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under real outdoor conditions. This study proposes and
experimentally validates a hybrid photovoltaic system that integrates
dual-axis solar tracking with an adaptive cooling subsystem

controlled by a multi-fuzzy logic architecture. The system was
Keywords: modelled and simulated in MATLAB/Simulink and subsequently

. . validated through a prototype tested under field conditions. The fuzzy
DuaI—AX|s_Track|ng,. logic tracker achieved a faster response time (approximately 0.3 s)
Fuzzy Logic Cont(ol,_ and minimal overshoot compared to a conventional PID controller.
Photovoltaic Cool|.ng, The cooling subsystem maintained the module temperature near 35
Ren_evyablg E.nergy, °C, reducing thermally induced voltage losses. Experimental results
Optimization; . demonstrated that the hybrid system delivered a net daily energy gain
Solar Photovoltaics of approximately 38 Wh per 40 Wp module, representing an
improvement of about 56% over a fixed, uncooled module. Auxiliary
energy consumption from motors and cooling pump remained
minimal relative to the additional harvested energy. The findings
demonstrate that integrating adaptive tracking and temperature
regulation significantly enhances PV performance in high-irradiance
regions

I. Introduction

Energy remains a fundamental driver of social, economic, and industrial development, yet its demand continues
to rise in tandem with global population growth, rapid urbanization, and technological advancement [1, 2].
Conventional energy systems dominated by fossil fuels have contributed significantly to greenhouse gas
emissions, climate change, and environmental degradation, underscoring the urgent need to transition toward
sustainable, clean energy alternatives [3]. Among renewable sources, solar energy is the most abundant,
delivering an estimated 178 billion MW annually—enough to exceed global energy demand by over 2,000 times
[4], [5]. Its scalability, abundance, and declining costs make photovoltaic (PV) technology a cornerstone of the
renewable energy transition [6].

Despite its vast potential, PV system performance often falls short of theoretical expectations due to two
major factors: suboptimal solar incidence caused by fixed panel orientations, and elevated module temperatures
leading to thermal losses [7]. Under standard test conditions (STC: 25 °C, 1000 W/m?), modules deliver peak
performance [8]. However, in real outdoor conditions, PV panels are rarely aligned perpendicularly to incoming
solar radiation throughout the day, and prolonged exposure to high irradiance causes temperatures to rise above
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35 °C, which reduces open-circuit voltage and overall output [9]. Temperature elevation increases the reverse
saturation current of the cell, narrowing the bandgap and thereby decreasing efficiency [7], [10] .

Solar tracking has emerged as a powerful method for addressing orientation-related losses [4]. Single-axis
trackers compensate for daily east—west solar movement, while dual-axis systems also capture seasonal elevation
changes, maintaining optimal incidence throughout the year [11] . Empirical studies report that dual-axis
tracking can improve daily energy yield by 20-35% compared to fixed systems [12]. However, the same
improved irradiance capture accelerates heating, creating a secondary bottleneck in performance [12].

Cooling techniques have therefore been extensively explored to mitigate thermal degradation. Passive
methods such as natural convection and heat sinks are cost-effective but often insufficient under strong
irradiance .[13] Active methods, including air circulation, liquid cooling, and phase-change materials,
demonstrate improved effectiveness but at higher cost and complexity . Studies show that continuous water
cooling, for example, can reduce module temperatures by 10-15 °C and increase output efficiency by 12-15%
[14]. Nonetheless, these approaches generally operate independently of solar orientation and are seldom
integrated into a unified control scheme.

Hybrid tracking—cooling systems present a promising solution. By combining optimal solar incidence with
intelligent thermal regulation, these systems maximize irradiance capture while maintaining performance
stability. Yet, most existing prototypes have been limited by simplistic control strategies, such as proportional -
integral-derivative (PID) controllers, which can suffer from overshoot, sluggish response, or unnecessary
actuator movement under intermittent condition.

Fuzzy logic controllers (FLC’s) have gained attention as an adaptive Al-based solution capable of managing
nonlinear dynamics and uncertain environmental inputs [15], [16]. Unlike conventional methods, fuzzy logic
enables decision-making based on linguistic rules (e.g., “if hot, then cool faster”), making it well-suited for
systems exposed to rapidly changing irradiance and temperature. Prior research shows that FLC-based trackers
achieve higher accuracy, faster settling times, and reduced oscillation compared to PID controllers [9] [17].
Similarly, fuzzy logic—driven cooling systems activate only when needed, optimizing energy use and improving
stability [15], [18].

