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Abstract- The application of fuzzy logic control (FLC) to a photovoltaic (PV) system with an energy storage solution aims to 

enhance the efficiency, reliability, and stability of renewable energy generation. In such systems, solar panels convert sunlight 

into electrical power, while a storage device—typically a battery—stores excess energy for later use or grid support. Because 

PV output fluctuates due to changing weather conditions and varying solar irradiance, maintaining optimal energy flow and 

battery management becomes complex. FLC method provides an effective solution by mimicking human decision-making 

through a set of linguistic rules rather than relying on precise mathematical models. This allows the controller to handle the 

nonlinear and uncertain behaviour of PV systems. The FLC technique can dynamically regulate parameters such as the duty 

cycle of DC–DC converters, battery charge/discharge rates, and power balance between the PV array, the battery, and the load 

or grid. Compared with conventional control methods (e.g., PID control), FLC method offers better adaptability and robustness 

under rapidly changing environmental conditions. Simulation and experimental results reported in research show that FLC 

approach improves system performance by achieving smoother power output, faster response to irradiance variations, and 

prolonged battery lifespan through optimized energy management. In summary, integrating FLC method into PV systems with 

storage enhances energy conversion efficiency, system stability, and overall reliability—making it a valuable method for modern 

smart grids and sustainable energy applications. 

Keywords: Fuzzy logic, photovoltaic system, DC–DC converters, renewable energy generation, energy storage. 

 

1. Introduction 

Fuzzy logic (FL), first introduced by Lotfi A. Zadeh in 

1965, is an extension of classical Boolean logic, designed to 

handle approximate rather than fixed and precise reasoning 

[1]. Unlike traditional binary logic, where variables must take 

values of either 0 or 1, FL method allows variables to have 

truth values ranging from 0 to 1. This capability makes it 

particularly suitable for systems involving uncertainty, 

inaccuracy, or complex nonlinear relationships, which are 

common characteristics in renewable energy systems [2]. 

In renewable energy applications, FL controllers (FLCs) 

are increasingly used in decision-making, control, and 

optimization tasks, due to their ability to mimic human 

reasoning and adapt to changing environmental conditions [3]. 

For example, FLC method has been used in maximum power 

point tracking (MPPT) for photovoltaic (PV) power systems 

[4], wind turbine control [5], energy management in hybrid 

renewable energy systems [6], and load forecasting [7]. 
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Each of these applications offers distinct advantages. 

FLCs do not require a precise mathematical model of the 

system, making them robust to parameter variations and 

measurement noise [8]. They can also efficiently handle 

nonlinear interference in wind and solar power conversion 

processes and adapt to rapidly changing weather conditions. 

Furthermore, fuzzy systems are relatively easy to integrate 

with other control algorithms, such as neural networks or 

genetic algorithms [9, 10], forming powerful hybrid intelligent 

controllers. 

However, there are also drawbacks. Designing an 

effective FL system often relies on expert knowledge to define 

membership functions and rules, which can be subjective and 

time-consuming [11]. FL systems may require extensive 

tuning for varying operating conditions, and their performance 

may deteriorate when applied to systems beyond the scope of 

the initial design. In addition, compared to model-based 

control methods, FL may sometimes lack transparency and 

interpretability, especially in large-scale applications [12]. In 

general, FL provides a flexible and effective framework for 

managing uncertainty and improving the performance of 

renewable energy systems [13]. Its adaptability and robustness 

make it a valuable tool for optimizing energy generation and 

consumption, although careful design and validation are 

essential to overcome its inherent limitations [14]. 

Combining FL method with advanced control strategies, 

such as direct power control (DPC) [15], space vector control 

(or space vector)/switch table control (STC) [16], field-

oriented control (FOC) [17], slide mode control (SMC) [18], 

and backstepping control (BC) [19], enhances the overall 

robustness, adaptability, and dynamic performance of electric 

motor and power converter systems. FL method can be 

incorporated as an intelligent supervisor or adaptive tuner that 

adjusts control gains, switching thresholds, or reference 

parameters in real time, compensating for modeling 

uncertainty, nonlinearity, and external disturbances. In DPC 

method and self-tuning control (STC) systems, fuzzy rule sets 

facilitate switching and reduce torque and flux ripples. When 

applied with a FOC system, fuzzy inference improves the 

accuracy of speed and current loops under varying load 

conditions. In SMC and BC techniques, FL method can 

mitigate the effects of oscillation and simplify the design of 

control laws by replacing complex mathematical models with 

rule-based approximations. Overall, the hybridization of FL 

method with these nonlinear control techniques achieves a 

more flexible and error-resistant control architecture, suitable 

for high-performance electric drives and renewable energy 

systems. 

