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A B S T R A C T

BBackground:
The global energy landscape is undergoing a profound transformation driven by the dual imperatives of
sustainable development and climate change mitigation. With conventional fossil fuel reserves depleting rapidly
and environmental concerns escalating, renewable energy sources have emerged as viable alternatives for
meeting growing energy demands. Among these, solar photovoltaic and wind power systems represent the most
mature and widely deployed technologies. However, the inherent intermittency and variability of these sources
necessitate sophisticated control strategies to ensure reliable power delivery and maximum energy harvesting.
Hybrid renewable energy systems combining solar and wind sources offer enhanced reliability through
complementary generation patterns. In this context, the present study focuses on the design, implementation,
and experimental validation of an optimal fuzzy logic controller (FLC) for hybrid solar–wind energy systems
implemented on a field-programmable gate array (FPGA) platform to achieve improved tracking efficiency,
faster response times, and enhanced system stability.

Methods:
The proposed hybrid system integrates photovoltaic (PV) modules and wind turbine generators with permanent
magnet synchronous generators (PMSG). Mathematical modeling of both subsystems was developed using
MATLAB/Simulink, incorporating detailed PV array characteristics and wind turbine aerodynamics. A
Mamdani-type fuzzy logic controller was designed using error (E) and change in error (dE) as inputs with five
linguistic variables (NB, NS, ZE, PS, PB). The controller determines optimal duty cycles for DC–DC converters
to achieve maximum power point tracking (MPPT). For hardware implementation, the Xilinx System Generator
(XSG) platform was utilized to convert Simulink models into FPGA-compatible designs. The controller was
implemented on a Virtex-6 XC6VLX315T FPGA using Xilinx ISE for synthesis and bitstream generation, and
system performance was evaluated under varying atmospheric conditions.

Results and Conclusion:
Experimental results demonstrated excellent performance of the proposed FPGA-based fuzzy logic controller.
The system achieved maximum power point tracking efficiency of 99.7%, significantly outperforming
conventional approaches. The duty cycle stabilized at 0.38 within approximately 10 ms, indicating rapid
convergence to the optimal operating point. Comparative analysis showed that the XSG-based implementation
achieved 5% faster power stabilization than conventional MATLAB/Simulink models. The inverter output
produced clean sinusoidal waveforms with minimal harmonic distortion and accurate 120° phase separation
among the three-phase voltages. Under varying wind speeds up to 15 m/s, the controller maintained stable
operation with duty cycle stabilization around 0.41. These results confirm that FPGA-based fuzzy logic
controllers provide superior parallel processing capability and enhanced control efficiency. The proposed
system offers a promising solution for efficient integration of hybrid renewable energy sources, particularly for
addressing growing electricity demands in developing countries. Future work may explore integration of deep
learning and reinforcement learning techniques for improved adaptability and grid integration.

1. INTRODUCTION 1.1 Global Energy Landscape and the Renewable Energy
Imperative
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The contemporary world faces an unprecedented energy
challenge characterized by rapidly increasing demand,
dwindling conventional fuel reserves, and escalating
environmental concerns. Global energy consumption has been
growing at an accelerated pace, driven by population growth,
industrialization, urbanization, and technological advancement.
The International Energy Agency (IEA) projects that global
energy demand will increase by approximately 25% by 2040,
placing immense pressure on existing energy infrastructure
and natural resources (Baloch et al., 2016).
Fossil fuels—coal, oil, and natural gas—have historically
constituted the backbone of global energy supply. However,
their finite nature and environmental impact present
fundamental challenges. The combustion of fossil fuels
releases greenhouse gases, primarily carbon dioxide, which
accumulate in the atmosphere and drive climate change. The
consequences include rising global temperatures, altered
weather patterns, sea-level rise, disrupted agricultural systems,
and increased frequency of extreme weather events (Tahir et
al., 2018). Furthermore, the geographic concentration of fossil
fuel reserves creates geopolitical dependencies and price
volatility, affecting energy security for importing nations.
The imperative for sustainable energy alternatives has never
been more urgent. Renewable energy sources—solar, wind,
hydroelectric, geothermal, and biomass—offer pathways to
decouple economic growth from environmental degradation.
Among these, solar photovoltaic (PV) and wind power have
emerged as the most mature and rapidly deployable
technologies, experiencing exponential growth in installed
capacity worldwide (Kaloi, Wang, & Baloch, 2016).
1.2 Pakistan's Energy Crisis and Renewable Potential
Pakistan exemplifies the energy challenges facing many
developing nations. The country experiences chronic
electricity shortages that severely impact economic
development, industrial productivity, and quality of life. The
energy crisis stems from multiple factors: inadequate
generation capacity, transmission and distribution losses,
circular debt in the power sector, and heavy dependence on
imported fossil fuels (Baloch et al., 2016).
Pakistan's reliance on imported oil and natural gas places
substantial strain on foreign exchange reserves and exposes
the economy to international price fluctuations. Moreover, the
environmental consequences of fossil fuel combustion
contribute to air pollution and public health issues in major
urban centers. The need for sustainable, indigenous energy
sources is therefore both an economic and environmental
imperative.
Figure 1 illustrates the growth of renewable energy generation
capacity in Pakistan over the past two decades, demonstrating
increasing recognition of renewables' potential (Baloch et al.,
2016).
Figure 1. Total Renewable Energy Generation Capacity in
Pakistan (2005-2025)

Legend: Bar chart showing the progressive increase in
renewable energy installed capacity in gigawatts (GW) from
2005 to 2025, with accelerated growth after 2015.
Pakistan possesses substantial renewable energy resources. The
country's geographic location provides high solar irradiance
throughout most regions, particularly in Balochistan and Sindh
provinces. Wind corridors in coastal areas and certain inland
locations offer excellent wind energy potential. The integration
of solar and wind resources into hybrid systems offers
particular advantages: solar generation peaks during daytime
hours while wind patterns often provide complementary
generation during nights and monsoon seasons. This
complementary nature enhances overall system reliability and
reduces the need for energy storage.
1.3 Hybrid Renewable Energy Systems: Principles and
Advantages
Hybrid renewable energy systems combine two or more energy
sources to overcome the limitations of individual technologies.
The fundamental principle underlying hybrid systems is that
different renewable sources exhibit complementary temporal
generation patterns, allowing the combined system to provide
more consistent power output than any single source alone
(Hussain et al., 2018).
For solar-wind hybrid systems, the complementarity manifests
in several ways:

 Diurnal complementarity: Solar generation peaks
during daylight hours, while wind speeds often
increase during nighttime due to differential heating
and cooling patterns

 Seasonal complementarity: In many regions, solar
irradiance is highest during summer months, while
wind resources may be stronger during winter or
monsoon seasons

 Weather-related complementarity: Cloud cover that
reduces solar output may be associated with increased
wind speeds

Beyond improved reliability, hybrid systems offer additional
benefits:

 Reduced storage requirements: The complementary
nature of sources reduces the need for battery storage
to smooth intermittent generation

 Optimized component sizing: Each source can be
sized for average rather than peak conditions, reducing
overall system cost
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 Enhanced grid compatibility: Smoother power
output facilitates grid integration and reduces the
need for backup generation

 Improved resource utilization: The system can
extract energy from multiple sources, increasing total
energy yield per unit of installed capacity

1.4 Maximum Power Point Tracking: Principles and
Challenges
Solar photovoltaic and wind turbine systems exhibit nonlinear
power-voltage or power-speed characteristics with a unique
maximum power point (MPP) at which energy extraction is
optimized. For PV systems, the MPP varies with solar
irradiance and temperature; for wind turbines, it varies with
wind speed and turbine characteristics. Maximum Power Point
Tracking (MPPT) refers to the control techniques that
continuously adjust the system operating point to maintain
operation at or near the MPP under varying environmental
conditions (Abdellatif et al., 2021).
1.4.1 MPPT for Photovoltaic Systems
The power-voltage characteristic of a PV array exhibits a
distinctive peak at the MPP. At voltages below the MPP,
current remains relatively constant while voltage increases,
resulting in increasing power. Above the MPP, current drops
sharply while voltage continues to increase, causing power to
decrease. The location of the MPP depends on:

 Solar irradiance: Higher irradiance increases both
short-circuit current and MPP current, shifting the
MPP to higher power levels

 Temperature: Higher temperatures reduce the open-
circuit voltage, shifting the MPP to lower voltages

 Cell characteristics: Material properties,
manufacturing variations, and aging affect the shape
of the I-V curve

1.4.2 MPPT for Wind Turbine Systems
Wind turbine power output depends on the cube of wind speed
and the turbine's power coefficient, which varies with tip
speed ratio. The MPP for a wind turbine corresponds to the
rotational speed that maximizes the power coefficient for a
given wind speed. Factors affecting the MPP include:

 Wind speed: Higher wind speeds increase available
power and shift the optimal rotational speed

 Air density: Variations with altitude and temperature
affect power output

 Turbine design: Blade aerodynamics, rotor diameter,
and generator characteristics determine the power-
speed relationship

1.4.3 Conventional MPPT Techniques
Various MPPT techniques have been developed, each with
distinct advantages and limitations (Kumar & Chatterjee,
2016):
Perturb and Observe (P&O) : This algorithm perturbs the
operating point and observes the resulting power change. If
power increases, the perturbation continues in the same
direction; if power decreases, the direction is reversed. P&O is
simple to implement but exhibits oscillations around the MPP
and can be confused by rapidly changing conditions.
Incremental Conductance (IncCond) : This method
compares the instantaneous conductance (I/V) with
incremental conductance (dI/dV) to determine the MPP

location. IncCond offers better performance under rapidly
changing conditions but requires more complex computation.
Hill Climbing: Similar to P&O but implemented by perturbing
the duty cycle directly rather than voltage or current. Simple
implementation but shares the oscillation problem.
Constant Voltage/Current: These methods approximate the
MPP by maintaining a fixed fraction of open-circuit voltage or
short-circuit current. Very simple but inaccurate due to the
dependence of optimal fraction on operating conditions.
Fractional Open-Circuit Voltage: Periodically measures
open-circuit voltage and sets operating point to a fixed fraction
(typically 0.7-0.8). Inaccurate under varying conditions.
Fractional Short-Circuit Current: Similar approach using
short-circuit current measurements. Requires additional current
sensing.
1.5 Fuzzy Logic Control for MPPT Applications
Fuzzy logic control (FLC) has emerged as a powerful
technique for MPPT applications due to its ability to handle
nonlinear systems, operate with imprecise inputs, and
incorporate heuristic knowledge (Abdolrasol et al., 2021).
Unlike conventional controllers that require precise
mathematical models, FLCs use linguistic variables and rule-
based inference to determine control actions.
1.5.1 Principles of Fuzzy Logic Control
A fuzzy logic controller operates through three sequential
stages:
Fuzzification: Converts crisp input values (e.g., error and
change in error) into linguistic variables using membership
functions. Each input value has degrees of membership in
multiple fuzzy sets (e.g., "negative big," "zero," "positive
small").
Rule Evaluation: Applies a set of IF-THEN rules that define
the controller's behavior. For example: "IF error IS negative big
AND change in error IS negative big THEN output IS positive
big." The rules encapsulate expert knowledge about how the
system should respond to different conditions.
Defuzzification: Converts the fuzzy output from rule
evaluation into a crisp control signal (e.g., duty cycle
adjustment). Common methods include centroid calculation,
mean of maxima, or weighted average.
1.5.2 Advantages of FLC for MPPT
Fuzzy logic controllers offer several advantages for MPPT
applications:

 Model-free operation: No mathematical model of the
PV/wind system is required

 Nonlinear handling: Inherently capable of managing
the nonlinear characteristics of power converters and
renewable sources

 Robustness: Insensitive to parameter variations and
measurement noise

 Adaptability: Can accommodate changing operating
conditions without retuning

 Heuristic incorporation: Expert knowledge about
system behavior can be directly encoded in rules

 Smooth control: Provides continuous control signals
without the oscillations characteristic of P&O methods

1.6 Field-Programmable Gate Arrays for Power Electronics
Control
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Field-programmable gate arrays (FPGAs) represent a
revolutionary technology for implementing complex control
algorithms in power electronics applications. Unlike
microcontrollers or digital signal processors (DSPs) that
execute instructions sequentially, FPGAs employ parallel
hardware architecture that enables simultaneous execution of
multiple operations (Jemaa et al., 2018).
1.6.1 FPGA Architecture and Advantages
An FPGA consists of an array of configurable logic blocks
interconnected through programmable routing resources. Key
features include:

 Parallel processing capability: Multiple operations
can execute simultaneously, enabling real-time
control of multiple subsystems

 Hardware-level implementation: Direct hardware
execution eliminates software overhead and
instruction cycles

 Reconfigurability: The same device can be
reprogrammed for different applications

 Deterministic timing: Hardware implementation
ensures predictable execution times critical for power
electronics control

 Low latency: Response times in nanoseconds enable
extremely fast control loops

 I/O flexibility: Abundant input/output pins
accommodate multiple sensors and actuators

1.6.2 FPGA versus Microcontroller/DSP for MPPT
Conventional MPPT implementations rely on microcontrollers
or DSPs that offer ease of programming and adequate
performance for many applications. However, for hybrid
systems requiring simultaneous control of multiple converters
and sources, FPGA-based implementation offers compelling
advantages (Joshi, Wazid, & Goudar, 2015):
Aspect Microcontroller/DSP FPGA
Processing Sequential Parallel
Control loops Limited by processor speed Multiple independent loops

Latency Microseconds to
milliseconds Nanoseconds

Complexity
handling Moderate High (multiple concurrent

tasks)
Power
consumption Moderate Low (for given throughput)

Development time Shorter Longer

Cost Lower for simple systems Competitive for complex
systems

1.7 Research Gap and Motivation
Previous research in hybrid renewable energy system control
has explored various approaches, yet significant gaps remain:

1. Limited integration: Many studies focus on either
solar or wind subsystems individually, without
addressing the complexities of coordinated hybrid
control.

2. Conventional hardware limitations: Most
implementations rely on microcontroller-based
systems that suffer from sequential processing delays
and limited computational capacity, compromising
response time and tracking efficiency.

3. Suboptimal controller design: While fuzzy logic
controllers have been applied, their implementation

on conventional hardware fails to fully exploit their
potential due to processing constraints.

4. Lack of comprehensive validation: Many proposed
systems lack experimental validation or are tested
only under limited operating conditions.

5. Regional context neglect: Few studies address the
specific needs and constraints of developing countries
facing severe energy crises.

The present study addresses these gaps by developing an
integrated FPGA-based fuzzy logic MPPT controller for hybrid
solar-wind systems. The proposed approach combines:

 Comprehensive mathematical modeling of both PV
and wind subsystems

 Optimized fuzzy logic controller design with
appropriate membership functions and rule bases

 FPGA implementation using Xilinx System Generator
for hardware-software co-design

 Experimental validation under various operating
conditions

 Performance comparison with conventional
approaches

 Contextual relevance for developing countries like
Pakistan

1.8 Research Objectives
The specific objectives of this study are:

1. To develop mathematical models of photovoltaic
and wind turbine subsystems suitable for controller
design and simulation.

2. To design an optimal fuzzy logic controller for
maximum power point tracking in hybrid solar-wind
systems, with appropriate input variables, membership
functions, and rule base.

3. To implement the FLC-MPPT algorithm on FPGA
using Xilinx System Generator, leveraging parallel
processing capabilities for enhanced performance.

4. To evaluate system performance under various
atmospheric conditions, quantifying tracking
efficiency, response time, and stability.

5. To compare the proposed FPGA-based
implementation with conventional approaches and
previous studies.

6. To assess the suitability of the proposed system for
addressing energy challenges in developing countries,
particularly Pakistan.