This study develops and evaluates a hybrid photovoltaic system that integrates a dual-axis solar tracker and
an adaptive cooling unit under a unified fuzzy logic control architecture. By leveraging multi-fuzzy rules for
both orientation and temperature regulation, the system aims to optimize net power output, reduce thermal-
induced voltage drops, and ensure reliable operation under variable weather conditions. The proposed system
was designed and simulated in MATLAB/Simulink and subsequently validated via a prototype in Nyandarua
County, Kenya. Results indicate that the hybrid design improves efficiency to about 17% compared to fixed,
uncooled systems, underscoring its potential as a scalable solution for high-irradiance regions.

By leveraging fuzzy inference rules, the hybrid controller can intelligently balance orientation and cooling
decisions based on real-time solar and temperature conditions, thereby optimizing overall PV performance.

This paper makes the following contributions:

1. Proposes a unified multi-layer fuzzy logic control architecture integrating dual-axis solar tracking with
temperature-regulated cooling.

2. Develops a duty-cycled actuation strategy to minimize auxiliary energy consumption in tracking motors
and cooling subsystems.

3. Implements a MATLAB/Simulink-based simulation model for evaluating the performance of the hybrid
PV tracking—cooling system.

4. Demonstrates experimental validation using a 40 W photovoltaic prototype system under real-world
operating conditions in Nyandarua County, Kenya.

5. Quantifies the net energy gain by accounting for both photovoltaic energy generation and auxiliary
subsystem energy consumption.

1. Research Method

I1.1 Solar Tracking Control Strategy

The desired panel orientation angles are defined as:

. 6, solar azimuth angle
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e &, :solar elevation angle

The tracking objective is to minimize the angular misalignment between the photovoltaic panel and the sun,
expressed as:

eaz(t) = es(t) - Qp(t)
ea(t) = a,(t) — ap(t) M
Where 6, (t) and a,,(t) are the panel azimuth and elevation angles, respectively [19].
These angular errors are supplied to a fuzzy logic controller, which determines whether corrective movement
is required and selects the appropriate direction and duration of motor actuation. Instead of attempting

continuous angular correction, the controller operates under a threshold-based fuzzy rule set, allowing small
misalignments to persist without correction when their impact on irradiance capture is negligible.

The rotational dynamics of the tracking platform are modelled using the equation [20]:
J6"+BO + 1 =1y 2)

where J is the equivalent moment of inertia of the PV panel and mechanical structure, B is the viscous damping
coefficient representing mechanical friction, 7y denotes Coulomb friction torque, and 7,, is the electromagnetic
torque generated by the DC motor. The terms 8" and 6" represent angular velocity and angular acceleration,
respectively.
Motor torque is expressed as
mm = K1, 3)

where K is the motor torque constant and I,, is the armature current [21].

The electrical behaviour of the motor is described by:

[ = YmoKe®

m

4)

in which Vy, is the applied motor voltage, K. is the back electromotive force constant, and R, is the armature
resistance [21].

Rm

A fuzzy logic controller processes angular error and rate of change to generate motor actuation signals.
Tracking occurs at 4-minute intervals to minimize unnecessary motion. A MATLAB model of the solar tracking
system is shown in figure 1 below.
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Figure 1. Simulink model of fuzzy logic solar tracker
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I1.2 Cooling Control Strategy

The PV module was modelled using the diode equivalent circuits as:

q(V+IRs
1 =1ph — (e nkT —1)

V+IRs

©)

where I and V are the output current and voltage, I, is the photo-generated current proportional to irradiance, Iy
is the diode reverse saturation current, Rs and Ry, are the series and shunt resistances, q is the electron charge, k
is Boltzmann’s constant, n is the diode ideality factor, and T is the absolute cell temperature [22].

Rsh

The temperature dependence of the saturation current is given by

1 1

10(T) = Ion(=)? exp |22 (2 — 2] (©)

nk \Tn T
where Iy, is the saturation current at nominal temperature Ty, and E, is the semiconductor band-gap energy.

This relationship explains the reduction in output voltage at elevated temperatures. As a result, a cooling system
was necessary to keep the temperatures lower for minimum power loss [22].