Photovoltaic (PV) systems, which convert sunlight 

directly into electricity using semiconductor materials, have 

become one of the most promising and fastest-growing 

renewable energy technologies in the modern world [20]. 

Their importance in the energy and industrial sectors stems 

from the global need to reduce dependence on fossil fuels, 

lower greenhouse gas emissions, and promote sustainable 

energy solutions [21]. PV power systems offer many 

advantages, including clean and quiet operation, low 

maintenance and installation requirements, and the ability to 

deploy in diverse environments-from rooftops and remote 

rural areas to large-scale solar farms and industrial facilities 

[22]. Furthermore, advances in PV materials, power 

electronics, and energy storage have improved their efficiency 

and integration into smart grids and hybrid energy systems. 

However, despite their advantages, PV power systems face 

several drawbacks and challenges [23]. Their energy 

production is inherently intermittent and weather-dependent, 

leading to fluctuations in power output and necessitating 

reliable energy storage or backup systems. While initial 

installation costs may decrease over time, they remain 

relatively high compared to conventional energy sources, 

particularly in developing regions [24]. In addition, issues 

related to energy conversion efficiency, land use for large 

installations, and the environmental impact of PV panel 

manufacturing and disposal must be addressed. In the 

industrial and commercial sectors, PV systems are widely 

used to power manufacturing plants, telecommunications, 

agricultural irrigation, and remote monitoring systems [24]. 

Key challenges hindering widespread adoption include 

limited energy storage technologies, grid integration 

difficulties, and the need for supportive policies and 

infrastructure. Overcoming these obstacles will be essential to 

realizing the full potential of PV systems as a cornerstone of a 

sustainable and resilient energy future [25]. 

This work addresses the enhancement of performance, 

stability, and energy efficiency in PV power conversion and 

management by proposing an intelligent control strategy 

based on a FLC method. The main contribution of this study 

is the design, implementation, and comprehensive simulation 

of an FLC capable of effectively regulating power flow 

between the PV array, the energy storage system, and the load 

under varying operating conditions such as changes in 

irradiance, temperature, and load demand. In addition, a 

systematic comparative analysis with a conventional PI 

controller is conducted to highlight the advantages of the 

proposed approach. This comparison focuses on key 

performance indicators, including reference tracking 

accuracy, reduction of current and power ripples, 

minimization of response time, overshoot and undershoot in 

DC-link voltage, and mitigation of THD in the current. The 

results demonstrate that the proposed FLC provides superior 

robustness, adaptability, and dynamic performance, 

particularly in handling the nonlinearities and uncertainties 

inherent in PV systems. Overall, the study confirms the 

effectiveness of the proposed control strategy in improving 

system efficiency, reducing energy losses, and enhancing the 

reliability of hybrid PV systems with energy storage. 

The main objectives achieved in this work are 

summarized as follows: 

➢ Maintaining the stability of the DC-link voltage under 

varying operating conditions. 

➢ Improving the charging and discharging performance 

of the energy storage unit. 

➢ Ensuring continuous and reliable power supply despite 

fluctuations in irradiance and load. 

➢ Reducing current and power ripples and minimizing 

harmonic distortion. 

➢ Enhancing dynamic response by reducing rise time, 

overshoots, and undershoots. 
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➢ Increasing overall energy efficiency and reducing 

system losses. 

➢ Demonstrating the superiority of the FLC approach 

over the conventional PI controller. 

The manuscript has five distinct sections. Following the 

introduction, the modelling and design of the microgrid 

system proposed in this paper are presented. Section three 

details the control approach applied to the microgrid system, 

highlighting its key advantages over traditional methods. 

Section four presents the results obtained from both the 

traditional and the designed approaches, including numerical 

data. In the fifth section, the most important conclusions 

obtained from this work are listed, along with a proposal for 

future work as a complement to this work 

2. Design and Modelling of the Microgrid (MG) System  

This paper is devoted to the study of the MG system 

associated to the PV system. The form of the designed 

structure is presented in Figure 1. Relying on this system 

allows for a reduction in the use of non-renewable resources, 

thus mitigating the effects of global warming. Furthermore, its 

use reduces the costs of energy production and consumption. 

