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1. Introduction 
FF pollution, inflation, and adverse ecological effects from traditional PS generators have made 

the global transition to CE imperative. CESs like PV and WE are becoming more popular due to 
concerns about carbon emissions and climate change. The majority of conventional generators are 
predicted to be replaced via CESs by 2050, promoting the decentralization of PS and DESs [1]‒[3]. 
PV systems' availability, sustainability, and cheap operating costs draw significant international 
investment. However, as T and G change, so does their output. PV systems can be IM or GC, with 
either option needing ESUs for consistent performance under low or no G [4], [5]. By stowing extra 
energy and releasing it during periods of high demand, ESUs provide high capacity, quick response, 
and effective ramp-rate management. Because of the nonlinear behavior of both PV arrays and ESUs, 
effective ESU charging is essential to system reliability and presents a technical challenge. Adaptive 
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 Renewable sources such as PV and WE are increasingly integrated into 
MGs, which rely on efficient EMSs and MPPT techniques for stable 
operation. This paper proposes an FLC-MPPT integrated within an EMS for 
a hybrid clean energy system comprising PV, WE, FC, battery, and EV 
units. The system architecture is modeled and simulated in 
MATLAB/Simulink, with the FLC regulating power flow and maintaining 
DC bus stability through coordinated converter control. The proposed 
approach is compared with the conventional P&O algorithm under varying 
irradiance, shading, and load conditions. Simulation results show that the 
FLC-MPPT consistently achieves higher efficiency (up to 99.99%), faster 
response times (as low as 0.003 s), and significantly lower power losses 
(reduced from 6.975 W to 1 W at 1000 W/m²). During dynamic scenarios, 
including partial shading and a 50% load increase, the FLC maintains a 
stable DC voltage (≈275 V) with rapid recovery times of 9–13 s. 
Furthermore, THD remains below 1.52% across all operating conditions, 
indicating high power quality. Overall, the proposed FLC-based EMS 
enhances hydrogen utilization, system efficiency, and stability, 
demonstrating superior adaptability and precision over conventional 
methods for clean and reliable energy management in hybrid MG 
applications. 
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control techniques are necessary to preserve battery health because of this complexity. MPPT 
controllers are crucial for MP extraction under various circumstances in order to further increase 
efficacy [6]‒[8]. 

MGs offer an efficient means of connecting DESs to PSs by integrating ESUs, PVs, WE, and 
DEs inside small-scale electrical circuits [9], [10]. They can function in either GC or IM modes; GC 
improves stability via the main grid, while IM guarantees local supply and demand balance. Converter 
advancements have enhanced the compatibility of MGs, which can function in AC/AC, AC/DC, 
DC/AC, or DC/DC modes. Interest in DC-MGs has increased due to the growing usage of DC energy 
sources and EVs. Renewable integration increases when DES prices decrease, although adoption is 
influenced by factors such as economics, legislation, and climate. EMS and effective control are 
essential. DA-EMS needs to maximize cost, security, and sustainability, but it's still challenging to 
estimate uncertainties in CES output, load, and cost. In order to handle such uncertainties, this work 
focuses on creating a forecasting-based controller [11]‒[13]. 

Multiple MPPT methodologies, which may be broadly categorized into four groups: CG, IG, OG, 
and HAG, have been studied recently [14], [15]. In spite of their ease of use, affordability, and 
moderate complexity, P&O, INC, and FOCV are still widely used CG. Under quickly changing 
circumstances, OG, like GWO and PSO, provides accurate and adaptive MPP tracking. Tracking 
efficiency is further increased by hybrid approaches such as PSO-enhanced P&O. ANN and FLC are 
two examples of IG that employ AI concepts to manage ambiguity and structure discontinuity. While 
ANN adjusts to changes in T and G without the need for intricate PV models, FLC uses rule-driven 
thinking. Research demonstrates that, despite the price and difficulty compromises, these clever and 
HAG beat CG in tracking effectiveness, closure speed, and resilience [16]‒[18]. 

These approaches are contrasted in terms of tracking speed, cost, mathematical complexity, and 
weather-dependent performance. Additionally taken into account are efficiency losses resulting from 
oscillations around the MPP. A hybrid GA–P&O technique decreased P&O oscillations in [19]. In 
[16], an MRAC attained 99.77% tracking efficacy in the presence of T and G changes. Although it 
was not tested under irregular G, the INC-PSO-MPC hybrid in [20] achieved MPP in 0.05 s with 99% 
efficacy. An FL estimator improved the flexibility of the INC approach in [21]. Despite its great 
complexity, an adaptive FLC improved by the MKH algorithm achieved 0.15 s convergence and 
99.32% efficacy [22]. In a similar manner, [19] employed DSP hardware and adaptive FL for quick 
and precise MPP tracking.  

Even though PV control and optimization have come a long way, it is still difficult to achieve 
accurate MPPT and reliable EMS in a variety of scenarios. The majority of research ignores the 
integration of several adaptive controllers into a single framework and the combined use of intelligent 
MPPT and ESU control. Because of its precision, ease of use, and adaptability in managing 
nonlinearities and operational restrictions, an FLC is used to close these gaps. Unlike ANN-based 
techniques, FLCs are excellent at handling nonlinear, uncertain, and dynamic inputs without the need 
for intricate system models or sizable training datasets, which makes them ideal for sophisticated PV 
system control despite tuning issues with membership functions, rule bases, and defuzzification [23], 
[24]. Several ambiguities in choosing EMS methods for MGs have been examined throughout recent 
publications. These ambiguities are addressed by six primary strategies: interval, FLC, robust, chance 
constraint, IGDT, and random tactics [25], [26]. Managing contemporary MGs, particularly those that 
depend on CESs, requires EMS. Both centralized and decentralized EMS arrangements exist [19]. 
Smart meters and quick communication networks are necessary for a CEMS, which gathers and 
processes data at a central location [27]. However, CEMS has to deal with issues including high 
security requirements, time delays, and intensive data processing. A DEMS operates locally for lonely 
MGs, controlling CESs with sophisticated power electronics [28]. DCEMS provides quicker response 
times, but in order to prevent grid failures, MGs with significant CES prevalence may need to 
coordinate [29]. There are other OG concepts for MGs, and FLC for FCs [30]. More research is still 
needed on DC/AC MGs. Various techniques for managing vagueness have been used in EMS 
optimization. To control load and CES vagueness, for example, GC-MGs employed random OG [31]. 
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To improve MG dependability under PV, WT, and load vagueness, robust OG were subsequently 
devised [32].  IGDT, FLC, and interval methods address MG uncertainty differently, balancing 
robustness, precision, and complexity, with IGDT ensuring robustness, FLC modeling uncertainty, 
and the interval approach favoring simplicity [33]. A summary and conclusions of the reviewed 
EMSs& control papers are presented in Table 1. 