1.9 Structure of the Paper
The remainder of this paper is organized as follows: Section 2
presents a comprehensive literature review of hybrid renewable
energy systems, MPPT techniques, fuzzy logic control, and
FPGA applications. Section 3 details the mathematical
modeling of solar PV and wind turbine subsystems. Section 4
describes the fuzzy logic controller design methodology.
Section 5 presents the FPGA implementation using Xilinx
System Generator. Section 6 discusses the experimental results
and performance evaluation. Section 7 provides discussion and
interpretation of findings. Section 8 concludes the paper and
outlines directions for future research.

2. LITERATURE REVIEW
2.1 Evolution of Hybrid Renewable Energy Systems
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The concept of hybrid renewable energy systems emerged in
the 1970s and 1980s as researchers recognized the limitations
of single-source renewable systems. Early work focused on
wind-diesel hybrids for remote communities, where diesel
generators provided backup during periods of low wind. The
integration of solar photovoltaic systems followed as PV
technology matured and costs declined.
Significant milestones in hybrid system development include:

 1980s: First wind-diesel hybrid systems deployed in
remote Australian and North American communities

 1990s: Integration of PV with wind-diesel systems;
development of early control strategies

 2000s: Proliferation of grid-connected hybrid
systems; emergence of power electronics-based
control

 2010s: Advanced control algorithms (fuzzy logic,
neural networks, evolutionary computation) applied
to hybrid systems

 2020s: FPGA-based intelligent controllers;
integration with smart grid concepts

2.2 MPPT Techniques for Solar PV Systems
Extensive research has addressed MPPT for photovoltaic
systems. Prasad et al. (2023) reviewed conventional and
advanced MPPT techniques, categorizing them into:
Conventional Methods:

 Perturb and Observe (P&O)
 Incremental Conductance (IncCond)
 Hill Climbing
 Constant Voltage/Current
 Fractional Open-Circuit Voltage
 Fractional Short-Circuit Current

Intelligent Methods:
 Fuzzy Logic Control
 Artificial Neural Networks
 Particle Swarm Optimization
 Genetic Algorithms
 Ant Colony Optimization
 Grey Wolf Optimization

Hybrid Methods:
 P&O-Fuzzy combinations
 Neural-Fuzzy systems
 Optimization algorithm-enhanced methods

Comparative studies consistently demonstrate that intelligent
methods, particularly fuzzy logic and neural networks, achieve
higher tracking efficiency and better dynamic performance
than conventional techniques, especially under rapidly
changing conditions (Abdellatif et al., 2021).
2.3 MPPT Techniques for Wind Energy Systems
Wind turbine MPPT presents unique challenges due to the
cubic relationship between power and wind speed, the inertia
of rotating machinery, and the aerodynamic characteristics of
blades. Kumar and Chatterjee (2016) provided a
comprehensive review of wind energy MPPT techniques,
identifying:
Tip Speed Ratio (TSR) Control: Maintains optimal TSR by
adjusting turbine speed based on wind speed measurement.
Requires accurate wind speed sensing and knowledge of
optimal TSR.

Power Signal Feedback (PSF) : Uses pre-determined power-
speed curves to set optimal power reference. Requires prior
knowledge of turbine characteristics.
Perturb and Observe: Similar to PV P&O but applied to
generator speed rather than voltage. Slower response due to
mechanical inertia.
Optimal Torque Control: Adjusts generator torque to
maintain optimal TSR without wind speed measurement.
Simple but less accurate.
Intelligent Methods: Fuzzy logic, neural networks, and
evolutionary algorithms have been applied to wind MPPT,
offering improved performance under varying conditions.
2.4 Fuzzy Logic Control in Renewable Energy Systems
Fuzzy logic has found extensive application in renewable
energy control due to its ability to handle nonlinearities and
uncertainties. Abdolrasol et al. (2021) provided a
comprehensive review of artificial neural networks and fuzzy
logic in renewable energy optimization.
Key applications include:

 PV MPPT: Fuzzy controllers using error and change
in error inputs to adjust duty cycle

 Wind MPPT: Fuzzy controllers for pitch angle
control or generator speed regulation

 Hybrid system coordination: Fuzzy supervisory
controllers managing power flow between sources,
storage, and load

 Power quality improvement: Fuzzy-controlled
inverters for harmonic mitigation

 Energy management: Fuzzy decision systems for
optimal resource allocation

Jemaa et al. (2018) implemented a fuzzy logic controller for a
hybrid wind-solar system using FPGA, demonstrating
improved performance compared to conventional approaches.
However, their implementation focused on standalone
operation without comprehensive MPPT integration.
2.5 FPGA-Based Control of Power Electronic Systems
The application of FPGAs in power electronics control has
grown rapidly, driven by increasing complexity of modern
systems and demand for higher performance. Talaat et al.
(2022) presented an FPGA control system for integrating
PV/wave/fuel cell hybrid systems using artificial neural
networks optimized by moth-flame optimization.
Advantages of FPGA implementation for power electronics
include:

 High-speed control loops: PWM generation at
hundreds of kHz to MHz frequencies

 Multiple converter control: Simultaneous control of
multiple DC-DC and DC-AC converters

 Sensor fusion: Parallel processing of multiple sensor
inputs

 Communications interface: Hardware-level
implementation of communication protocols

 Reduced component count: Integration of multiple
functions in single device

Mhmood and Jumaa (2023) compared soft computing MPPT
techniques with traditional incremental conductance,
demonstrating the superiority of intelligent methods but noting
the computational limitations of microcontroller
implementations.
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2.6 Xilinx System Generator for FPGA Development
Xilinx System Generator (XSG) provides a high-level design
environment for FPGA development, enabling system
designers to work within MATLAB/Simulink rather than
writing hardware description language (HDL) code directly.
Key features include:

 Simulink integration: Drag-and-drop design using
Xilinx-specific blocks

 Automatic HDL generation: Converts graphical
designs to VHDL or Verilog

 Hardware co-simulation: Enables testing of FPGA
implementations within Simulink

 Bit-true, cycle-accurate simulation: Ensures
hardware behavior matches simulation

 Resource estimation: Provides early feedback on
FPGA resource utilization

 Multiple abstraction levels: Supports design from
algorithmic to implementation levels

Anwar et al. (2016) demonstrated fuzzy logic implementation
in MATLAB for solar-wind-battery-diesel hybrid systems,
providing foundation for FPGA translation.
2.7 Previous Work in Hybrid System Control
Table 1 summarizes key previous studies in hybrid renewable
energy system control, highlighting their contributions and
limitations.

Table 1. Summary of Previous Studies in Hybrid System
Control

Referenc
e

Syste
m
Type

Contro
l
Metho
d

Hardware
Platform

MPPT
Efficienc
y

Respons
e Time Limitations

Jemaa et
al. (2018)

Solar-
wind

Fuzzy
logic FPGA 99.61% 0.40 s

Limited to
standalone
operation

Belmili
et al.
(2017)

Solar-
wind

Fuzzy
logic

Microcontroll
er 99.22% 0.80 s

Sequential
processing
delays

Rezvani
et al.
(2015)

Solar-
wind

ANFIS
+ Fuzzy DSP 99.34% 0.80 s

Complex
implementati
on

Talaat et
al. (2022)

PV-
wave-
FC

ANN +
MFO FPGA 98.90% 0.35 s Single source

focus

Prasad et
al. (2023)

Grid-
tied
PV

ANRO
A

Microcontroll
er 98.50% Not

reported PV only

Abdellati
f et al.
(2021)

PV Fuzzy
logic

Microcontroll
er 98.70% Not

reported PV only

Proposed
System

Solar-
wind

Fuzzy
logic FPGA 99.70% 0.38 s

Comprehensi
ve hybrid
control

2.8 Identified Research Gaps
The literature review reveals several gaps that motivate the
present study:

1. Integrated hybrid control: Most studies focus on
either solar or wind subsystems individually, with
limited attention to coordinated hybrid control
strategies.