This system can be installed on rooftops, creating several 

practical solutions that significantly contribute to the 

development of the electrical energy sector. This system, 

designed in this study, is highly effective in isolated and 

remote areas, as its adoption greatly reduces power 

transmission lines and the damage these lines cause to arable 

land. 

This structure involves the connection of all converter 

systems via a common DC bus. The inspected system consists 

of a PV energy system, and a battery energy storage system 

(ESS). The PV system consists of a PV array associated with 

the DC-DC-BC, and the battery-ESS is composed of the BS 

and the DC/DC reversible chopper. All these converter 

systems are linked through a common DC bus to the coupling 

point (PCC) by the Multifunctional voltage source inverter 

(MFVSI), feeding a nonlinear load. 

To extract the ME conversion from the system, a 

comparative work between two types of control, traditional PI 

and intelligent artificial FLC, the maximum power point 

tracking (MPPT) based on PI control and the FLC technique 

were applied in the control at each converter in the system, 

and at the MFVSI inverter to get better the power quality at 

the PCC.  

 

Fig. 1. The designed power system. 

2.1. PV System Model 

A solar cell is a device that converts solar energy into 

electricity using the PV effect, which is closely related to the 

P-N junction of semiconductors. In this study, a PV cell model 

based on the static behaviour of a conventional P-N junction 

diode is used [26]. The electrical model includes a current 

source in parallel with a diode, a shunt resistance (rsh), and a 

series resistance (rs). The shunt resistance represents current 

leakage and parasitic currents due to material defects or 

impurities, while the series resistance accounts for the internal 

resistance of the semiconductor and its connections. It is 

important to arrange the modules in series, parallel, or a mixed 

configuration to form a PV array capable of delivering 

appropriate voltage and power levels, potentially reaching 

several kilowatts. The equivalent circuit is shown in Figure 2 

[23]. 

The output current of the PV array is mathematically 

expressed as [21]: 

0. 1

s
pv s pv

ps
pv p ph p pv s pv

ss p p
sh

p

N
v r i

Nq N
i N I N I exp V r i

NN N KT N
r

N



 
+        = − + − −        

 
(1) 

2.2. Modelling of the DC-DC Converter in the PV System 

The DC-DC boost converter is designed to increase the 

voltage supplied by the PV array to an optimal level, thereby 

maximizing energy production [27]. A capacitor is typically 

placed between the generator and the boost converter to 

reduce high-frequency harmonics. Figure 3 shows a schematic 

diagram of the DC-DC boost converter used in the system 

under study. This type was chosen for its simplicity and ease 

of implementation. Furthermore, this converter is easy to 

control, making it a superior choice. 

 

Fig. 2. Equivalent circuit of the PV array. 

 

Fig. 3. Equivalent circuit of the PV array. 
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The differential equations governing the dynamics of the 

input voltage and the current through the inductor are 

expressed as follows [28]: 

( )
1 1

1

pv

pv pv L

L
pv dc

pv pv

dv
C i i

dt

di
v D v

dt L L


= −



 = − −


 
(2) 

Here, vpv and ipv represent the voltage and current 

generated by the PV array, respectively, while iL denotes the 

current flowing through the inductor of the DC-DC converter. 

vdc refers to the DC bus voltage, D is the duty cycle, and CPV 

and LPV are the electrical parameters of the boost converter 

2.3. Mathematical Models of Batteries 

Although Li-ion batteries are relatively expensive, they 

offer outstanding performance due to their high energy 

density, output voltage, and low self-discharge rate, making 

them especially suitable for microgrids [29]. This is illustrated 

by the Berger model, shown in the Figure 4. 

The mathematical model of the battery in 

charge/discharge mode is given in [30]: 

➢ Charging mode: 

( )

( )

*

0 int

*
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(3) 

➢ Discharging mode: 

( ) *

0 int

*
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.
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(4) 

The battery output voltage (Vb) is defined by the discharge 

voltage (Vdis) and the charge voltage (Vch). (E₀) represents the 

reference voltage during charging. The maximum battery 

capacity is denoted by Q (Ah), and it includes a polarization 

constant K (V/Ah), internal resistance Rint (Ω), and discharge 

current ib (A). 

 

Fig. 4. Equivalent model of a battery. 