Table 1.  Summary and conclusions of reviewed EMSs & control papers 

Ref. Objective Method / 
Technique 

System 
Type 

Main 
Contribution 

Key Results / 
Findings 

[34] 
Improve EMS for 
residential grid-
connected MG 

FLC- EMS 
Grid-

connected 
MG 

Real-time fuzzy EMS 
considering 
uncertainty 

Enhances energy 
balance and reduces grid 

power exchange 
fluctuations 

[35] Predictive EMS for 
on/off-grid modes 

Predictive FLC + 
MPC 

Residential 
smart MG 

New predictive fuzzy 
EMS capable of 
seamless mode 

switching 

Reduces operating cost 
and improves reliability 

under uncertainty 

[36] Evaluate EMS 
using IoT data 

FLC 
comprehensive 

evaluation 

IoT-based 
EMS 

Multi-criteria 
assessment of EMS 

performance 

Improved decision-
making accuracy and 

EMS reliability 

[37] 
Decentralized 

power mgmt. in 
hybrid AC/DC MG 

SMC + 
decentralized 
architecture 

Hybrid 
AC/DC MG 

Robust decentralized 
control with RES 

Improved voltage 
stability, power sharing, 
and disturbance rejection 

[38] 
Intelligent EMS 
for standalone 

systems 
ANN controller Standalone 

MG 
ANN-based optimal 

energy flow 

Better load–generation 
balance and reduced fuel 

consumption 

[39] 
Review of MG 

control for 
sustainable EMS 

Survey paper MGs 
Comprehensive 
review of EMS 

methods 

Identifies future trends 
in MG sustainability & 

control 

[40] Improve PV MPPT 
control 

Type-2 FLC + 
multi-level DC–

DC converter 
PV systems Advanced T2- FLC–

MPPT 

Faster tracking, 
improved efficiency 

under shading 

[41] MPPT for PMSG 
wind systems 

Hybrid FLC–
MPPT 

Wind energy 
conversion 

Reduced oscillations 
and improved 

stability 

Increased tracking 
accuracy and power 

extraction 

[42] Optimize PV 
control 

Hybrid FLC–PI + 
metaheuristic 
optimization 

Grid-
connected 

PV 

Enhanced high-
penetration PV 
performance 

Reduced THD, faster 
dynamic response 

[43] EMS using mixed 
controllers ANN, PID, fuzzy Hybrid MG Comparison of 

control strategies 

ANN shows the best 
energy distribution 

performance 

[44] 
EMS for isolated 
MG with diesel, 
RES & storage 

Coordinated multi-
source EMS Isolated MG 

Improved diesel 
scheduling & RES 

integration 

Lower fuel usage and 
improved system 

resiliency 

[45] Integrate Industry 
4.0 & 5.0 for EMS 

IoT, AI, digital 
twins 

Industrial 
EMS 

Framework for 
smart/efficient energy 

mgmt. 

Higher automation and 
sustainability metrics 

[46] 
Improve energy 

efficiency in 
buildings 

Optimization + 
BMS 

Building 
EMS 

CO₂ reduction via 
BMS-enhanced 

optimization 

Significant reduction in 
energy waste 

[47] Intelligent EMS 
for AC MG 

FLC-based 
intelligent control 

RES-based 
AC MG 

Adaptive EMS 
enhancing stability 

Better voltage/frequency 
regulation 

[48] 

EMS with cyber-
security & real-

time load 
redistribution 

SCED + threat 
analysis tool 

Power 
system EMS 

Incorporates cyber-
physical security in 

EMS 

Enhanced resilience to 
cyber-attacks 

 
To maximize energy extraction and guarantee dependable operation under a variety of 

environmental conditions, this study suggests an EMS for the CE system. To improve power tracking 
under varying G and sustain effective ESU operation, the system combines an FL-based MPPT with 
an optimized PI regulator. A thorough parametric analysis demonstrates that the FL-MPPT works 
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better than the P&O approach, increasing tracking accuracy and overall efficacy. MATLAB/Simulink 
simulations confirm the functionality of the integrated FL-MPPT controller in the studied system. 
Under dynamic circumstances, the EMS efficiently manages power flow among CE generation, load, 
and ESU while maintaining a steady DC-bus voltage. 

The paper is organized as follows: Section 2 details the hybrid system components modeling. 
Section 3 outlines the EMS and applications of FLC. Section 4 presents implementation results and 
compares the FLC with the P&O method using MATLAB tests. Section 5 concludes the study and 
suggests future research directions. 

2. Studied System Configuration 
Fig. 1 depicts the architecture of the system proposed. The configuration comprises PV, wind, 

EV, electrolyzer, and electric loads. The generation units are connected to the DC bus through a boost 
converter equipped with an integrated FL-MPPT control algorithm.  The energy storage subsystem 
employs batteries coupled through a bidirectional DC-DC converter. This converter maintains stable 
DC bus voltage regulation through controlled charging and discharging operations, automatically 
adjusting the power flow to preserve system stability and maintain consistent voltage levels across the 
DC Bus. The system includes a DC-AC inverter used to convert the DC voltage to AC. This ensures 
efficient power conversion and provides electricity to connected AC loads. 

 
Fig. 1. Addressed system 

2.1. PV Modeling 

The I\V and P\V characteristics under changes in solar irradiance and temperature are depicted 
in Fig. 2 and Fig. 3. The PV model in MATLAB has been depicted in Fig. 4. The PV model has been 
fully discussed in  [49], [50]. 

	 𝑃!"(𝑡) = 𝑃#!"𝑛!"𝜂!"𝜂$%#&
𝐼(𝑡)
1000

,1 − 𝜆' /𝑇() +
(𝑁𝑂𝐶𝑇 − 20)

800
𝐼()(𝑡) − 2589 (1) 

	 𝑃*+*_!"(𝑡) = 𝑁!" 	× 𝑃!"(𝑡) (2) 
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2.2. FC Modeling 

The FC heap with H2 and air stream manager in MATLAB is depicted in Fig. 5. An FC model 
fully detailed and discussed in [51]‒[53]. 

	 𝑃-./%0" =	𝑃1#*/-. × 𝜂23	 (3) 

	 𝑃-.5 = 𝑃stack 𝑃-.,(78 (4) 

	 𝑊1#<𝑃-.5= =
𝑃-.5

𝜂-.5<𝑃-.5= ⋅ 𝐿𝐻𝑉1#
	 (5) 

 

 
(a) I-V characteristics                                               (b) P-V characteristics 

Fig. 2. Features of the PVS as I change 

  
(a) I-V characteristics                                           (b) P-V characteristics 

Fig. 3. Features of the PVS as T changes 

 
Fig. 4. PV model in MATLAB 
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Fig. 5. FC heap with H2 and air stream manager in MATLAB 

2.3. EV Modeling 

This model estimates the EV battery’s energy content based on factors such as initial charge, 
energy exchanged with the MG considering charging/discharging efficiency, and self-discharge 
losses, while maintaining defined capacity limits. The EV model is depicted in Fig. 6. The model 
equations have been fully detailed in [54]‒[56]. 

	 𝐸𝑒𝑣* = 𝐸𝑒𝑣*/9 + 𝜎&"# ∗ Δ ∗ 𝑃*&"# −
1

𝜎&"5 ∗ Δ ∗ 𝑃*&"5
− 𝛽𝑒𝑣 ∗ Δ ∗ 𝐸𝑒𝑣* (6) 

	 𝐸𝑒𝑣)%0 ≤ 𝐸𝑒𝑣* ≤ 𝐸𝑒𝑣)(8 (7) 

	 𝐸𝑒𝑣&"- ≤ 𝜌 · 𝐸𝑒𝑣)(8	 (8) 

	 𝑃&"5 )%0 ∗ 𝑒𝑣𝑠* ≤ 𝑃*&"5	 (9) 

	 𝑃*&"5 ≤ 𝑃&"5 )(8 ∗ 𝑒𝑣𝑠*	 (10) 

	 𝑃&"# )%0 ∗ (1 − 𝑒𝑣𝑠*) ≤ 𝑃*&"# 	 (11) 

	 𝑃*&"# ≤ 𝑃&"# )(8 ∗ (1 − 𝑒𝑣𝑠*)	 (12) 

2.4. Converter Modeling 

The power generated by the inverter is computed using the following equations, in the ensuing 
manner. The applied converter modeling is fully described and discussed in [57]‒[61].  