The cooling subsystem was developed to maintain PV module temperatures close to an identified optimal
threshold of 35 °C. The absorbed heat was modelled using the equation:

Qin = GrA(x —1) ™)

where Gr is the global solar irradiance incident on the module surface, A is the module area, o is the
absorptivity of the PV surface, and 1) is the electrical conversion efficiency [22].

Convective heat loss is expressed as
Qout = hA(Ts - Ta) (8)

where h is the convective heat-transfer coefficient, Ts is the PV surface temperature, and Ta is the ambient
temperature. For forced-air cooling,

h = hy+ kv, ©)]

with hy representing natural convection, k an airflow enhancement constant, and v,; the air velocity
produced by the cooling fan [18].

A secondary fuzzy controller activates a variable-speed pump when module temperature exceeds 35 °C. The
MATLAB Simulink model of the cooling system is as shown in figure 2 below.
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Figure 2. Simulink model of fuzzy logic cooling system
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I1.3 Experimental Setup

A prototype was developed using two 40 W monocrystalline PV modules. One module was equipped with hybrid
tracking and cooling, while the second served as a fixed, uncooled reference. The figure 3 below shows the setup
of the two panels side-by-side

-

Figure 3. Fixed and hybrid tracking and cooling solar PV systems

Data acquisition was performed using an Arduino Mega microcontroller. Voltage and current were measured
using INA219 sensors, temperature via DS18B20 sensors, and irradiance via a pyranometer. Data were logged at
one-minute intervals. The data acquisition system is shown in Figure 4 below.

Figure 4. Data acquisition system schematic

I1.4 Auxiliary Energy Consumption

The tracking mechanism employs 12 V DC geared motors rated 12 V 1 A. Although the motors are rated for
higher currents, field measurements during operation indicated an average current draw of approximately 0.4 A
due to the torque amplification provided by the gearbox. The instantaneous tracking motor power is therefore
expressed as:

Protor =V X1 (10)

The tracking controller operates under a duty-cycled scheme, activating the motors for three seconds every
four minutes only when angular deviation exceeds the fuzzy threshold. This duty cycle is used to compute the
average tracking power.

The cooling subsystem utilizes a 12 V DC pump rated at 1 A; however, measurements under atmospheric
pressure conditions showed a reduced operating current in the range of 0.4-0.6 A. To ensure conservative
estimation, the upper measured value was adopted. Cooling duty cycles vary depending on irradiance level and
temperature deviation, as defined by the fuzzy control rules.
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The total auxiliary energy consumption is computed by integrating the average auxiliary power over the
effective operating period [23]:

Equx = J Paux avg (0)-dt (11)

This formulation enables direct comparison between auxiliary energy consumption and the incremental
energy harvested by the hybrid system, which is presented and analysed in the Results and Discussion chapter.

I11. Data and results

ITI.1 Tracking Performance Analysis

Figure 5 presents the angular response of the fuzzy solar tracking system compared with the PID controlled
panel configuration. The fuzzy tracking mechanism maintained optimal alignment throughout daylight hours,
resulting in improved irradiance capture. It also showed minimum overshoot and thus settled quickly reducing
the auxiliary power consumption for the tracking system

FLC response

_ Sun angle

PID controller response

sun angle

Figure 5. Angular positioning performance of the solar tracking fuzzy logic system.

I1.2 Temperature Regulation Performance

The effectiveness of the cooling subsystem is illustrated in Figure 6, where reduced operating temperature of the
PV module during the peak solar irradiance period resulted in increased power output compared to the non-
cooled PV module.
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(b) Output power with fuzzy-controlled cooling.

Figure. 6 (a) and (b). Comparison of PV output power with and without temperature
regulation

II1.3. Power Output Enhancement

The combined tracking and cooling system produced higher power output compared to the fixed module
configuration without the tracking as shown in Figure 7.
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Figure 7. Output power comparison between fixed and hybrid PV systems.

The results show that the hybrid PV system (with both tracking and cooling) consistently generates higher
electrical power than the fixed module system. This improvement occurs because solar tracking keeps the panels
more directly aligned with the sun, increasing irradiation capture, while cooling reduces temperature-related
efficiency losses in the PV cells. As a result, the combined system achieves better overall energy output
compared to the fixed configuration.
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III 4. Energy yield gains

The table 1 below shows a summary of the power output and the energy yield gain.