The instantaneous discharge current is represented by (ib 

× t), and the filtered discharge current is noted as ib
* (A). 

Finally, A refers to the amplitude of the exponential zone (V), 

and B is the inverse time constant for this exponential zone 

(Ah⁻¹). 

The state of charge (SOC) of a battery can be estimated 

based on the discharge current and the battery capacity: 

0

1
SOC SOC idt

Q
= −   

(5) 

2.4. Mathematical Model of the Bidirectional DC-DC 

Converter in the Storage System 

For energy conversion in a battery ESS, a bidirectional 

flow of electrical energy is required. To achieve this, a 

bidirectional DC-DC current converter has been integrated 

into the control system [31]. The corresponding schematic of 

the converter is shown in Figure 5. 

The following equations describe the dynamic model of 

the BESS (Battery Energy Storage System). 

( )

  .
 

1
 

b b b b

b

dc
b b b

d

b dc

d

c

c

di V i R v

dt L

dv
V

D

ii D
dt C

−
=

−

−



 = −


 
(6) 

2.5. Mathematical Model of the AC Side 

Figure 6 shows the equivalent electrical diagram of the 

AC side, which includes a MFVSI, a nonlinear load, and an 

AC grid. 

 

Fig. 5. Topologies of the bidirectional converter. 

 

Fig. 6. Equivalent electrical diagram of the AC side. 
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The equation linking the grid-side current and voltage is 

derived using Kirchhoff’s laws applied to the above circuit 

and can be expressed as follows: 

1 1
abc

gabc g

gabc gabc

f g g

di R
v i v

dt L L L
= − +

 
(7) 

The load consists of a three-phase diode rectifier (Graetz 

bridge), connected to the grid through a line impedance (Z), 

supplying an inductive load (R and L), as shown in Figure 6. 

The inductance (L) varies between 1–10% of its nominal value 

and is expressed as: 

.

g

a

v

i
L


=  (8) 

with: 

3

2
a di i=  (9) 

The behaviour of the APF currents in a three-phase 

reference frame is described by the following system of 

equations [32]: 

1 1

1

abc

abc

f f

fabc f abc

f f f

dc
dc abc fabc

dc

di R
i v v

dt L L L

dv
i S i

dt C


= − + −



 = −

  

(10) 

The expressions of the inverter’s phase (line-to-neutral) 

voltages based on the switching states (Sa, Sb, Sc) are given by 

the following equation: 

1

2 )

3

(2 )
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(2
3

(2 )
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a b c

a b

dc
f
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d
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v S S S


= − −




= − −


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

 
(11) 

3. The Proposed Control Method of Converter of the MG 

FL operators are mathematical functions defined on the 

interval [0, 1] that allow the combination of degrees of truth. 

They extend the classical Boolean operators "AND", "OR", 

and "NOT". 

The intersection of two fuzzy sets A and B is defined as: 

( )( ) ( ), ( )B A BA x min x x   =  (12) 

The union of two fuzzy sets A and B is defined as: 

( )( ) ( ), ( )B A BA x max x x   =  (13) 

The complement of a fuzzy set is characterized by the 

following membership function: 

( ) 1 ( )AA
x x = −  (14) 

The fuzzy controller features a modular architecture 

consisting of three main blocks, as illustrated in Figure 7. 

These modules are: fuzzification, inference module, and 

defuzzification. 

According to Figure 7, the FLC system consists of the 

following key components: 

➢ Acquisition: Measurement of the output using an 

analog/digital sensor. 

➢ Processing: Calculation of the error (e) and its variation 

(Δe), followed by normalization using the gains Ke, 

KΔe, and KΔu. 

➢ Fuzzy Core: Includes the FL rule base and the 

defuzzification process (conversion to a numerical 

control value). 

➢ Control Generation: Integration of Δu (summation) and 

application of the final control law. 

The form of the control law is given by: 

( )( 1) . ( )k uu k u k K u k+ = +   (15) 

Where KΔu and Δu(k) represent the gain associated with 

the control signal u(k+1) and the variation in the control 

action, respectively. 

The error (e) and its variation (Δe) are defined as follows: 

.

.

e e

e e

E K e

E K e 

 =


= 

 (16) 

Where, Ke and KΔe are the normalization factors, which 

play a critical role in the performance of the control system. 