	 𝑃%0"/:3 = <𝑃-./%0" × 𝑃#&0/%0"=	𝜂%0"	 (13) 

	 𝑉((𝑡) =
𝑉;3
2
	𝑆9(𝑡) −

𝑉;3
2
	𝑆<(𝑡) (14) 
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	 𝑉=(𝑡) =
𝑉;3
2
		𝑆>(𝑡) −

𝑉;3
2
	𝑆?(𝑡)	 (15) 

	 𝑉.(𝑡) =
𝑉;3
2
		𝑆@(𝑡) −

𝑉;3
2
		𝑆A(𝑡)	 (16) 

 

 
Fig. 6. EV model 

2.5. WE Modeling 

The WE hinge predominantly on the wind speed and the characteristics of the hub height. The 
used generator in this study is the DFIG, and its model consists of 4 differential equations (2 equations 
for both the stator and rotor voltage). The Eqs, expressed in the dq reference frame rotating at 
synchronous speed (ωB), are given by Eqs., (20)-(28). The model of DFIG in MATLAB is depicted 
in Fig. 7. The model is fully detailed in [62]‒[64]. 

	 𝑉> = 𝑉9 O
𝐻>
𝐻9
P
C$%

 (17) 

	 𝑃$(𝑡) =

⎩
⎪
⎨

⎪
⎧ 𝑛$𝜂$𝑃#& ∗

<𝑉>(𝑡) −	𝑉>.'(=
<𝑉># −	𝑉>.'(=

											𝑉.'( < 𝑉(𝑡) < 𝑉#

𝑛$𝜂$𝑃$) 																																								𝑉# < 𝑉(𝑡) < 𝑉.*++
																	𝑂																																															𝑉(𝑡) < 𝑉.'( 			𝑜𝑟			𝑉(𝑡) < 𝑉.*++⎭

⎪
⎬

⎪
⎫

 (18) 

	 𝑃*+*_$ = 𝑁$ × 𝑃$(𝑡)	 (19) 

	 𝑉D5 = 𝑅E	𝐼D5 −	
𝑑𝜓D5
𝑑𝑡

− 𝜔E	𝜓F5	 (20) 
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	 𝑉F5 = 𝑅E	𝐼F5 +	
𝑑𝜓F5
𝑑𝑡

+ 𝜔E	𝜓D5	 (21) 

	 𝑉D# = 𝑅# 	𝐼D# +	
𝑑𝜓D#
𝑑𝑡

− (𝜔E −𝜔#)𝜓F# 	 (22) 

	 𝑉F# = 𝑅# 	𝐼F# +	
𝑑𝜓F#
𝑑𝑡

+ (𝜔E −𝜔#)	𝜓D# 	 (23) 

	 𝜓D5 = 𝐿5	𝐼D5 + 𝐿)	𝐼D# 	 (24) 

	 𝜓F5 = 𝐿5	𝐼F5 + 𝐿)	𝐼F5	 (25) 

	 𝜓D# = 𝐿# 	𝐼D# + 𝐿)	𝐼D# 	 (26) 

	 𝜓F# = 𝐿# 	𝐼F# + 𝐿)	𝐼F5	 (27) 

	 𝑇& =
3
2
	𝑃	<𝜓D5	𝐼F5 − 𝜓F5	𝐼D5=	 (28) 

 
Fig. 7. Model of DFIG in MATLAB 

3. The Investigated EMS Strategy-Based FLC 
The EMS connects multiple elements and serves as the MGs' central interface and command unit. 

To control power flow and improve dynamic stability, it collects data from the MG components. The 
KPIs, including financial, eco-friendly, methodological, and program objectives, are optimized by 
EMS [65]‒[67]. The technical features of EMS are the main emphasis here, which emphasize how it 
balances energy demand and enhances stability. The FC and battery charger system's EMS 
performance is evaluated using KPIs, primarily taking into account the power restrictions and SOC 
while charging and discharging. The following flow chart of Fig. 8 shows the system concepts and 
procedures used through the EMS in accordance with the earlier representations [68]‒[70]. 
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	 𝐾𝑃𝐼9 =

⎩
⎪
⎨

⎪
⎧a 
*G&

*G9

 𝑃HIEE,*3J ≤ <𝜕9 × 𝑃Cap - BESS, 
3J/)(8 =

a  
*G#

*G9

 𝑃HIEE,*;%5J ≤ <𝜕> × 𝑃Cap /HIEE,*
;%5./)(8 =

 (29) 

	 𝐾𝑃𝐼> = d
𝑆𝑂𝐶HIEE,*;3/)%0 ≤ 𝑆𝑂𝐶HIEE,*;3 ≤ 𝑆𝑂𝐶HIEE,*;3/)(8

𝑆𝑂𝐶HIEE,* = 𝑆𝑂𝐶HIEE,(*/9) ,
𝑆𝑂𝐶HIEE,(*/9)

3J − 𝑆𝑂𝐶HIEE,(*/9)
;%5.J

𝑃3(!/HIEE
9

 (30) 

	 𝐾𝑃𝐼@ =

⎩
⎨

⎧
𝑃-.+7* = 𝑁𝑉.&MM𝐼

𝑚̇1> = (𝑁𝑀1>)/𝑛𝐹𝐼

𝜂-. =
𝑃-.+7*
𝐿𝐻𝑉𝑚̇1>

	 (31) 

 

 
Fig. 8. Flow chart of the control process of EMS 

Fuzzification, rule application, and defuzzification are all involved, as Fig. 9 illustrates. After 
being mapped to membership functions, inputs are processed using rule-based adaptation and 
transformed into clear control outputs. The process of fuzzification is described as follows. The FLC 
uses five membership functions (NB, NS, Z, PS, PB) with the Mamdani interface. Outputs are 
defuzzified using the center of gravity method [71], [72]. The applied FLC in the investigated EMS is 
seen in Fig. 10. 

!"#A"

%CDDE)"*!+I-"#K"/#D*
0KNCAO#"/CK-*
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4. Simulated Results  

MATLAB program validates the mathematical model through simulation. In this study, the 
proposed FLC-MPPT model is integrated into a complete CES (Fig. 1). The setup enables testing 
under various conditions. The FLC-MPPT performance is compared with the P&O to show the system 
efficiency, response time, and losses. A change has been made in the PV irradiance, and the rest of 
the system operated at normal rated values. To assess the FL-MPPT performance, a comparison with 
the P&O method was conducted under four irradiance levels (1000, 800, 600, and 400 W/m²) at 25 
°C. The proposed FL-MPPT achieves exceptional tracking efficiency and speed across varying 
irradiance levels. 

 
Fig. 9. Fuzzy logic control structure design 

 
Fig. 10. Applied FLC in the investigated system 

Fig. 11–Fig. 13 compare the performance of the proposed FLC and the P&O under varying solar 
irradiance levels. As shown in Fig. 11, the FLC consistently achieves slightly higher efficiency across 
all conditions, reaching 99.99% at 400 W/m² versus 99.97% with P&O, and maintaining superiority 
at 600 W/m² (99.9% vs. 99.9%), 800 W/m² (99.91% vs. 99.65%), and 1000 W/m² (99.76% vs. 

!"#$%$"&$D
($&F*"+I(

-.
//
+#+
&*
0+1
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(
1O
.3
$

4
$#
./
/+
#+&
*0
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(
1O
.3
$

R.3$DS*I$

!"7.0D8+9"*3I :.07.0D8+9"*3I
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99.71%). Fig. 12 demonstrates the FLC’s faster dynamic response, attaining steady state in 0.009 s at 
400 W/m² compared to 0.015 s for P&O, and further improving to 0.003 s, 0.0094 s, and 0.005 s at 
600, 800, and 1000 W/m², respectively, outperforming P&O’s 0.009 s, 0.021 s, and 0.0286 s. As 
shown in Fig. 13, the FLC also minimizes power losses, eliminating them at 400 W/m² (vs. 0.7 W for 
P&O) and significantly reducing them at higher irradiance levels—from 2.987 W to 0.989 W at 800 
W/m² and from 6.975 W to 1 W at 1000 W/m². Overall, the proposed FLC demonstrates superior 
efficiency, faster response, and lower power losses, confirming its enhanced adaptability, precision, 
and tracking accuracy under changing solar conditions. 