Component / Mode Avez\a}s)e Power Operatég;; Duration (erilysgg)y
PV panel (fixed, uncooled) | 90 | 10 | 90 |
PV panel with tracking only | 140 [ 10 | 140 |
Additional PV energy due to tracking || +5.0 | 10 | +50 |
Tracking motors | 0.06 [ 10 | -06 |
Cooling pump (high irradiance) | 18 | 6 | -10.8 |
Cooling pump (low irradiance) || 0.16 H 4 H —-0.64 |
Total auxiliary energy consumption | 1.20 | 10 | -12.04 |
Net daily energy gain (tracking + +38 10 +37.96
cooling)

Table 1. Energy production and auxiliary consumption comparison between fixed and hybrid PV systems.

The fixed system produced an average power of 9.0 W, yielding 90 Wh/day over a 10-hour period. With the
addition of solar tracking, the average power increased to 14.0 W, resulting in 140 Wh/day. This represents an
energy gain of 50 Wh/day, equivalent to approximately 55.6% improvement, primarily due to improved
alignment with solar irradiance throughout the day.

The energy consumption of the tracking system was minimal due to its duty-cycled operation, consuming
only 0.6 Wh/day, which is negligible compared to the energy gained. In contrast, the cooling subsystem
contributed a higher energy overhead, consuming 10.8 Wh under high irradiance and 0.64 Wh under low
irradiance conditions. This variation reflects the adaptive nature of the fuzzy control system, which adjusts
cooling based on environmental conditions to maintain panel efficiency.

Owerall, the total auxiliary energy consumption amounted to 12.04 Wh/day. Despite this, the hybrid system
achieved a net energy gain of 37.96 Wh/day, corresponding to an overall improvement of approximately 42.2%
compared to the fixed system. These results confirm that the hybrid approach is energetically beneficial, as the
additional energy harvested significantly outweighs the auxiliary energy consumed.

The study demonstrates that a fuzzy logic—controlled hybrid PV system, integrating dual-axis tracking and
active cooling, significantly enhances energy yield. Both simulations and field tests confirmed that fuzzy logic
tracking outperforms conventional PID control by achieving faster, more stable panel alignment with minimal
overshoot. Thermal management proved crucial, as uncontrolled PV temperatures led to voltage drops and power
loss, while active cooling maintained the module temperatures near 35 °C, mitigating thermal losses.

IV. Conclusion

The findings of this study demonstrate that integrating fuzzy logic—controlled dual-axis tracking with an
active cooling system significantly enhances the performance of photovoltaic modules. The hybrid system
effectively maximizes solar irradiance capture while mitigating thermal-induced losses, resulting in a net daily
energy gain of approximately 38 Wh per 40 Wp module—a 56% improvement over fixed, uncooled panels. Both
simulation and experimental results confirmed that fuzzy logic tracking offers faster response, minimal
overshoot, and more stable panel orientation compared to conventional PID controllers. Temperature regulation
proved equally important, as uncontrolled PV temperatures caused voltage drops and reduced power output,
while active cooling maintained the module temperatures near 35 °C, ensuring consistent performance
throughout the day.

The hybrid system maintained superior performance under varying environmental conditions, including clear
and partly cloudy skies, demonstrating robustness and adaptability for real-world operation. Auxiliary energy
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consumption from the tracking motors and cooling pump was minimal relative to the energy gains, confirming
the overall efficiency of the approach. These results highlight the potential of fuzzy logic—controlled hybrid
systems as scalable and practical solutions for high-solar-resource regions, where elevated module temperatures
and suboptimal panel orientation significantly limit photovoltaic performance.

Based on these findings, it is recommended that future PV installations in high-irradiance regions incorporate
both tracking and temperature regulation systems, preferably using adaptive fuzzy logic control for optimal
performance. Further improvements could include scaling the system for larger PV arrays, implementing low-
power and energy-efficient cooling solutions, and integrating real-time monitoring to dynamically adjust
tracking and cooling duty cycles according to instantaneous solar irradiance and module temperature. Long-term
field studies are also suggested to evaluate the durability, maintenance requirements, and economic feasibility of
such hybrid systems at a commercial scale, ensuring their practical applicability and sustainability.
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