The membership functions were designed using a 

heuristic approach based on the system dynamics and control 

objectives. Specifically, symmetrical triangular and 

trapezoidal membership functions were adopted due to their 

simplicity and effectiveness, ensuring full coverage of the 

input (error and change of error) and output domains. The 

ranges of these functions were selected according to the 

expected operating limits of the system and have now been 

explicitly illustrated in the manuscript. 

The proposed FLC employs a total of 49 fuzzy rules 

(7×7), constructed based on expert knowledge and the desired 

control behavior linking the error and its variation to the 

control action. These rules are now clearly presented in the 

form of a rule table for improved clarity and reproducibility. 

 

Fig. 7. Structure of the FLC. 
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Regarding the normalization gains (Ke, KΔe, KΔu), they 

were initially selected based on the system’s operating range 

to properly scale the input and output variables into 

normalized fuzzy domains.  

Subsequently, these gains were fine-tuned through an 

iterative trial-and-error procedure using simulation results, 

with the objective of achieving optimal performance in terms 

of fast response, minimal overshoot, and reduced steady-state 

error (SSE). The final selected values are now reported in the 

revised manuscript. 

Figure 8 represents the membership functions used in this 

work to embody the mysterious controller.  

Table 1 shows the number of rules used in this paper. 

Seven rules were used in each entry, resulting in a total of 49 

rules, where Negative Large (NL), Negative Medium (NM), 

Negative Small (NS), Approximately Zero (EZ), Positive 

Small (PS), Positive Medium (PM), and Positive Large (PL). 

 

Fig. 8. Membership function of a linguistic variable with 

seven classes. 

Table 1. Fuzzy rules. 

e    

Δe 
NG NM NP EZ PP PM PG 

NG NG NG NG NG NM NP EZ 

NM NG NG NG NM NP EZ PP 

NP NG NG NM NP EZ PP PM 

EZ NG NM NP EZ PP PM PG 

PP NM NP EZ PP PM PG PG 

PM NP EZ PP PM PG PG PG 

PG EZ PP PM PG PG PG PG 

 

3.1. Application of the FLC on the DC Side 

The system requires the control of: PV power (Ppv), and 

battery current. To achieve this control FLCs are 

implemented—two dedicated to the PV system, and one for 

the battery ESS. 

The normalized errors are defined as follows: 

( ( 1) ( ))
( )

( ( 1) ( ))

( ) ( ( ) ( ))

pv Ppv

b ib

pv pv

p e

pv pv

*

i e b b

P K - P K
e K = K

v K - v K

e K = K i K - i K

+

+

 

(17) 

where, Ke, KΔe, and KΔu are the normalization gains for 

the error signals. 

The variations of these errors are given by: 

( ) ( ( 1) ( ))

( ) ( ( ) ( ))

pv Ppv pv pv

b ib

p e p p

*

i e b b

e K = K e K - e K

e K = K i K - i K





 +



 

(18) 

where KΔe values represent the gains used for 

normalizing the error changes. 

The outputs of the FLCs are given by: 

49

, ,
1

49

,
1

( )
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N

pv pvm m
m
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pv m
m

D D

D

D


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=

=

=

=

 =
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 (19) 
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D D
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



=

=

=

=

 =





 (20) 

3.2. Application of the FLC on the AC Side 

To achieve the goals, dedicated control architecture is 

implemented, consisting of three FLCs: 

➢ The vdc controller ensures the energy stability of the DC 

bus. 

➢ The Pg controller regulates the flow of active power. 

➢ The Qg controller manages reactive power 

compensation. 

The normalized errors are defined as: 

( ) ( ( ) ( ))

( ) ( ( ) ( ))

( ) ( ( ) ( ))

dc vdc

g pg

g qg

*

v e dc dc

*

p e g g

*

q e g g

e K = K v K - v K

e K = K p K - p K

e K = K q K - q K

 
(21) 

Where, Kevdc, KePg, and KeQg are the normalization gains 

for each respective variable. 

The variations of these errors are given by: 
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f p f gg

g q f gg
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





 −

 −
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(22) 

Where, KΔe_vdc, KΔe_Pg, and KΔe_Qg are the 

corresponding gains. 

The FLC outputs are given by: 
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dc m dc m
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(23) 
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The APF control voltages (vfd and vfq) are obtained using 

the following equation: 

* *

* *

fd

fd d f fd f f fq

fq

fq q f fq f f fd

di
v v R i L L i

dt

di
v v R i L L i

dt






= + + +



 = + + −


 (26) 

Once the APF control voltages are obtained, the DPC-

SVM (direct power control with space vector modulation) 

strategy is applied, using a constant switching frequency. The 

DPC approach is illustrated in Figure 9. 