 
Fig. 11. System efficiency 

 
Fig. 12. Response time 
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Fig. 13. Power loss 

The EMS controlled by FLC was validated by analyzing the system's dynamic behavior under 
steady-state, partial shading, and load increase. As shown in Table 2, by preserving a more stable DC 
bus voltage, lowering FC consumption, and guaranteeing more seamless battery charging, the 
developed FLC enhances system stability. The FC and battery efficiently make up for the decreased 
solar output under partial shading, resulting in quicker voltage recovery. The DC voltage decrease 
approaches 275 V with recovery durations of 13 and 9 seconds, with an abrupt 50% load increase 
(130–150 s). In general, the FLC improves hydrogen usage, stability, and efficiency. 

The THD of load voltage and current under various operating situations is compared in Fig. 14. 
Both voltage and current THD values are low in the steady-state (Case 1), at 1.492% and 1.497%, 
respectively, indicating clean power quality. Due to varying solar input, a little increase to 1.504% for 
voltage and 1.518% for current is seen under partial shadowing (Case 2). The THD values slightly 
increase to 1.513% and 1.521% after a load increase (Case 3), demonstrating that the system maintains 
good power quality and stability even under transient situations. 

 
Fig. 14. %THD of load voltage and current under the 3 studied cases 
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Table 2.  Some of the investigated model outputs under the 3 cases 

Metri
ces Case 1: steady-state Case 2: partial shading Case 3: load increase 

V
D

C 

   

FC
 e

ffi
ci

en
cy

 

   
 

The performance comparison (Table 3) reveals clear trends across the reviewed EMS and control 
strategies for MGs and RESs. Overall, advanced artificial intelligence–based and FLC–enhanced 
controllers consistently achieve higher efficiencies, typically ranging between 94–99%, with ANN-
based and FLC hybrid systems showing the strongest performance. Studies focusing on MPPT 
demonstrate exceptionally high tracking precision, reaching up to 99–99.1%, particularly in Type-2 
FLC and hybrid MPPT algorithms, indicating their superiority under rapid environmental variations. 
Harmonic distortion performance also varies, with the best THD values falling between 1.8–2.5%, 
confirming the ability of optimized fuzzy controllers to significantly improve power quality. In terms 
of economic benefits, most approaches yield meaningful cost reductions, generally between 10–25%, 
with some systems achieving up to 22% savings through improved building energy optimization or 
fuel reduction in MGs. Collectively, Table 3 shows that intelligent and hybrid control techniques 
deliver the greatest improvements simultaneously in efficiency, MPPT accuracy, THD reduction, and 
overall operational cost savings. 

5. Conclusions 

This study presented an FLC-EMS integrated with an MPPT algorithm for a hybrid CESs 
comprising PV, WE, FC, battery, and EV units. The proposed control framework effectively 
manages power flow, maintains DC bus voltage stability, and optimizes energy utilization under 
varying environmental and load conditions. MATLAB/Simulink simulations confirmed that the 
FLC-MPPT significantly outperforms the P&O in terms of efficiency, response speed, and power 
loss reduction. Specifically, the FLC achieved up to 99.99% efficiency, faster dynamic response 
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(0.003 s), and minimized power losses (as low as 1 W at 1000 W/m²). Additionally, under partial 
shading and sudden load variations, the system exhibited rapid voltage recovery and stable operation, 
while maintaining low THD < 1.52%, ensuring high power quality. These results demonstrate the 
FLC’s superior adaptability, robustness, and precision in handling nonlinearities and uncertainties 
inherent in renewable systems. Overall, the proposed FLC-based EMS provides an efficient, reliable, 
and sustainable control solution for hybrid MGs, promoting improved energy utilization and stability 
in clean energy integration. Future work will focus on hardware implementation, real-time testing 
using HIL platforms, and the extension of the controller to larger-scale smart grid applications. 

Table 3.  Numerical performance comparison of previously published works in this field in terms of (THD%, 
efficiency%, MPPT accuracy%, cost reduction%) 

Paper THD (%) Efficiency (η %) MPPT Accuracy 
(%) Cost Reduction (%) 

[34] — 92–95% — 10–18% 
[35] — 93–96% — 15–22% 

[38] — 94–98% (ANN-based 
EMS) — 10–20% (fuel savings) 

[39] 2–5% (typical MG 
controllers) 90–98% 95–99% 5–25% 

[40] 1.8–2.5% 97–99% 99.1% 6–10% 
[41] — 96–98% 98–99% 5–9% 
[42] 2.0–3.0% 96–98% 99% 5–8% 
[43] — 95–98% — 12–18% 
[45] — 93–97% — 12–20% 

[46] — 90–95% — 10–22% (building CO₂ 
optimization) 

[47] 2–3% 95–98% — 10–15% 
[48] — 90–94% — Avoided loss: 5–12% 
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FFs: Fossil fuel WE: Wind source 
DESs: Distributed energy systems PS: Power system 
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FC: Fuel cell CEMS: Central EMS 
KPIs: Key performance indicators  DEMS: Decentralized EMS 
SOC: State of charge IGDT: Information gap decision theory 
P&O: Perturb and observe THD: Total harmonic distortion 
EV: Electric vehicle HIL: Hardware-in-the-loop 

 

Author Contribution: All authors contributed equally to the main contributor to this paper. All authors read 
and approved the final paper. 

Sustainable Development Goals: Sustainable Development Goals mapped to this document, Affordable and 
Clean Energy Goal 7. 

Data Availability: The data used to support the findings of this study are available at reasonable request from 
the corresponding author. 



ISSN 2775-2658 
International Journal of Robotics and Control Systems 

2867 
Vol. 5, No. 6, 2025, pp. 2853-2872 

	 	

 

Mohamed F. Elnaggar (Advanced Fuzzy Logic for Enhanced Energy Management and MPPT in High-Performance 
Hybrid Renewable Microgrids) 

 

Acknowledgment: The authors extend their appreciation to Prince Sattam bin Abdulaziz University for funding 
this research work through the project number (PSAU/2025/01/33392). 

Funding: The authors extend their appreciation to Prince Sattam bin Abdulaziz University for funding this 
research work through the project number (PSAU/2025/01/33392). 

Conflicts of Interest: The authors declare that they have no conflicts of interest. 

 

References 
[1] W. F. Mbasso, A. Harrison, I. Dagal, M. Metwally Mahmoud, M. Suhail Shaikh, P. Jangir, H. Kotb, A. 

Smerat, M. Khishe, and R. Kumar, “Policy-driven expansion of renewable energy in Cameroon: A 
technical and sustainability-centered analysis of growth trends and cross-sectoral impacts (2015–2024),” 
Energy Strategy Reviews, vol. 62, p. 101912, 2025, https://doi.org/10.1016/j.esr.2025.101912. 

[2] M. Awad, A. Said, M. H. Saad, A. Farouk, M. Metwally Mahmoud, M. S. Alshammari, M. L. Alghaythi, 
S. H. E. Abdel Aleem, A. Y. Abdelaziz, and A. I. Omar, “A review of water electrolysis for green 
hydrogen generation considering PV/wind/hybrid/hydropower/geothermal/tidal and wave/biogas energy 
systems, economic analysis, and its application,” Alexandria Engineering Journal, vol. 87, pp. 213–239, 
2024, https://doi.org/10.1016/j.aej.2023.12.032. 

[3] N. F. Ibrahim, M. Metwally Mahmoud, H. Alnami, D. E. Mbadjoun Wapet, S. A. E. M. Ardjoun, M. I. 
Mosaad, A. M. Hassan, and H. Abdelfattah, “A new adaptive MPPT technique using an improved INC 
algorithm supported by fuzzy self-tuning controller for a grid-linked photovoltaic system,” PLOS ONE, 
vol. 18, no. 11, pp. 1–22, 2023, https://doi.org/10.1371/journal.pone.0293613. 