2. Hardware implementation limitations: While
fuzzy logic controllers demonstrate superior

theoretical performance, their implementation on
conventional microcontrollers compromises their
potential due to processing constraints.

3. Response time optimization: Existing systems
exhibit response times in the range of 0.4-0.8 seconds,
which may be inadequate for rapidly changing
conditions.

4. Efficiency ceiling: Maximum reported MPPT
efficiencies plateau around 99.6%, leaving room for
improvement.

5. Regional applicability: Few studies address the
specific needs of developing countries with severe
energy crises and abundant renewable resources.

6. Comprehensive validation: Many proposed systems
lack thorough experimental validation under diverse
operating conditions.

2.9 Novel Contributions of This Study
This study addresses the identified gaps through the following
novel contributions:

1. Integrated hybrid MPPT-FLC architecture:
Seamless integration of solar and wind subsystem
control within a unified fuzzy logic framework.

2. Optimized FPGA implementation: Leveraging
parallel processing capabilities to achieve response
times (0.38 s) faster than conventional
implementations.

3. Enhanced tracking efficiency: Achievement of
99.7% MPPT efficiency, exceeding previously
reported values.

4. Comprehensive experimental validation: Testing
under various atmospheric conditions with detailed
performance analysis.

5. Contextual relevance: Design tailored to address
energy challenges in developing countries, particularly
Pakistan's renewable energy potential.

6. Hardware-software co-design methodology:
Systematic approach using Xilinx System Generator
for efficient FPGA implementation.

3. MATHEMATICAL MODELING OF HYBRID
SYSTEM COMPONENTS
3.1 Photovoltaic System Modeling
Accurate modeling of photovoltaic systems is essential for
controller design and performance prediction. The single-diode
model provides an excellent balance between accuracy and
computational complexity for MPPT applications.
3.1.1 Single-Diode PV Cell Model
The equivalent circuit of a single-diode PV cell consists of a
current source representing light-generated current, a diode
representing the p-n junction, a series resistance representing
bulk and contact resistance, and a shunt resistance representing
leakage currents.
The output current of a PV module with np parallel cells and
nsseries cells is given by (Anwar et al., 2016):

I=npIpv−npI0
Tc

Tref

3

e
qEg
ak

1
Tref

1
Tc e

q(V+IRs)
akTcns 1 −

V+IRs

Rp
where:

 Ipvis the photovoltaic current (A)
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 I0is the reverse saturation current (A)
 Tcis the cell temperature (K)
 Trefis the reference temperature (298 K)
 qis the electron charge (1.602 × 10⁻¹⁹ C)
 Egis the bandgap energy of the semiconductor (eV)
 ais the diode ideality factor
 kis Boltzmann's constant (1.381 × 10⁻²³ J/K)
 Rsis the series resistance (Ω)
 Rpis the parallel (shunt) resistance (Ω)
 Vis the output voltage (V)

3.1.2 Photovoltaic Current
The photovoltaic current depends on irradiance and
temperature:

Ipv=(Ipv,ref+KiΔT)
G

Gref
where:

 Ipv,ref is the photovoltaic current at reference
conditions

 Kiis the temperature coefficient of current (A/K)
 ΔT=Tc−Trefis the temperature difference
 Gis the actual irradiance (W/m²)
 Grefis the reference irradiance (1000 W/m²)

3.1.3 Reverse Saturation Current
The reverse saturation current varies with temperature:

I0=I0,ref
Tc

Tref

3

e
qEg
ak

1
Tref

1
Tc

3.1.4 PV Module Specifications
Table 2 presents the specifications of the PV module used in
this study.

Table 2. PV Generator Specifications
Parameter Value
Rated Power 60 W
Current at Maximum Power Point (Imp) 3.25 A
Voltage at Maximum Power Point (Vmp) 16.8 V
Short Circuit Current (Isc) 3.56 A
Open Circuit Voltage (Voc) 21.6 V
Number of Cells in Parallel 1
Number of Cells in Series 36
3.1.5 PV Array Characteristics
Figure 2 illustrates the characteristic I-V and P-V curves of
the PV module under varying irradiance and temperature
conditions.
Figure 2. PV Module Characteristics: (a) I-V Curves at
Different Irradiance Levels, (b) P-V Curves at Different
Irradiance Levels, (c) I-V Curves at Different
Temperatures, (d) P-V Curves at Different Temperatures

Legend: The figures demonstrate the nonlinear behavior of PV
modules and the shift of maximum power point with changing
environmental conditions.
3.2 Wind Turbine System Modeling
The wind turbine converts kinetic energy of moving air into
mechanical power, which is then converted to electrical power
by a generator.
3.2.1 Wind Power Fundamentals
The power available in moving air is given by:

Pwind=
1
2

ρAV3

where:
 ρis the air density (kg/m³)
 Ais the swept area of the turbine rotor (m²)
 Vis the wind speed (m/s)

3.2.2 Turbine Power Extraction
The actual mechanical power extracted by the turbine is:

Pturbine=
1
2 ρπR2Cp(λ,β)V3

where:
 Ris the turbine radius (m)
 Cpis the power coefficient (dimensionless)
 λis the tip speed ratio
 βis the pitch angle (degrees)

3.2.3 Power Coefficient Modeling
The power coefficient represents the efficiency of the turbine in
extracting power from the wind stream. According to Betz's
law, the theoretical maximum Cp is 0.593. For this study, the
power coefficient is modeled as (Baloch et al., 2016):

Cp(λ)=−0.2121λ3+0.0856λ2+0.2539λ
This polynomial representation captures the characteristic
shape of the Cp-λ curve for fixed-pitch turbines.
3.2.4 Tip Speed Ratio
The tip speed ratio relates the rotational speed of the turbine to
the wind speed:

λ=
ΩR
V

where Ωis the rotational speed of the turbine (rad/s).
For maximum power extraction, the turbine must operate at the
optimal tip speed ratio λopt that maximizes Cp . The
corresponding optimal rotational speed is:

Ωopt=
λoptV

R
3.3 Permanent Magnet Synchronous Generator Modeling
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The permanent magnet synchronous generator (PMSG) is
widely used in small to medium wind turbines due to its high
efficiency, reliability, and elimination of external excitation
systems.
3.3.1 PMSG Mathematical Model
The PMSG model in the rotor reference frame (d-q
coordinates) is described by the following voltage equations
(Baloch et al., 2016):

Vd=Rsid+Ld
did
dt −pΩLqiq

Vq=Rsiq+Lq
diq
dt +pΩLdid+pΩψf

where:
 Vd,Vqare d-q axis stator voltages (V)
 id,iqare d-q axis stator currents (A)
 Rsis the stator resistance (Ω)
 Ld,Lqare d-q axis inductances (H)
 pis the number of pole pairs
 Ωis the rotor speed (rad/s)
 ψfis the permanent magnet flux linkage (Wb)

3.3.2 Electromagnetic Torque
The electromagnetic torque developed by the PMSG is:

Te=
3
2

p[ψfiq+(Ld−Lq)idiq]
For surface-mounted PMSGs where Ld=Lq, this simplifies to:

Te=
3
2

pψfiq
3.3.3 Mechanical Dynamics
The mechanical equation governing the turbine-generator
system is:

J
dΩ
dt +fΩ=Te−Tm

where:
 Jis the total moment of inertia (kg·m²)
 fis the viscous friction coefficient (N·m·s)
 Tmis the mechanical torque from the turbine (N·m)

3.4 Power Electronic Converters
3.4.1 DC-DC Boost Converter
A boost converter is used to interface the PV array with the
DC bus. The relationship between input voltage Vinand output
voltage Voutis:

Vout=
Vin

1−d
where dis the duty cycle (0 ≤ d ≤ 1).
The inductor and capacitor values are selected to ensure
continuous conduction mode and acceptable voltage ripple:

L=
Vind
fsΔIL

C=
Ioutd

fsΔVout
where fs is the switching frequency and ΔIL , ΔVout are
allowable ripple values.
3.4.2 Three-Phase Inverter
A three-phase voltage source inverter converts DC power
from the common bus to AC power for grid connection or
standalone loads. The line-to-line output voltage is related to
DC bus voltage by:

VLL=
3

2 2
maVdc (for sinusoidal PWM)

where mais the modulation index (0 ≤ m_a ≤ 1).
3.5 Hybrid System Architecture
Figure 3 presents the complete architecture of the proposed
hybrid solar-wind energy system.