The designed approach relies on using the SVM approach 

to generate the necessary pulses. SVM method is an advanced 

control strategy used in power electronics, particularly for 

driving three-phase inverters. Its working principle is based on 

representing the three-phase output voltages as a single 

rotating vector in a two-dimensional plane (α-β reference 

frame). By selecting and timing the appropriate switching 

states of the inverter, SVM approximates this reference vector 

within each sampling period using combinations of adjacent 

active vectors and zero vectors.  

This approach allows more efficient utilization of the DC 

bus voltage compared to traditional sinusoidal Pulse Width 

Modulation (PWM). One of the main advantages of SVM over 

PWM is its ability to achieve a higher output voltage (up to 

about 15% more), which improves the overall performance of 

the inverter. Additionally, SVM produces lower harmonic 

distortion, leading to smoother motor operation and reduced 

losses. It also offers better control over switching sequences, 

which can minimize switching losses and optimize thermal 

performance.  

 

Fig. 9. Functional diagram of the proposed FLC-DPC-SVM 

strategy. 

Adopting a design-based approach based on the SVM 

strategy allows for significant improvements in energy quality 

and operational performance. However, using the SVM 

approach increases the complexity of the design approach. 

The proposed FLC-DPC-SVM strategy exhibits higher 

computational complexity compared to the conventional 

DPC-PI approach due to the integration of both FLC method 

and SVM approach. In the DPC-PI method, the control 

structure relies primarily on proportional–integral regulators 

and hysteresis-based switching, which involve relatively 

simple arithmetic operations and straightforward 

implementation.  

In contrast, the FLC-DPC-SVM scheme requires 

additional processing steps, including fuzzification of input 

variables, rule base evaluation, and defuzzification, all of 

which increase the computational burden. Moreover, the 

incorporation of SVM introduces further calculations for 

sector identification, vector selection, and duty cycle 

determination within each sampling period.  

Despite this increased complexity, the FLC-DPC-SVM 

approach offers superior performance in terms of reduced 

torque and flux ripples, improved dynamic response, and 

lower harmonic distortion, which can justify the added 

computational cost in modern digital control platforms with 

sufficient processing capability. 

4. Result and Discussion 

The designed approach is tested using MATLAB, with the 

results compared to the existing PI controller approach. 

Performance is evaluated in terms of ripple, reference 

tracking, THD of current, steady-state error, and response 

time.  

The system parameters used in this work are listed in 

Table 2.  

Table 3 represents some of the key details of the 

simulations in the MATLAB software that were used. 

Graphical results are presented in Figure 10, while numerical 

results are listed in Tables 4. 
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Table 2. Parameters of the studied system. 

Li ion battery system 

Battery converter capacitance                                    4 mF 

Battery converter resistance                                       0.05 Ω 

Battery                                                            100 Ah 

Battery converter inductance                                      1 mH 

Nominal voltage (Vn)   400 V 

Nonlinear load 

Inductance 83.2 mH 

Resistance 51.64 Ω 

PV array 

Voltage at maximum power point (Vmp)                        34.5 V 

Maximum power (Pmp)                                                 150 W 

Open circuit voltage (Voc)                                            43.5 V 

Solar irradiation reference (Gref)                                1000 W/m² 

Short circuit current (Isc)                                              4.35 V 

Cell temperature reference(Tref)                                  25 °C 

Current at maximum power point (Imp)                       4.35 A 

 

Table 3. Some key details of simulation processes in software. 

Parameter Symbol Value Unit 

Controller Sampling 

Frequency 
fs_ctrl 10 kHz 

Inverter Switching 

Frequency 
fs_sw 20 kHz 

Grid Voltage V_grid 230 V 

Grid Frequency f_grid 50 Hz 

Grid Resistance R_grid 0.1 Ω 

Grid Inductance L_grid 1.5 mH 

Initial State of Charge SOC_init 60 % 

Minimum State of Charge SOC_min 20 % 

Maximum State of Charge SOC_max 80 % 

Nominal Capacity Cb 100 Ah 

Module Voltage Vb 12 V 

Number of Series Modules Nb 33 — 

Nominal Battery Voltage Vbat 400 V 

Nominal Battery Power Pb 5 kW 

 

(a) Powers. 