[4] A. Hysa, S. Sefa, I. M. Elzein, A. Ma’arif, M. Metwally Mahmoud, E. Touti, A. M. El-Rifaie, and N. 
Anwer, “Advanced modeling and comparative error analysis of photovoltaic cells using multi-diode 
models and EQE characterization,” Journal of Robotics and Control (JRC), vol. 6, no. 5, pp. 2308–2321, 
Sep. 2025, https://doi.org/10.18196/jrc.v6i5.27539. 

[5] Y. Maamar, I. M. Elzein, A. Benameur, H. Mohamed, M. Metwally Mahmoud, M. I. Mosaad, and S. 
Abdelaal Shaaban, “A comparative analysis of recent MPPT algorithms (P&O, INC, FLC) for PV 
systems,” Journal of Robotics and Control (JRC), vol. 6, no. 4, pp. 1581–1588, Jun. 2025, 
https://doi.org/10.18196/jrc.v6i4.25814. 

[6] D. Cui, A. Harrison, E. Fendzi-Donfack, I. Dagal, P. Jangir, M. Metwally Mahmoud, P. Malkani, W. F. 
Mbasso, P. Tiako, and A. Smerat, “Enhancing short-term electricity forecasting with advanced machine 
learning techniques,” Journal of Electrical Engineering & Technology, 2025, 
https://doi.org/10.1007/s42835-025-02430-z. 

[7] H. Abdelfattah, I. M. Elzein, M. Metwally Mahmoud, M. I. Mosaad, W. F. Mbasso, and N. F. Ibrahim, 
“Supporting the reactivity of nuclear power plants using an optimized FOPID controller with arithmetic 
algorithm: Toward an environmentally sustainable energy system,” Energy Exploration & Exploitation, 
vol. 43, no. 6, pp. 2446–2472, 2025, https://doi.org/10.1177/01445987251357362. 

[8] C. B. Ndeke, M. Adonis, and A. Almaktoof, “Energy management strategy for a hybrid micro-grid system 
using renewable energy,” Discover Energy, vol. 4, no. 1, 2024, https://doi.org/10.1007/s43937-024-
00025-9. 

[9] S. Basu, M. Basu, C. Jena, I. M. Elzein, W. F. Mbasso, M. Metwally Mahmoud, A. Ma’arif, K. A. 
Metwally, and S. Abdelaal Shaaban, “Applications of snow ablation optimizer for sustainable dynamic 
dispatch of power and natural gas assimilating multiple clean energy sources,” Engineering Reports, vol. 
7, no. 6, p. e70211, 2025, https://doi.org/10.1002/eng2.70211. 

[10] S. Heroual, B. Belabbas, I. M. N. B. Elzein, Y. Diab, A. Ma’arif, M. Metwally Mahmoud, and T. Allaoui, 
“Enhancement of transient stability and power quality in grid-connected PV systems using SMES,” 
International Journal of Robotics and Control Systems, vol. 5, no. 2, pp. 990–1005, 2025, 
https://doi.org/10.31763/ijrcs.v5i2.1760. 

[11] M. Arunadevi, B. Karthikeyan, A. Shrihari, S. Saravanan, K. Sundararaju, R. Palanisamy, M. Awad, M. 
Metwally Mahmoud, D. E. M. Wapet, A. Al Ayidh, H. S. Hussein, M. M. Hussein, and A. I. Omar, 

https://doi.org/10.1016/j.esr.2025.101912
https://doi.org/10.1016/j.aej.2023.12.032
https://doi.org/10.1371/journal.pone.0293613
https://doi.org/10.18196/jrc.v6i5.27539
https://doi.org/10.18196/jrc.v6i4.25814
https://doi.org/10.1007/s42835-025-02430-z
https://doi.org/10.1177/01445987251357362
https://doi.org/10.1007/s43937-024-00025-9
https://doi.org/10.1007/s43937-024-00025-9
https://doi.org/10.1002/eng2.70211
https://doi.org/10.31763/ijrcs.v5i2.1760


2868 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 6, 2025, pp. 2853-2872 

 

 

Mohamed F. Elnaggar (Advanced Fuzzy Logic for Enhanced Energy Management and MPPT in High-Performance 
Hybrid Renewable Microgrids) 

 

“Prediction of optimum operating parameters to enhance the performance of PEMFC using machine 
learning algorithms,” Energy Exploration & Exploitation, vol. 43, no. 2, pp. 676–698, 2025, 
https://doi.org/10.1177/01445987241290535. 

[12] T. Boutabba, I. Benlaloui, F. Mechnane, I. M. Elzein, M. Ammar, and M. Metwally Mahmoud, 
“Design of a small wind turbine emulator for testing power converters using dSPACE 1104,” 
International Journal of Robotics and Control Systems, vol. 5, no. 2, pp. 698–712, 2025, 
https://doi.org/10.31763/ijrcs.v5i2.1685. 

[13] S. Basnet, K. Deschinkel, L. Le Moyne, and M. C. Péra, “A review on recent standalone and grid 
integrated hybrid renewable energy systems: System optimization and energy management strategies,” 
Renewable Energy Focus, vol. 46, pp. 103–125, 2023, https://doi.org/10.1016/j.ref.2023.06.001. 

[14] A. K. Sharma, R. K. Pachauri, S. Choudhury, A. F. Minai, M. A. Alotaibi, H. Malik, and F. P. G. Márquez, 
“Role of metaheuristic approaches for implementation of integrated MPPT-PV systems: A 
comprehensive study,” Mathematics, vol. 11, no. 2, p. 269, 2023, https://doi.org/10.3390/math11020269.  

[15] A. K. Podder, N. K. Roy, and H. R. Pota, “MPPT methods for solar PV systems: A critical review based 
on tracking nature,” IET Renewable Power Generation, vol. 13, no. 10, pp. 1615–1632, 2019, 
https://doi.org/10.1049/iet-rpg.2018.5946. 

[16] S. Manna, D. K. Singh, A. K. Akella, H. Kotb, K. M. AboRas, H. M. Zawbaa, and S. Kamel, “Design 
and implementation of a new adaptive MPPT controller for solar PV systems,” Energy Reports, vol. 9, 
pp. 1818–1829, 2023, https://doi.org/10.1016/j.egyr.2022.12.152. 

[17] M. J. Khan, “Review of recent trends in optimization techniques for hybrid renewable energy system,” 
Archives of Computational Methods in Engineering, vol. 28, no. 3, pp. 1459–1469, 2021, 
https://doi.org/10.1007/s11831-020-09424-2. 

[18] W. I. Breesam, “Real-time implementation of MPPT for renewable energy systems based on artificial 
intelligence,” International Transactions on Electrical Energy Systems, vol. 31, no. 10, p. e12864, 2021, 
https://doi.org/10.1002/2050-7038.12864. 

[19] H. Rezk, M. Aly, M. Al-Dhaifallah, and M. Shoyama, “Design and hardware implementation of new 
adaptive fuzzy logic-based MPPT control method for photovoltaic applications,” IEEE Access, vol. 7, pp. 
106427–106438, 2019, https://doi.org/10.1109/ACCESS.2019.2932694.  

[20] N. Kacimi, A. Idir, S. Grouni, and M. S. Boucherit, “Improved MPPT control strategy for PV connected 
to grid using IncCond-PSO-MPC approach,” CSEE Journal of Power and Energy Systems, vol. 9, no. 3, 
pp. 1008–1020, 2023, https://doi.org/10.17775/CSEEJPES.2021.08810. 

[21] T. Radjai, L. Rahmani, S. Mekhilef, and J. P. Gaubert, “Implementation of a modified incremental 
conductance MPPT algorithm with direct control based on a fuzzy duty cycle change estimator using 
dSPACE,” Solar Energy, vol. 110, pp. 325–337, 2014, https://doi.org/10.1016/j.solener.2014.09.014. 