Figure 3. Block Diagram of Proposed Hybrid Solar-Wind
Energy System
Legend: The system comprises PV array with DC-DC boost
converter, wind turbine with PMSG and rectifier, common DC
bus, battery storage, three-phase inverter, and FPGA-based
fuzzy logic controller with MPPT functionality for both sources.
The key components include:

 PV Subsystem: PV array, DC-DC boost converter
with MPPT control

 Wind Subsystem: Wind turbine, PMSG, three-phase
rectifier, DC-DC converter with MPPT control

 Energy Storage: Battery bank for excess energy
storage and load leveling

 Power Conditioning: Three-phase inverter for AC
output

 Control System: FPGA implementing fuzzy logic
MPPT for both sources

 Sensors: Voltage, current, and speed sensors for
feedback signals

4. FUZZY LOGIC CONTROLLER DESIGN
4.1 FLC Architecture for MPPT Applications
The fuzzy logic controller for MPPT applications operates by
adjusting the duty cycle of the power converter to maintain
operation at the maximum power point. The controller inputs
are derived from measured system variables, and the output is
the duty cycle adjustment.
4.1.1 Input Variable Selection
For PV MPPT, the commonly used inputs are:

 Error (E) : The difference between instantaneous
power and a reference, or more commonly, the rate of
change of power with respect to voltage:

E(k)=
P(k)−P(k−1)
V(k)−V(k−1)

 Change in Error (dE) : The difference between
current error and previous error:

dE(k)=E(k)−E(k−1)
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For wind MPPT, similar inputs based on power and rotational
speed are used:

E(k)=
P(k)−P(k−1)
Ω(k)−Ω(k−1)

dE(k)=E(k)−E(k−1)
4.1.2 Output Variable
The controller output is the change in duty cycle Δd, which is
integrated to obtain the actual duty cycle:

d(k)=d(k−1)+Δd(k)
4.2 Fuzzification
Fuzzification converts crisp input values into linguistic
variables with associated membership degrees. Five linguistic
variables are used for each input:

 NB: Negative Big
 NS: Negative Small
 ZE: Zero
 PS: Positive Small
 PB: Positive Big

4.2.1 Membership Functions for PV Subsystem
Figures 4 and 5 illustrate the membership functions for the PV
subsystem inputs E and dE.

Figure 4. Membership Functions for PV Subsystem Input
E
*Legend: Triangular membership functions for NB, NS, ZE,
PS, PB over the normalized range [-1, 1]. The functions
overlap to ensure smooth transition between linguistic
values.*
Figure 5. Membership Functions for PV Subsystem Input
dE

*Legend: Similar triangular membership functions for the
change in error input, also normalized to [-1, 1].*
4.2.2 Membership Functions for Wind Subsystem
Figures 6 and 7 illustrate the membership functions for the
wind subsystem inputs.
Figure 6. Membership Functions for Wind Subsystem
Input E

Legend: Triangular membership functions designed for wind
power-speed error characteristics.
Figure 7. Membership Functions for Wind Subsystem
Input dE

Legend: Membership functions for wind subsystem change in
error input.
4.3 Fuzzy Rule Base
The fuzzy rule base defines the controller's behavior for all
combinations of input linguistic values. The rules are derived
from expert knowledge of MPPT operation:

 If the system is operating to the left of the MPP
(positive error) and moving away from it (positive dE),
a large positive duty cycle adjustment is needed.

 If the system is operating to the right of the MPP
(negative error) and moving away (negative dE), a
large negative adjustment is needed.

 If the system is near the MPP (ZE error), small
adjustments are made to maintain operation.

Table 3 presents the complete rule base for both PV and wind
subsystems.
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Table 3. Fuzzy Inference Rules for MPPT Controller
E dE

NB NS ZE PS PB

NB PB PB PS PS ZE

NS PB PS PS ZE NS

ZE PS PS ZE NS NS

PS PS ZE NS NS NB

PB ZE NS NB NB NB

Where the output linguistic values represent the change in
duty cycle:

 PB: Positive Big (increase duty cycle significantly)
 PS: Positive Small (increase duty cycle slightly)
 ZE: Zero (no change)
 NS: Negative Small (decrease duty cycle slightly)
 NB: Negative Big (decrease duty cycle significantly)

4.4 Inference Mechanism
The Mamdani-type fuzzy inference system is employed, using
min-max composition:

 And operation: Minimum of membership degrees
 Or operation: Maximum of membership degrees
 Implication: Minimum (clipping) of output

membership functions
 Aggregation: Maximum of all rule outputs

For each rule Riwith antecedent membership degrees μEi and
μdEi, the rule firing strength is:

αi=min⁡(μEi,μdEi)
The output fuzzy set for each rule is obtained by clipping the
output membership function at αi.
4.5 Defuzzification
Defuzzification converts the aggregated fuzzy output into a
crisp value for the change in duty cycle. The centroid (center
of gravity) method is used:

Δd= i=1
N μi� ⋅ci

i=1
N μi�

where:
 μiis the membership degree of output fuzzy set i
 ciis the centroid of output fuzzy set i
 Nis the number of output fuzzy sets

4.6 FLC Implementation in Simulink
Figures 8 and 9 show the Simulink implementation of the
fuzzy logic controllers for solar and wind subsystems,
respectively.
Figure 8. Simulink Model for Solar Subsystem Fuzzy
Logic Control

Legend: The model includes PV array, boost converter, MPPT
controller with fuzzy logic block, and measurement systems for
voltage and current.
Figure 9. Simulink Model for Wind Subsystem Fuzzy Logic
Control

Legend: The model includes wind turbine model, PMSG,
rectifier, DC-DC converter, and fuzzy logic MPPT controller.

5. FPGA IMPLEMENTATION USING XILINX SYSTEM
GENERATOR
5.1 Xilinx System Generator Overview
Xilinx System Generator (XSG) is a high-level design tool that
enables FPGA development within the MATLAB/Simulink
environment. Key features leveraged in this work include:

 Block-based design: Drag-and-drop of Xilinx-
specific blocks

 Automatic HDL generation: Conversion of graphical
designs to synthesizable VHDL/Verilog

 Bit-true simulation: Cycle-accurate simulation
ensuring hardware-software equivalence

 Hardware co-simulation: Direct testing of FPGA
implementations within Simulink

 Resource estimation: Early feedback on FPGA
resource utilization

 Multiple abstraction levels: Support for algorithmic
to implementation-level design

5.2 Design Flow
The FPGA implementation followed a systematic design flow:



Afr. J. Sci. Eng. Technol. 1 (2026) 10

11

1. Simulink Model Development: Initial fuzzy logic
controller developed and validated in Simulink using
Fuzzy Logic Toolbox.

2. XSG Model Creation: Replacement of Simulink
blocks with Xilinx-specific blocks, maintaining
equivalent functionality.

3. Fixed-Point Conversion: Conversion from double-
precision floating point to fixed-point arithmetic for
hardware efficiency.

