.1: PV optimization results 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.2: SC optimization results 
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CHAPTER  6 
 
 
 

Simulation Results 

 
The proposed controller has been validated using the MATLAB/Simulink platform. 

Table 1 lists the optimization parameters, and Table 2 lists the controller parameters 

used in the simulations. The system is subjected to a disturbance, as shown in Figure 

??, to demonstrate the robustness of the proposed controllers. 

 

6.0.1 PV Energy System Simulation Results 

 
In this section, the performance of the proposed controllers (Eq. 29 and 71) is evaluated 

under the influence of state disturbances, as shown in Figure 6.1. The output current 

extracted from the PV panel using the Artificial Neural Network (ANN) is analyzed in 

Figure 6.2, which demonstrates that the chattering effect is significantly reduced by the 

STSMC compared to the ITSMC. Figure 6.3 presents the control input upv. 

 
6.0.2 SC energy system simulation results 

 
The proposed controller in Eq. (30 and 72) has been simulated in the same environment 

along with the comparison to verify the performance and tracking of SC current. Fig. 

6.4 shows the SC current generated against the reference current while the Fig. 6.5. 

shows the control input usc. 

 
6.0.3 Battery energy system simulation results 

 
The Fig.6.5 shows the grid current and and grid voltage which is derived in Eq. (50 and 

94) along with the comparison of proposed controllers. 
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Figure 6.1: State Disturbance d(t) 

 
 

 

 
Figure 6.2: I PV comparison between ITSMC and STSMC 

 
 

 

 
Figure 6.3: U PV comparison between ITSMC and STSMC 
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Figure 6.4: I SC comparison between ITSMC and STSMC 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 6.5: U SC comparison between ITSMC and STSMC 
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Figure 6.6: Grid Voltage and Current comparison between ITSMC and STSMC 

 

 

Figure 6.7: I Bat comparison between ITSMC and STSMC 

 

Battery current of the proposed controllers in Eq. (51 and 95) has been simulated in the 

same environment along with the comparison to verify the performance and tracking 

of battery current. Fig. 6.7 shows the battery current generated against the reference 

current. 
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CHAPTER 7 
 
 
 

Hardware-in-the-loop 

 
Hardware-in-the-Loop (HIL) is a testing and simulation method widely used in engi- 

neering and automation [17]. It involves establishing a closed-loop connection between 

a physical system or component (hardware) and a computer-based simulation environ- 

ment (software). This enables comprehensive testing and evaluation of the hardware’s 

performance under various conditions by allowing real-time interaction between the de- 

vice and the simulated environment. The hardware reacts to inputs from the simulation, 

and the outputs are recorded and fed back into the simulation environment. This closed- 

loop interaction between the hardware and the simulation enables realistic testing of the 

hardware’s behavior, performance, and robustness [18]. 

To assess the resilience of the proposed methods, a discrete version of a sinusoidal distur- 

bance with a varying amplitude over time is introduced. The simulation and Hardware- 

in-the-Loop (HIL) trajectories of the photovoltaic (PV) current are shown in Figure 13, 

demonstrating successful tracking of the desired reference trajectory. Additionally, Fig- 

ures 14 and 15 illustrate the trajectories of the supercapacitor (SC) and grid voltage and 

current, which exhibit similar behavior. Notably, the SC trajectory appears to be more 

resilient to sinusoidal time-varying disturbances. Furthermore, Figure 16 presents the 

experimental response of the proposed controllers for battery current [19]. It is worth 

mentioning that the experimental results depicted in Figures 14 to 18 demonstrate min- 

imal oscillations in the HIL trajectories of the proposed controllers for PV, SC, grid, 

and battery. 
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Figure 7.1: Responce of I PV comparison between ITSMC and STSMC 

 

Figure 7.2: Responce of I SC comparison between ITSMC and STSMC 

 

Figure 7.3: Responce Grid Voltage and Current comparison between ITSMC and STSMC 
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Figure 7.4: Responce of I Bat comparison between ITSMC and STSMC 
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CHAPTER 8 
 
 
 

Conclusion and Future Work 

 
This research article presents a comprehensive study on the integration of renewable 

energy sources, specifically photovoltaic (PV) systems, with an energy storage system 

comprising batteries and supercapacitors. The main objective is to effectively control 

the power sources, ensuring that they operate at their maximum power points and 

maintain a balanced power flow between the renewable energy sources and the energy 

storage system. To achieve this goal, supertwisting sliding mode controllers and integral 

terminal sliding mode controllers were implemented. These controllers facilitate efficient 

power management and meet the load requirements. The stability of the entire system 

was rigorously verified using Lyapunov analysis. 

The proposed controllers, along with the energy management system, were extensively 

simulated in MATLAB/Simulink to assess the performance of the integrated framework. 

A comparative analysis with other existing controllers demonstrated that the proposed 

supertwisting sliding mode controllers outperformed them in terms of regulating the 

DC bus voltage and providing superior transient responses. Furthermore, hardware-in- 

the-loop experiments were conducted to validate the efficacy of the controllers. The 

experiments showed that the energy storage system effectively supported the renewable 

energy sources during high load demands, thus extending their lifespan. 

In the future, this research can be extended in several directions. One potential avenue 

is the integration of additional energy sources, such as proton exchange membrane fuel 

cells, to reduce dependence on the energy storage system and further enhance the relia- 

bility of the overall system. Additionally, exploring grid-connected modes and designing 

an energy management system using various control algorithms could be beneficial to 
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CHAPTER 8: CONCLUSION AND FUTURE WORK 

 

maintain optimal power flow between the renewable energy sources, energy storage sys- 

tem, and the grid. Moreover, investigating advanced control techniques and optimization 

algorithms could lead to even more robust and efficient power management strategies 

for renewable energy integration. Overall, these future extensions can contribute to the 

development of more sustainable and reliable energy systems. 
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