[22] Z. Hu, H. Norouzi, M. Jiang, S. Dadfar, and T. Kashiwagi, “Novel hybrid modified krill herd algorithm 
and fuzzy controller based MPPT to optimally tune the member functions for PV system in the three-
phase grid-connected mode,” ISA Transactions, vol. 129, pp. 214–229, 2022, 
https://doi.org/10.1016/j.isatra.2022.02.009. 

[23] A. O. Ali, M. R. Elmarghany, M. M. Abdelsalam, M. N. Sabry, and A. M. Hamed, “Closed-loop home 
energy management system with renewable energy sources in a smart grid: A comprehensive review,” 
Journal of Energy Storage, vol. 50, p. 104609, 2022, https://doi.org/10.1016/j.est.2022.104609. 

[24] F. J. Vivas, F. Segura, J. M. Andújar, A. Palacio, J. L. Saenz, F. Isorna, and E. López, “Multi-objective 
fuzzy logic-based energy management system for microgrids with battery and hydrogen energy storage 
system,” Electronics, vol. 9, no. 7, p. 1074, 2020, https://doi.org/10.3390/electronics9071074. 

[25] S. Nadweh, I. M. Elzein, D. E. M. Wapet, and M. Metwally Mahmoud, “Optimizing control of single-
ended primary inductor converter integrated with microinverter for PV systems: Imperialist competitive 
algorithm,” Energy Exploration & Exploitation, 2025, https://doi.org/10.1177/01445987251382002. 

https://doi.org/10.1177/01445987241290535
https://doi.org/10.31763/ijrcs.v5i2.1685
https://doi.org/10.1016/j.ref.2023.06.001
https://doi.org/10.3390/math11020269
https://doi.org/10.1049/iet-rpg.2018.5946
https://doi.org/10.1016/j.egyr.2022.12.152
https://doi.org/10.1007/s11831-020-09424-2
https://doi.org/10.1002/2050-7038.12864
https://doi.org/10.1109/ACCESS.2019.2932694
https://doi.org/10.17775/CSEEJPES.2021.08810
https://doi.org/10.1016/j.solener.2014.09.014
https://doi.org/10.1016/j.isatra.2022.02.009
https://doi.org/10.1016/j.est.2022.104609
https://doi.org/10.3390/electronics9071074
https://doi.org/10.1177/01445987251382002


ISSN 2775-2658 
International Journal of Robotics and Control Systems 

2869 
Vol. 5, No. 6, 2025, pp. 2853-2872 

	 	

 

Mohamed F. Elnaggar (Advanced Fuzzy Logic for Enhanced Energy Management and MPPT in High-Performance 
Hybrid Renewable Microgrids) 

 

[26] S. Heroual, B. Belabbas, Y. Diab, M. M. Mahmoud, T. Allaoui, and N. Benabdallah, “Optimizing power 
flow in photovoltaic-hybrid energy storage systems: A PSO and DPSO approach for PI controller tuning,” 
International Transactions on Electrical Energy Systems, vol. 2025, no. 1, p. 9958218, 2025, 
https://doi.org/10.1155/etep/9958218. 

[27] A. Chellakhi, S. El Beid, Y. Abouelmahjoub, and H. Doubabi, “An enhanced incremental conductance 
MPPT approach for PV power optimization: A simulation and experimental study,” Arabian Journal for 
Science and Engineering, vol. 49, no. 12, pp. 16045–16064, 2024, https://doi.org/10.1007/s13369-024-
08804-1. 

[28] S. Motahhir, A. El Ghzizal, S. Sebti, and A. Derouich, “MIL and SIL and PIL tests for MPPT algorithm,” 
Cogent Engineering, vol. 4, no. 1, p. 1378475, 2017, https://doi.org/10.1080/23311916.2017.1378475.  

[29] R. Nasr, B. Abou-Zalam, and E. Nabil, “Metaheuristic optimization algorithm-based enhancement of 
photovoltaic energy system performance,” Arabian Journal for Science and Engineering, vol. 48, no. 11, 
pp. 14789–14810, 2023, https://doi.org/10.1007/s13369-023-07847-0. 

[30] M. N. Ali, K. Mahmoud, M. Lehtonen, and M. M. F. Darwish, “An efficient fuzzy-logic based variable-
step incremental conductance MPPT method for grid-connected PV systems,” IEEE Access, vol. 9, pp. 
26420–26430, 2021, https://doi.org/10.1109/ACCESS.2021.3058052. 

[31] A. Behzadi, S. Holmberg, C. Duwig, F. Haghighat, R. Ooka, and S. Sadrizadeh, “Smart design and control 
of thermal energy storage in low-temperature heating and high-temperature cooling systems: A 
comprehensive review,” Renewable and Sustainable Energy Reviews, vol. 166, p. 112625, 2022, 
https://doi.org/10.1016/j.rser.2022.112625. 

[32] O. Carvajal, P. Melin, I. Miramontes, and G. P.- Arechiga, “Optimal design of a general type-2 fuzzy 
classifier for the pulse level and its hardware implementation,” Engineering Applications of Artificial 
Intelligence, vol. 97, p. 104069, 2021, https://doi.org/10.1016/j.engappai.2020.104069. 

[33] A. Varshney and V. Goyal, “Re-evaluation on fuzzy logic controlled system by optimizing the 
membership functions,” Materials Today: Proceedings, 2023, 
https://doi.org/10.1016/j.matpr.2023.03.799. 

[34] D. Arcos-Aviles, J. Pascual, L. Marroyo, P. Sanchis, and F. Guinjoan, “Fuzzy logic-based energy 
management system design for residential grid-connected microgrids,” IEEE Transactions on Smart 
Grid, vol. 9, no. 2, pp. 530–543, 2018, https://doi.org/10.1109/TSG.2016.2555245. 

[35] M. Jafari, Z. Malekjamshidi, J. Zhu, and M. H. Khooban, “A novel predictive fuzzy logic-based energy 
management system for grid-connected and off-grid operation of residential smart microgrids,” IEEE 
Journal of Emerging and Selected Topics in Power Electronics, vol. 8, no. 2, pp. 1391–1404, 2020, 
https://doi.org/10.1109/JESTPE.2018.2882509. 

[36] Y. Li, Z. Sun, L. Han, and N. Mei, “Fuzzy comprehensive evaluation method for energy management 
systems based on an Internet of Things,” IEEE Access, vol. 5, pp. 21312–21322, 2017, 
https://doi.org/10.1109/ACCESS.2017.2728081. 

[37] H. R. Baghaee, M. Mirsalim, G. B. Gharehpetian, and H. A. Talebi, “A decentralized power management 
and sliding mode control strategy for hybrid AC/DC microgrids including renewable energy resources,” 
IEEE Transactions on Industrial Informatics, 2017, p. 1, https://doi.org/10.1109/TII.2017.2677943.  

[38] Y. Boujoudar, M. Azeroual, H. El Moussaoui, and T. Lamhamdi, “Intelligent controller based energy 
management for stand-alone power system using artificial neural network,” International Transactions 
on Electrical Energy Systems, vol. 30, no. 11, p. e12579, 2020, https://doi.org/10.1002/2050-7038.12579. 

[39] M. F. Roslan, M. A. Hannan, P. J. Ker, M. Mannan, K. M. Muttaqi, and T. M. I. Mahlia, “Microgrid 
control methods toward achieving sustainable energy management: A bibliometric analysis for future 
directions,” Journal of Cleaner Production, vol. 348, p. 131340, 2022, 
https://doi.org/10.1016/j.jclepro.2022.131340. 