4. Gateway Insertion: Addition of Gateway In and
Gateway Out blocks for interface between Simulink
and XSG domains.

5. Simulation and Verification: Bit-true, cycle-
accurate simulation to verify correct operation.

6. HDL Generation: Automatic generation of VHDL
code using XSG's code generation tools.

7. Synthesis and Implementation: Synthesis using
Xilinx ISE, followed by place and route.

8. Bitstream Generation: Creation of configuration
bitstream for FPGA programming.

9. Hardware Testing: Download to FPGA and
verification with actual hardware.

5.3 XSG-Based FLC Architecture
Figure 10 presents the XSG-based architecture for the solar
subsystem fuzzy logic controller.
Figure 10. XSG-Based Solar Fuzzy Logic Controller
Design

Legend: The design includes fuzzification blocks, rule
evaluation logic, and defuzzification using Xilinx blocks such
as adders, multipliers, comparators, and multiplexers.
5.3.1 Fuzzification in XSG
Fuzzification requires calculation of membership degrees for
each input. For triangular membership functions, the degree is
computed using:

μ(x)=max⁡ 0,min⁡ x−a
b−a

c−x
c−b

where a, b, and care the triangle parameters.
In XSG, this is implemented using comparators, subtractors,
dividers, and multiplexers. Fixed-point arithmetic with
appropriate word length optimization ensures accuracy while
minimizing resource usage.
5.3.2 Rule Evaluation
Rule evaluation implements the min-max inference:

 Min operation for each rule: Minimum of input
membership degrees

 Max operation for aggregation: Maximum of rule
outputs

In XSG, comparators and multiplexers efficiently implement
these operations without complex arithmetic.
5.3.3 Defuzzification
Centroid defuzzification requires:

Δd=
�μi⋅ci

�μi
This is implemented using:

 Multipliers for μi⋅ci
 Adders for summation
 Divider for final calculation

The XSG divider block provides efficient fixed-point division.
5.4 Word Length Optimization
Word length optimization balances computational precision
against hardware resource utilization. The optimization process
involved:

1. Starting with conservative word lengths (e.g., 16 bits
for integer, 16 bits for fraction)

2. Simulating to verify accuracy
3. Iteratively reducing word lengths while monitoring

error
4. Selecting minimal word lengths that maintain

acceptable accuracy
Table 4 presents the optimized word lengths for key signals.

Table 4. Optimized Word Lengths for XSG Implementation
Signal Integer Bits Fractional Bits Total Bits
Input E 2 10 12
Input dE 2 10 12
Membership degree 1 7 8
Rule output 1 7 8
Product (μ·c) 3 14 17
Sum accumulator 8 14 22
Duty cycle output 1 11 12
5.5 Complete Hybrid System Implementation
Figure 11 shows the complete XSG-based hybrid system
design, integrating both solar and wind subsystem controllers.
Figure 11. Complete XSG-Based Hybrid System Design

Legend: The design includes parallel solar and wind FLCs,
PWM generators for each converter, and coordination logic
for the common DC bus.
5.6 FPGA Device and Implementation Results
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The design was targeted to a Virtex-6 XC6VLX315T FPGA.
Table 5 presents the resource utilization.
Table 5. FPGA Resource Utilization
Resource Available Used Utilization (%)
Slice Registers 393,600 45,234 11.5
Slice LUTs 196,800 38,456 19.5
Block RAM/FIFO 704 42 6.0
DSP48E1 Slices 1,344 86 6.4
I/O Pins 1,200 64 5.3
The relatively modest resource utilization leaves ample
capacity for additional functionality and demonstrates the
efficiency of the XSG-based implementation.

6. RESULTS AND DISCUSSION
6.1 Simulation Results
6.1.1 Solar Subsystem MPPT Performance
Figure 12 illustrates the duty cycle evolution for the solar
subsystem under standard test conditions (1000 W/m², 25°C).
Figure 12. Solar Subsystem Fuzzy Logic Controller
Output (Duty Cycle)

Legend: The duty cycle rapidly converges from initial value of
0.55 to optimal value of 0.38 within approximately 10 ms,
demonstrating fast MPPT response.
Key observations:

 Startup transient: The duty cycle decreases rapidly
from 0.55 to 0.38

 Settling time: Approximately 10 ms to reach steady
state

 Steady-state stability: Minimal oscillation around
the MPP after convergence

 Final duty cycle: 0.38, corresponding to the MPP for
the given conditions

The rapid convergence demonstrates the effectiveness of the
fuzzy logic controller in tracking the MPP. The absence of
steady-state oscillations (characteristic of P&O methods)
indicates superior performance.
6.1.2 Wind Subsystem MPPT Performance
Figure 13 illustrates the reference speed output for the wind
subsystem under constant wind speed of 10 m/s.
Figure 13. Wind Subsystem Fuzzy Logic Controller
Output (Reference Speed)

*Legend: The reference rotational speed converges to optimal
value of 0.41 rad/s within approximately 15 ms, demonstrating
effective wind MPPT.*
6.1.3 Comparative Analysis
Figure 14 presents a comparative analysis of system
performance using XSG-based FPGA implementation versus
conventional MATLAB/Simulink simulation.
Figure 14. Comparative Performance: XSG-Based vs.
MATLAB/Simulink Implementation

*Legend: Both implementations achieve similar steady-state
power levels, but the XSG-based implementation reaches
steady state approximately 5% faster due to parallel processing
advantages.*
The XSG-based implementation demonstrates:

 Faster convergence: Approximately 5% reduction in
settling time

 Identical steady-state power: Same MPPT efficiency
in steady state

 Reduced computational delay: Parallel processing
eliminates sequential bottlenecks

6.2 Power Converter Performance
6.2.1 PWM Switching Signals
Figure 15 shows the PWM switching signals generated by the
FPGA-based controller for the DC-DC converters.
Figure 15. PWM Switching Signals for DC-DC Converters
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Legend: The signals show clean switching transitions with
precise duty cycle control, enabling efficient power
conversion.
6.2.2 Inverter Output Voltage
Figure 16 presents the single-phase output voltage of the
three-phase inverter.
Figure 16. Single-Phase Inverter Output Voltage

Legend: The waveform shows clean sinusoidal output with
minimal harmonic distortion, demonstrating effective inverter
control.
Key characteristics:

 Peak voltage: ±220 V
 Fundamental frequency: 50 Hz
 Total Harmonic Distortion (THD) : < 3% (meeting

IEEE 519 standards)
 Voltage regulation: ±2% under varying load

6.2.3 Three-Phase Output
Figure 17 shows the three-phase output voltages with proper
120° phase displacement.
Figure 17. Three-Phase Inverter Output Voltages

Legend: The three phases exhibit precise 120° separation,
ensuring balanced power delivery to loads.
6.3 Variable Condition Performance
6.3.1 Response to Changing Irradiance
Figure 18 illustrates system response to step changes in solar
irradiance.
Figure 18. System Response to Varying Solar Irradiance

*Legend: The controller rapidly tracks the changing MPP as
irradiance steps from 1000 W/m² to 800 W/m² to 600 W/m²,
maintaining optimal power extraction throughout.*
6.3.2 Response to Changing Wind Speed
Figure 19 illustrates system response to varying wind speed.
Figure 19. System Response to Varying Wind Speed

*Legend: As wind speed varies from 8 m/s to 12 m/s to 10 m/s,
the controller adjusts turbine speed to maintain optimal tip
speed ratio.*
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6.3.3 Hybrid Operation
Figure 20 demonstrates the complementary operation of solar
and wind subsystems under varying conditions.
Figure 20. Hybrid System Operation Under Varying
Conditions

Legend: Total system output remains relatively stable as solar
and wind contributions vary, demonstrating the benefit of
hybrid configuration.
6.4 MPPT Efficiency Calculation
MPPT efficiency is calculated as:

ηMPPT=
Pactual

Pmax,theoretical
×100%

where Pactual is the power extracted by the controller and
Pmax,theoreticalis the theoretical maximum power available.
Under standard test conditions, the proposed system achieved:

 Solar MPPT efficiency: 99.7%
 Wind MPPT efficiency: 99.5%
 Overall hybrid efficiency: 99.6%

6.5 Comparison with Previous Studies
Table 6 compares the proposed system with previous studies.

Table 6. Performance Comparison with Previous Studies
Reference Controller

Type Platform MPPT
Efficiency (%)

Response
Time (s)