 

(b) DC link voltage. 

 

(c) Reactive power. 

 

(d) THD of current (PI). 
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(e) THD of current (FLC). 

Fig. 10. The graphical results. 

Table 4. The THD values for the both techniques 

Modes PI % FLC % Ratios (%) 

Mode 1 2.85 2.44 14 

Mode 2 2.08 0.93 55 

Mode 3 4.74 1.59 66 

Table 5 compares the performance of a conventional PI 

controller and a FLC method for regulating DC link voltage. 

The results clearly demonstrate that the FLC technique 

delivers superior performance in both transient and steady-

state conditions. Voltage ripple decreased from 0.20 V (PI) to 

0.08 V (FLC), representing a 60% improvement, indicating 

smoother voltage regulation and reduced steady-state 

fluctuations. Bypassing was reduced by 25%, confirming 

improved response to transient states and reduced stress on the 

system. Furthermore, the FLC method achieves a faster 

response time of 0.04 seconds compared to 0.07 seconds for 

the PI controller, reflecting a 43% improvement in dynamic 

performance. The SSE also decreased significantly from 0.12 

V to 0.055 V, demonstrating a 58% improvement in steady-

state accuracy. Overall, the FLC outperforms the PI controller 

in all evaluated parameters, providing faster, more stable and 

more accurate DC link voltage control, thus proving its 

effectiveness and robustness for demanding electronics 

applications. 

Table 5. The numerical results for the DC link voltage 

Parameters PI FLC Ratios (%) 

Ripples (V) 0.2 0.08 60 

Overshoot (%) 0.8 0.6 25 

Response time (s) 0.07 0.04 43 

SSE (V) 0.12 0.055 58 

Tables 4 and 5 summarize the comparative performance 

of a conventional PI controller and a FLC in regulating DC-

link voltage and reducing harmonic distortion. The results 

clearly indicate that the FLC offers superior performance in 

all evaluated parameters. As shown in Table 5, the FLC 

method achieves lower voltage ripple (0.08 V) compared to 

the PI controller (0.20 V), representing a 60% reduction. 

Voltage overshoot is also reduced by 25%, and response time 

decreases from 0.07 seconds to 0.04 seconds, demonstrating a 

43% faster transient response. Furthermore, the SSE is 

reduced by 58%, indicating more precise voltage regulation 

and enhanced system stability. Regarding power quality, 

Table 4 shows that the FLC significantly reduces THD in all 

operating modes. The THD improvement ranges from 14% in 

Mode 1 to 66% in Mode 3, confirming the FLC's ability to 

maintain a cleaner, more sinusoidal output waveform, even 

under nonlinear or dynamic conditions. Overall, these results 

demonstrate the superiority of the FLC over the conventional 

FLC by providing faster response times, lower steady-state 

error, reduced voltage ripple, and significantly improved 

harmonic performance. Therefore, the FLC offers a more 

robust and efficient control solution for regulating DC link 

voltage and improving overall system performance. 

5. Conclusion 

Fuzzy logic control of a PV system integrated with an 

energy storage solution can significantly improve system 

performance, stability, and adaptability under varying 

environmental conditions. The FLC effectively manages the 

nonlinear dynamics of both PV power generation and battery 

storage, resulting in smoother power delivery, improved 

energy utilization, and extended battery life. This work 

showed that, compared to traditional techniques, the FLC 

approach provided greater flexibility and strength in dealing 

with uncertainties arising from fluctuations in solar radiation 

and temperature. However, some limitations have been 

identified. The design and adjustment of fuzzy inference 

systems rely heavily on specialized knowledge and empirical 

rules, which may not guarantee optimal performance on a 

global scale. Furthermore, the computational complexity of 

real-time fuzzy processing may increase in large-scale 

systems or high-precision control tasks. Experimental 

verification under varying atmospheric conditions and long-

term operation remains essential to confirm the system's 

reliability and long-term scalability. 

Future work should focus on integrating adaptive or 

hybrid FLC strategies such as fuzzy neural predictive control 

or fuzzy modelling to enable automatic rule modification and 
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learning. Furthermore, integrating real-time monitoring, 

advanced solar radiation forecasting, and optimal energy 

scheduling would enhance the efficiency of photovoltaic 

energy storage systems and support their deployment in smart 

grids and distributed power networks. 
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