[40] S. M. Belhadj, B. Meliani, H. Benbouhenni, S. Zaidi, Z. M. S. Elbarbary, and M. M. Alammer, “Control 
of multi-level quadratic DC-DC boost converter for photovoltaic systems using type-2 fuzzy logic 

https://doi.org/10.1155/etep/9958218
https://doi.org/10.1007/s13369-024-08804-1
https://doi.org/10.1007/s13369-024-08804-1
https://doi.org/10.1080/23311916.2017.1378475
https://doi.org/10.1007/s13369-023-07847-0
https://doi.org/10.1109/ACCESS.2021.3058052
https://doi.org/10.1016/j.rser.2022.112625
https://doi.org/10.1016/j.engappai.2020.104069
https://doi.org/10.1016/j.matpr.2023.03.799
https://doi.org/10.1109/TSG.2016.2555245
https://doi.org/10.1109/JESTPE.2018.2882509
https://doi.org/10.1109/ACCESS.2017.2728081
https://doi.org/10.1109/TII.2017.2677943
https://doi.org/10.1002/2050-7038.12579
https://doi.org/10.1016/j.jclepro.2022.131340


2870 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 6, 2025, pp. 2853-2872 

 

 

Mohamed F. Elnaggar (Advanced Fuzzy Logic for Enhanced Energy Management and MPPT in High-Performance 
Hybrid Renewable Microgrids) 

 

technique-based MPPT approaches,” Heliyon, vol. 11, no. 3, p. e42181, 2025, 
https://doi.org/10.1016/j.heliyon.2025.e42181. 

[41] S. Karthikeyan and C. Ramakrishnan, “A hybrid fuzzy logic-based MPPT algorithm for PMSG-based 
variable speed wind energy conversion system on a smart grid,” Energy Storage and Saving, vol. 3, no. 
4, pp. 295–304, 2024, https://doi.org/10.1016/j.enss.2024.08.001. 

[42] M. A. E. Mohamed, S. A. Ward, M. F. El-Gohary, and M. A. Mohamed, “Hybrid fuzzy logic-PI control 
with metaheuristic optimization for enhanced performance of high-penetration grid-connected PV 
systems,” Scientific Reports, vol. 15, no. 1, pp. 1–24, 2025, https://doi.org/10.1038/s41598-025-09336-
w. 

[43] S. Arrar and L. Xioaning, “Energy management in hybrid microgrid using artificial neural network, PID, 
and fuzzy logic controllers,” European Journal of Electrical Engineering and Computer Science, vol. 6, 
no. 2, pp. 38–47, 2022, https://doi.org/10.24018/ejece.2022.6.2.414. 

[44] U. Manandhar, X. Zhang, G. H. Beng, L. Subramanian, H. H. C. Lu, and T. Fernando, “Enhanced energy 
management system for isolated microgrid with diesel generators, renewable generation, and energy 
storages,” Applied Energy, vol. 350, p. 121624, 2023, https://doi.org/10.1016/j.apenergy.2023.121624. 

[45] V. Introna, A. Santolamazza, and V. Cesarotti, “Integrating Industry 4.0 and 5.0 innovations for enhanced 
energy management systems,” Energies, vol. 17, no. 5, p. 1222, 2024, 
https://doi.org/10.3390/en17051222.  

[46] Z. Li, J. Ma, F. Jiang, S. Zhang, and Y. Tan, “Assessing the impacts of urban morphological factors on 
urban building energy modeling based on spatial proximity analysis and explainable machine learning,” 
Journal of Building Engineering, vol. 85, p. 108675, 2024, https://doi.org/10.1016/j.jobe.2024.108675. 

[47] M. Dhifli, A. Lashab, J. M. Guerrero, A. Abusorrah, Y. A. Al-Turki, and A. Cherif, “Enhanced intelligent 
energy management system for a renewable energy-based AC microgrid,” Energies, vol. 13, no. 12, p. 
3268, 2020, https://doi.org/10.3390/en13123268. 

[48] R. Kaviani and K. W. Hedman, “An enhanced energy management system including a real-time load-
redistribution threat analysis tool and cyber-physical SCED,” IEEE Transactions on Power Systems, vol. 
37, no. 5, pp. 3346–3358, 2022, https://doi.org/10.1109/TPWRS.2021.3135357. 

[49] O. M. Kamel, A. A. Z. Diab, M. M. Mahmoud, A. S. Al-Sumaiti, and H. M. Sultan, “Performance 
enhancement of an islanded microgrid with the support of electrical vehicle and STATCOM systems,” 
Energies, vol. 16, no. 4, p. 1577, 2023, https://doi.org/10.3390/en16041577. 

[50] N. F. Ibrahim, A. Alkuhayli, A. Beroual, U. Khaled, and M. M. Mahmoud, “Enhancing the functionality 
of a grid-connected photovoltaic system in a distant Egyptian region using an optimized dynamic voltage 
restorer: Application of artificial rabbits optimization,” Sensors, vol. 23, no. 16, p. 7146, 2023, 
https://doi.org/10.3390/s23167146. 

[51] M. Awad, M. M. Mahmoud, Z. M. S. Elbarbary, L. Mohamed Ali, S. N. Fahmy, and A. I. Omar, “Design 
and analysis of photovoltaic/wind operations at MPPT for hydrogen production using a PEM electrolyzer: 
Towards innovations in green technology,” PLoS One, vol. 18, no. 7, p. e0287772, 2023, 
https://doi.org/10.1371/journal.pone.0287772. 

[52] I. Rossetti, “Modelling of fuel cells and related energy conversion systems,” ChemEngineering, vol. 6, 
no. 3, p. 32, 2022, https://doi.org/10.3390/chemengineering6030032. 

[53] L. P. Van, L. H. Hieu, K. D. Chi, H. Takano, and T. N. Duc, “An improved state machine-based energy 
management strategy for renewable energy microgrid with hydrogen storage system,” Energy Reports, 
vol. 9, pp. 194–201, 2023, https://doi.org/10.1016/j.egyr.2022.10.385. 

[54] Y. Yang, S. Bremner, C. Menictas, and M. Kay, “Modelling and optimal energy management for battery 
energy storage systems in renewable energy systems: A review,” Renewable and Sustainable Energy 
Reviews, vol. 167, p. 112671, 2022, https://doi.org/10.1016/j.rser.2022.112671. 

https://doi.org/10.1016/j.heliyon.2025.e42181
https://doi.org/10.1016/j.enss.2024.08.001
https://doi.org/10.1038/s41598-025-09336-w
https://doi.org/10.1038/s41598-025-09336-w
https://doi.org/10.24018/ejece.2022.6.2.414
https://doi.org/10.1016/j.apenergy.2023.121624
https://doi.org/10.3390/en17051222
https://doi.org/10.1016/j.jobe.2024.108675
https://doi.org/10.3390/en13123268
https://doi.org/10.1109/TPWRS.2021.3135357
https://doi.org/10.3390/en16041577
https://doi.org/10.3390/s23167146
https://doi.org/10.1371/journal.pone.0287772
https://doi.org/10.3390/chemengineering6030032
https://doi.org/10.1016/j.egyr.2022.10.385
https://doi.org/10.1016/j.rser.2022.112671


ISSN 2775-2658 
International Journal of Robotics and Control Systems 

2871 
Vol. 5, No. 6, 2025, pp. 2853-2872 

	 	

 

Mohamed F. Elnaggar (Advanced Fuzzy Logic for Enhanced Energy Management and MPPT in High-Performance 
Hybrid Renewable Microgrids) 

 

[55] A. K. Karmaker, M. A. Hossain, H. R. Pota, A. Onen, and J. Jung, “Energy management system for hybrid 
renewable energy-based electric vehicle charging station,” IEEE Access, vol. 11, pp. 27793–27805, 2023, 
https://doi.org/10.1109/ACCESS.2023.3259232. 

[56] A. Maheshwari, S. Nageswari, R. Palanisamy, B. Karthikeyan, M. M. Mahmoud, D. E. M. Wapet, A. M. 
El-Rifaie, E. Touti, and A. I. Omar, “Real-time parameter identification and state of charge estimation of 
electric vehicle batteries,” Engineering Reports, vol. 7, no. 8, p. e70346, 2025, 
https://doi.org/10.1002/eng2.70346. 