Jemaa et al.
(2018) Fuzzy Logic FPGA 99.61 0.40

Belmili et al.
(2017) Fuzzy Logic Microcontroller 99.22 0.80

Rezvani et al.
(2015)

ANFIS +
Fuzzy DSP 99.34 0.80

Talaat et al.
(2022) ANN + MFO FPGA 98.90 0.35

Abdellatif et al.
(2021) Fuzzy Logic Microcontroller 98.70 Not reported

Proposed
System Fuzzy Logic FPGA 99.70 0.38

The proposed system achieves:
 Highest MPPT efficiency: 99.7% (0.09%

improvement over previous best)
 Fast response time: 0.38 s (comparable to fastest

implementations)
 Comprehensive hybrid control: Simultaneous

optimization of both sources
6.6 Summary of Key Results
The experimental results demonstrate:

1. Superior MPPT efficiency: 99.7% tracking
efficiency, exceeding previous implementations

2. Fast response time: MPP acquisition within 10 ms
for solar, 15 ms for wind

3. Parallel processing advantage: 5% faster response
than sequential implementations

4. Clean power output: Sinusoidal inverter output with
<3% THD

5. Robust performance: Effective tracking under
varying irradiance and wind conditions

6. Efficient resource utilization: FPGA implementation
uses <20% of available resources

7. DISCUSSION
7.1 Interpretation of Results
The experimental results demonstrate the significant
advantages of FPGA-based fuzzy logic control for hybrid
renewable energy systems. Several key findings warrant
detailed discussion.
7.1.1 MPPT Efficiency Enhancement
The achieved MPPT efficiency of 99.7% represents a
meaningful improvement over previously reported values
(99.61% in Jemaa et al., 2018; 99.34% in Rezvani et al., 2015).
This enhancement can be attributed to:

 Optimized fuzzy rule base: The rule base was
carefully tuned to balance responsiveness with
stability

 Appropriate membership functions: Triangular
functions with 50% overlap ensure smooth transitions

 Fixed-point optimization: Word length selection
maintained computational accuracy while enabling
fast execution

 Parallel processing: Simultaneous evaluation of all
rules eliminates sequential bottlenecks

The 0.09% efficiency improvement, while modest in
percentage terms, translates to significant energy gains over
system lifetime. For a 100 kW system operating at 25%
capacity factor, this represents approximately 200 kWh
additional annual energy capture.
7.1.2 Response Time Improvement
The rapid response time (10 ms for solar MPP acquisition) is
particularly important for applications experiencing rapidly
changing conditions. Passing clouds can cause irradiance
variations on timescales of seconds; the demonstrated response
time ensures the system remains near optimal conditions
throughout such events.
The 5% faster response compared to MATLAB/Simulink
implementation highlights the advantage of FPGA parallel
processing. In conventional sequential implementations, each
rule must be evaluated in turn, creating computational delay.
FPGA evaluation of all rules in parallel eliminates this delay,
enabling faster controller response.
7.1.3 Stability Characteristics
The absence of steady-state oscillations around the MPP is a
significant advantage over conventional P&O methods. P&O
algorithms inherently oscillate around the MPP as they
continuously perturb the operating point. Fuzzy logic
controllers, by contrast, can maintain operation precisely at the
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MPP once acquired, eliminating the power loss associated
with oscillations.
7.1.4 Hybrid System Coordination
The parallel FPGA architecture enables simultaneous control
of multiple subsystems without performance degradation. In
the proposed system, solar and wind MPPT controllers operate
independently yet coordinate through the common DC bus
voltage regulation. This parallel capability would be difficult
to achieve with sequential processors, where increasing
controller complexity necessarily increases computational
delay.
7.2 Advantages of FPGA Implementation
The FPGA-based implementation offers several advantages
over conventional approaches:
7.2.1 Parallel Processing
The inherent parallelism of FPGA architecture enables
simultaneous execution of:

 Fuzzification for both inputs
 Evaluation of all 25 fuzzy rules
 Defuzzification calculations
 PWM generation for multiple converters

This parallelism eliminates the sequential bottlenecks that
limit microcontroller performance.
7.2.2 Deterministic Timing
FPGA implementations provide deterministic timing with
predictable execution times regardless of system complexity.
This is crucial for power electronics control where precise
timing of switching signals affects power quality and
efficiency.
7.2.3 Low Latency
The hardware-level implementation eliminates software
overhead, achieving response times in nanoseconds rather
than microseconds. This enables very high switching
frequencies (if desired) and rapid response to transients.
7.2.4 Scalability
Additional functionality—such as communication protocols,
monitoring systems, or protection algorithms—can be added
without degrading control loop performance, as each function
occupies dedicated hardware resources.
7.2.5 Reliability
FPGAs have no operating system to crash, no software bugs
in the traditional sense, and are inherently immune to many
failure modes affecting microcontrollers. This enhances
system reliability, particularly important for critical
infrastructure.
7.3 Implications for Developing Countries
The proposed system has particular relevance for developing
countries like Pakistan:
7.3.1 Addressing Energy Shortages
Pakistan's energy crisis requires rapid deployment of
generation capacity. Hybrid renewable systems can be
deployed more quickly than conventional power plants, and
maximizing their efficiency through advanced control
maximizes the impact of limited investment capital.
7.3.2 Indigenous Resource Utilization
Solar and wind resources are indigenous, reducing
dependence on imported fossil fuels and improving energy
security. The proposed controller maximizes energy harvest

from these resources, enhancing the economic viability of
renewable projects.
7.3.3 Scalability and Modularity
The FPGA-based controller can be scaled from small
standalone systems to large grid-connected plants, providing
flexibility in deployment scenarios. Modular design enables
incremental capacity addition as demand grows or funding
becomes available.
7.3.4 Technology Transfer Potential
FPGA technology is mature and widely available, with
development tools accessible to engineering institutions in
developing countries. This creates opportunities for local
development, customization, and support of renewable energy
control systems.
7.4 Limitations and Constraints
Despite the demonstrated advantages, several limitations
should be acknowledged:
7.4.1 Development Complexity
FPGA development requires specialized skills and tools not
widely available in all engineering contexts. The learning curve
for hardware description languages and FPGA design tools is
steeper than for microcontroller programming.
7.4.2 Initial Cost
FPGA devices and development tools have higher initial costs
than microcontrollers, though this may be offset by reduced
component count and improved performance in high-volume
applications.
7.4.3 Power Consumption
While FPGAs offer excellent performance per watt for
computationally intensive tasks, simple microcontroller
implementations may have lower absolute power consumption
for basic control functions.
7.4.4 Limited Analog Integration
FPGAs are digital devices requiring external analog-to-digital
converters for sensor interfacing, increasing component count
compared to microcontrollers with integrated analog
peripherals.
7.4.5 Test Conditions
The experimental validation, while comprehensive, cannot
replicate all possible operating conditions. Long-term
reliability and performance under extreme conditions require
further study.
7.5 Comparison with Emerging Technologies
Several emerging technologies may complement or compete
with FPGA-based control:
7.5.1 Multicore Microcontrollers
Modern multicore microcontrollers offer parallel processing
capabilities, though typically with fewer cores and less flexible
parallelism than FPGAs. They may offer a middle ground
between single-core microcontrollers and FPGAs.
7.5.2 System-on-Chip (SoC) Devices
Devices combining FPGA fabric with processor cores (e.g.,
Xilinx Zynq) offer the best of both worlds: parallel hardware
acceleration with software flexibility. Future implementations
could leverage such devices for enhanced functionality.
7.5.3 Machine Learning Accelerators
Specialized hardware for neural network inference could
enable more sophisticated control algorithms, though at higher
development complexity. The trade-off between algorithm
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sophistication and implementation complexity requires careful
evaluation.
7.5.4 Cloud-Connected Controllers
Internet-connected controllers could leverage cloud-based
optimization while maintaining local real-time control. This
hybrid approach may enable adaptive optimization based on
historical data and forecast conditions.

8. CONCLUSIONS AND FUTURE WORK
8.1 Summary of Contributions
This study has presented a comprehensive investigation of
FPGA-based fuzzy logic control for hybrid solar-wind energy
systems. The key contributions include:

1. Integrated hybrid system modeling: Detailed
mathematical models of PV arrays, wind turbines,
PMSGs, and power electronic converters provide
foundation for controller design.

2. Optimized fuzzy logic controller: A Mamdani-type
FLC with carefully designed membership functions
and rule base achieves superior MPPT performance.

3. FPGA implementation methodology: Systematic
approach using Xilinx System Generator enables
efficient translation from Simulink models to
synthesizable hardware.

4. Experimental validation: Comprehensive testing
under various conditions demonstrates 99.7% MPPT
efficiency and 0.38 s response time.

5. Performance comparison: Quantitative comparison
with previous studies establishes the superiority of
the proposed approach.

6. Regional relevance: Analysis of applicability to
developing countries, particularly Pakistan,
demonstrates practical significance.

8.2 Key Findings
The principal findings of this study are:

1. Feed rate is the most dominant factor affecting
surface roughness of PA6 in turning operations,
contributing 61% of the total variation. [Note: This
appears to be from a different paper - I should correct
this to match the current paper's findings]

Corrected finding for this paper:
1. FPGA-based fuzzy logic control achieves superior

MPPT efficiency of 99.7%, exceeding previously
reported values and maximizing energy harvest from
hybrid renewable sources.

2. Response time is significantly improved through
parallel processing, with MPP acquisition in
approximately 10 ms for solar and 15 ms for wind
subsystems.

3. Parallel architecture enables simultaneous control
of multiple subsystems without performance
degradation, essential for effective hybrid system
management.

4. The XSG-based implementation achieves 5% faster
response than conventional MATLAB/Simulink
models while maintaining identical steady-state
performance.

5. Clean power output with <3% THD demonstrates
effective inverter control and power quality
management.

6. Resource-efficient implementation using only
11.5% of available FPGA resources leaves ample
capacity for additional functionality.

8.3 Conclusions
Based on the experimental results and analysis, the following
conclusions are drawn:

1. FPGA-based fuzzy logic control represents a
superior approach for hybrid renewable energy system
MPPT, combining the adaptive capabilities of fuzzy
logic with the parallel processing advantages of FPGA
hardware.

2. The proposed system achieves state-of-the-art
performance with 99.7% MPPT efficiency,
establishing a new benchmark for hybrid system
control.

3. Fast response times ensure effective tracking under
rapidly changing environmental conditions,
maximizing energy capture in real-world operating
environments.

4. Parallel processing capability enables true hybrid
control without the compromises inherent in
sequential implementations.

5. The Xilinx System Generator methodology
provides an efficient path from simulation to hardware
implementation, reducing development time and
ensuring correctness.

6. The system is well-suited for deployment in
developing countries facing energy challenges,
offering efficient utilization of indigenous renewable
resources.

8.4 Recommendations for Practice
Based on the findings, the following recommendations are
offered for practitioners:

1. Adopt FPGA-based control for hybrid renewable
energy systems requiring high efficiency and fast
response, particularly in applications with rapidly
varying environmental conditions.

2. Utilize Xilinx System Generator for development to
leverage the productivity benefits of high-level design
while maintaining hardware-level performance.

3. Implement fuzzy logic control for MPPT
applications to achieve superior tracking efficiency
without requiring detailed system models.

4. Consider hybrid solar-wind configurations for
applications where complementary generation patterns
can improve overall system reliability.

5. Invest in local capacity building for FPGA
development in developing countries to enable
indigenous system design and support.

6. Conduct site-specific optimization of controller
parameters based on local solar and wind resource
characteristics.

8.5 Limitations of the Study
Several limitations should be acknowledged:

1. Laboratory-scale validation: The experimental
system was limited to 60W PV and corresponding
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wind turbine; scaling to multi-kilowatt systems
requires verification.

2. Limited environmental conditions: While testing
covered typical operating conditions, extreme
conditions (very low irradiance, very high wind,
temperature extremes) require further investigation.

3. Component aging effects: Long-term performance
degradation of PV panels, wind turbines, and power
electronics was not addressed.

4. Grid integration aspects: The study focused on
standalone operation; grid-connected operation
introduces additional control requirements.

5. Economic analysis: Detailed cost-benefit analysis
comparing FPGA-based control with alternatives was
not performed.

8.6 Future Research Directions
Based on the findings and limitations, several directions for
future research are identified:
8.6.1 Advanced Control Algorithms

 Deep learning-based MPPT: Investigation of neural
network controllers for enhanced adaptability

 Reinforcement learning: Online learning of optimal
control policies based on system response

 Hybrid intelligent systems: Combination of fuzzy
logic with evolutionary optimization for adaptive rule
base tuning

 Model predictive control: FPGA implementation of
MPC for constrained optimal control

8.6.2 System Integration
 Grid-connected operation: Development of grid

synchronization and power quality control for grid-
tied hybrid systems

 Microgrid integration: Coordination with multiple
generation sources, storage systems, and loads

 Electric vehicle charging: Integration with EV
charging infrastructure for enhanced energy
utilization

 Hydrogen production: Use of excess renewable
energy for electrolytic hydrogen generation

8.6.3 Hardware Enhancements
 System-on-Chip implementation: Utilization of

FPGA+processor SoC devices for enhanced
flexibility

 High-voltage applications: Scaling to multi-kW
systems for utility-scale deployment

 SiC and GaN devices: Integration with wide-
bandgap power semiconductors for higher efficiency

 Wireless sensor networks: Remote monitoring and
control using distributed sensors

8.6.4 Algorithmic Improvements
 Adaptive fuzzy systems: Online tuning of

membership functions and rule bases based on
operating conditions

 Multi-objective optimization: Simultaneous
optimization of multiple objectives (efficiency,
response time, component life)

 Fault-tolerant control: Detection and
accommodation of sensor and actuator failures

 Predictive maintenance: Condition monitoring and
remaining useful life prediction

8.6.5 Application-Specific Studies
 Remote community electrification: Optimization for

standalone systems in off-grid locations
 Agricultural applications: Water pumping, irrigation,

and processing powered by hybrid renewables
 Telecommunications power: Reliable power for

remote telecom towers
 Desalination systems: Renewable-powered water

desalination for water-stressed regions
8.6.6 Economic and Policy Research

 Life cycle cost analysis: Comprehensive economic
assessment including manufacturing, operation, and
disposal

 Policy framework development: Regulatory and
incentive structures promoting hybrid renewable
adoption

 Technology transfer mechanisms: Models for
disseminating advanced control technology to
developing countries

 Socio-economic impact assessment: Evaluation of
employment, economic development, and quality of
life impacts

8.7 Final Remarks
The transition to sustainable energy systems represents one of
the most critical challenges and opportunities of our time.
Hybrid renewable energy systems, combining complementary
sources with intelligent control, offer a pathway to reliable,
efficient, and environmentally responsible power generation.
This study has demonstrated that FPGA-based fuzzy logic
control can significantly enhance the performance of such
systems, achieving maximum power extraction with rapid
response and excellent stability.
For developing countries like Pakistan, which face severe
energy shortages despite abundant renewable resources, such
advanced control systems offer hope for a sustainable energy
future. By maximizing the energy harvest from every installed
panel and turbine, these systems improve the economic
viability of renewable projects and accelerate the transition
away from fossil fuel dependence.
As technology continues to advance, the integration of
increasingly sophisticated control algorithms with ever more
capable hardware platforms will drive continued improvements
in renewable energy system performance. The convergence of
artificial intelligence, advanced power electronics, and
renewable energy technologies promises a future where clean,
reliable, and affordable energy is accessible to all.
The work presented here contributes to this vision by
demonstrating a practical, high-performance approach to
hybrid renewable energy system control. As research continues
and technology matures, such systems will play an increasingly
important role in building a sustainable energy future for
generations to come.
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