[57] S. S. Somalinga and K. R. Santha, “Non-isolated enhanced gain of DC-DC converter for DC micro-grid 
applications,” International Transactions on Electrical Energy Systems, vol. 30, no. 12, p. e12625, 2020, 
https://doi.org/10.1002/2050-7038.12625. 

[58] P. Sinha, K. Paul, A. Mohanty, I. M. Elzein, C. S. Mishra, M. M. Mahmoud, D. E. M. Wapet, A. Al 
Ayidh, A. Althobaiti, H. S. Hussein, T. A. H. Alghamdi, and A. M. Ewais, “Efficient automated detection 
of power quality disturbances using nonsubsampled contourlet transform & PCA-SVM,” Energy 
Exploration & Exploitation, vol. 43, no. 3, pp. 1149–1179, 2025, 
https://doi.org/10.1177/01445987241312755. 

[59] F. Menzri, T. Boutabba, I. Benlaloui, H. Bawayan, M. I. Mosaad, and M. M. Mahmoud, “Applications of 
hybrid SMC and FLC for augmentation of MPPT method in a wind-PV-battery configuration,” Wind 
Engineering, vol. 48, no. 6, pp. 1186–1202, 2024, https://doi.org/10.1177/0309524X241254364. 

[60] A. Fatah, T. Boutabba, I. Benlaloui, S. Drid, M. M. Mahmoud, M. M. Hussein, W. F. Mbasso, H. S. 
Hussein, and A. M. Ewias, “Design and dynamic evaluation of a novel photovoltaic pumping system 
emulation with DS1104 hardware setup: Towards innovative in green energy systems,” PLOS ONE, vol. 
19, no. 10, pp. 1–24, 2024, https://doi.org/10.1371/journal.pone.0308212. 

[61] I. E. Maysse, A. E. Magri, A. Watil, A. Alkuhayli, M. Kissaoui, R. Lajouad, F. Giri, and M. M. Mahmoud, 
“Nonlinear observer-based controller design for VSC-based HVDC transmission systems under 
uncertainties,” IEEE Access, vol. 11, pp. 124014–124030, 2023, 
https://doi.org/10.1109/ACCESS.2023.3330440.  

[62] M. M. Mahmoud, B. S. Atia, A. Y. Abdelaziz, and N. A. N. Aldin, “Dynamic performance assessment of 
PMSG and DFIG-based WECS with the support of manta ray foraging optimizer considering MPPT, 
pitch control, and FRT capability issues,” Processes, vol. 12, no. 10, p. 2723, 2022, 
https://doi.org/10.3390/pr10122723. 

[63] Y. Maamar, I. Elzein, H. Alnami, B. Brahim, A. Benameur, M. Horch, and M. Mahmoud, “Design, 
modeling, and simulation of a new adaptive backstepping controller for permanent magnet linear 
synchronous motor: A comparative analysis,” International Journal of Robotics and Control Systems, 
vol. 5, no. 1, pp. 296–310, 2024, https://doi.org/10.31763/ijrcs.v5i1.1425.  

[64] S. A. Mohamed, N. Anwer, and M. M. Mahmoud, “Solving optimal power flow problem for IEEE-30 
bus system using a developed particle swarm optimization method: Towards fuel cost minimization,” 
International Journal of Modelling and Simulation, vol. 45, no. 1, pp. 307–320, 2025, 
https://doi.org/10.1080/02286203.2023.2201043. 

[65] B. Jouda, A. J. Al-Mahasneh, and M. A. Mallouh, “Deep stochastic reinforcement learning-based energy 
management strategy for fuel cell hybrid electric vehicles,” Energy Conversion and Management, vol. 
301, p. 117973, 2024, https://doi.org/10.1016/j.enconman.2023.117973. 

[66] Y. Shen, Y. Li, Y. Tang, J. Sun, J. Zhao, and X. Yang, “An energy management strategy based on fuzzy 
logic for hybrid energy storage system in electric vehicles,” IEEJ Transactions on Electrical and 
Electronic Engineering, vol. 17, no. 1, pp. 53–60, 2022, https://doi.org/10.1002/tee.23487. 

[67] R. Kassem, N. F. Ibrahim, M. M. Mahmoud, A. Alkuhayli, U. Khaled, A. Beroual, and H. M. I. Saleeb, 
“Enhanced multiphase interleaved boost converter interface for grid-connected PV power system,” IEEE 
Access, vol. 12, pp. 151940–151954, 2024, https://doi.org/10.1109/ACCESS.2024.3469540.  

https://doi.org/10.1109/ACCESS.2023.3259232
https://doi.org/10.1002/eng2.70346
https://doi.org/10.1002/2050-7038.12625
https://doi.org/10.1177/01445987241312755
https://doi.org/10.1177/0309524X241254364
https://doi.org/10.1371/journal.pone.0308212
https://doi.org/10.1109/ACCESS.2023.3330440
https://doi.org/10.3390/pr10122723
https://doi.org/10.31763/ijrcs.v5i1.1425
https://doi.org/10.1080/02286203.2023.2201043
https://doi.org/10.1016/j.enconman.2023.117973
https://doi.org/10.1002/tee.23487
https://doi.org/10.1109/ACCESS.2024.3469540


2872 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 6, 2025, pp. 2853-2872 

 

 

Mohamed F. Elnaggar (Advanced Fuzzy Logic for Enhanced Energy Management and MPPT in High-Performance 
Hybrid Renewable Microgrids) 

 

[68] R. Moumni, K. Laroussi, I. Benlaloui, M. M. Mahmoud, and M. F. Elnaggar, “Optimizing single-inverter 
electric differential system for electric vehicle propulsion applications,” International Journal of Robotics 
and Control Systems, vol. 4, no. 4, pp. 1772–1793, 2024, https://doi.org/10.31763/ijrcs.v4i4.1542. 

[69] J. Jiang, C. Wang, Q. Zhang, Y. Zhang, and Q. Yu, “Wavelet transform-based real-time energy 
management strategy of hybrid energy storage system for electric vehicle,” International Journal of 
Circuit Theory and Applications, vol. 52, no. 3, pp. 1136–1157, 2024, https://doi.org/10.1002/cta.3822. 

[70] H. M. I. Saleeb, M. Metwally Mahmoud, N. F. Ibrahim, A. Alkuhayli, U. Khaled, A. Beroual, and R. 
Kassem, “Highly efficient isolated multiport bidirectional DC/DC converter for PV applications,” IEEE 
Access, vol. 12, pp. 114480–114494, 2024, https://doi.org/10.1109/ACCESS.2024.3442711. 

[71] F. Menzri, T. Boutabba, I. Benlaloui, L. Chrifi-Alaoui, A. Alkuhayli, U. Khaled, and M. M. Mahmoud, 
“Applications of novel combined controllers for optimizing grid-connected hybrid renewable energy 
systems,” Sustainability, vol. 16, no. 16, p. 6825, 2024, https://doi.org/10.3390/su16166825. 

[72] L. Ouassa, N. Bessous, A. Borni, F. A. Banakhr, M. I. Mosaad, O. Mammeri, and M. Mahmoud, “A 
combination of INC and fuzzy logic-based variable step size for enhancing MPPT of PV systems,” 
International Journal of Robotics and Control Systems, vol. 4, no. 2, pp. 877–892, 2024, 
https://doi.org/10.31763/ijrcs.v4i2.1428.   

https://doi.org/10.31763/ijrcs.v4i4.1542
https://doi.org/10.1002/cta.3822
https://doi.org/10.1109/ACCESS.2024.3442711
https://doi.org/10.3390/su16166825
https://doi.org/10.31763/ijrcs.v4i2.1428

