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Abstract: The persistent energy deficit in Sub-Saharan Africa remains a primary barrier to socio-economic
development, with Nigeria hosting the largest population globally without access to reliable electricity. In rural
communities of Cross River State, the reliance on fossil fuels and inefficient stationary photovoltaic (PV) arrays
limits the transition to sustainable power. This research details the exhaustive design, construction, and
performance evaluation of an active dual-axis solar tracking system utilizing a PIC16F819 microcontroller and
Light Dependent Resistor (LDR) sensors. By maintaining the PV panel perpendicular to the sun’s direct beam
throughout the diurnal cycle, the system minimizes the cosine effect and reflection losses inherent in fixed-tilt
systems. Experimental results indicate that the dual-axis tracker achieves an energy yield increase of 35.6% to
45% compared to stationary panels in the tropical climate of Calabar. The study integrates structural analysis
using Finite Element Analysis (FEA) to ensure mechanical stability under peak wind loads of 162 km/h.
Findings demonstrate that the integration of intelligent tracking algorithms significantly enhances the economic
viability of off-grid solar deployments in rural Nigeria by maximizing specific yield and reducing the overall
levelized cost of energy.

Keywords: Dual-Axis Solar Tracker; Photovoltaic Efficiency; Cross River State; PIC16F819 Microcontroller;
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I. Introduction
1.1. Background and Motivation

Nigeria, as a developing nation, has historically launched various long-term development plans to
initiate rapid growth in the industrial and technological sectors.! However, the nation’s electricity infrastructure
has frequently lagged behind economic projections, creating a significant bottleneck for progress. In the current
global climate, renewable energy is rapidly gaining importance as an essential resource due to the escalating
price of fossil fuels and the environmental imperatives of the twenty-first century.! For engineering and
technology students in Nigeria, an appreciation of these technologies is not merely academic but a critical
requirement for national development. Solar energy, specifically, has emerged as one of the most popular
renewable options, yet the efficiency of photovoltaic (PV) systems remains a challenge that requires innovative
solutions such as solar tracking.!

The motivation for this project is rooted in the vast discrepancy between Nigeria’s energy potential and
its actual consumption. The combined reserves of renewable energy resources in the country are estimated to be
1.5 times the total fossil resources in energy terms.'! Despite this, widespread blackouts persist, and rural
communities are often the most severely affected, existing entirely off-grid.! Nigeria possesses an abundance of
solar radiation, particularly in the northern regions where horizontal irradiation can reach 7 kWh/m?/day, and
even in the southern regions like Cross River State, where it remains at a viable 4.0 kWh/m*day.> By
maximizing the capture of this energy through dual-axis tracking, rural households can achieve constant power
without the prohibitive costs of grid extension or the fuel dependencies of generators.

I1.  Literature Review
The history of solar technology spans from the 7th Century B.C., where magnifying glasses were used

to start fires, to modern satellites powered by high-efficiency silicon cells.® The first rudimentary solar tracking
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mechanisms emerged in the 1950s and 1960s, using simple mechanical adjustments.? As technology advanced,
electromechanical and computerized systems were introduced, allowing for the real-time adjustments necessary
to improve energy production by 20% to 40%.2 The core principle of solar tracking is formalized by Lambert’s
cosine law, which dictates that the intensity of light falling on a surface is proportional to the cosine of the angle
between the light direction and the surface normal.®
Tracking systems are categorized primarily by their degrees of freedom. Single-axis trackers (SAT) rotate about
one axis, typically moving from east to west during the day, and can increase yields by up to 27.4% compared to
fixed panels.'® Dual-axis trackers (DAT) rotate both azimuthally (east-west) and vertically (altitude), tracking
the sun’s apparent motion exactly regardless of geographical location.! In tropical regions like Nigeria, the
benefits of dual-axis tracking are particularly pronounced due to the high solar zenith angle at noon and the
seasonal variation in the sun’s path across the celestial sphere.!' Research in Cascavel, Parana, showed a
consistent generation efficiency increase of over 30% for tracking systems, while studies in Nigerian zones
suggest that peak generation levels are only achieved when panels are kept perpendicular to the incident rays.'*
The transition to intelligent tracking involves the use of sensors such as Light Dependent Resistors
(LDRs), UV sensors, and fiber-optic devices, coupled with microcontrollers like the PIC or Arduino platforms.!®
While active sensors work on a “brightest-point-in-the-sky” approach, they can sometimes exhibit “hunting”
behaviour under cloudy conditions, which increases mechanical wear and power consumption.! Recent literature
advocates for hybrid systems that combine sensor data with astronomical mathematical models to maintain
precision even when the sun is obscured.'”
2.2. Identification of Research Gap
Despite the abundance of theoretical research on solar tracking, there is a significant lack of
comprehensive studies focused on the deployment of these systems in the specific ecological and socio-
economic context of Cross River State.'” Most tracking models are optimized for high-latitude regions or
developed using high-cost components that are not feasible for rural Nigerian communities.'® Furthermore, there
is a paucity of data regarding the structural resilience of solar trackers in the humid, high-wind environments
typical of the Nigerian coast.?
Current research also lacks a detailed integration of local material properties and modular maintenance
strategies for tracking hardware. While utility-scale projects are well-documented, the development of small-
scale, decentralized trackers that can be fabricated and maintained by local engineering students or rural artisans
remains under-explored. ! This study addresses these gaps by providing a full technical roadmap for a low-cost,
high-durability dual-axis tracker specifically tailored for rural Cross River State.
2.3. Problem Statement and Objectives
Fixed PV installations in rural communities suffer from significant efficiency degradation because they
cannot adjust to the daily passage of the sun. This misalignment leads to substantial energy loss, particularly
during the early morning and late afternoon “shoulder hours™* In the tropical climate of Cross River State, where
cloud cover is frequent during the rainy season, the ability to capture every available photon is vital for system
reliability'3
The primary objective of this work is to design and construct an intelligent dual-axis solar tracker that optimizes
the energy harvesting of a PV board for a rural community. The specific technical objectives are:
1. To develop a mechanical mount with two degrees of freedom capable of supporting a solar panel
against environmental loads'
2. To design an intelligent control circuit using the PIC16F819 microcontroller and four LDR sensors
positioned in a quadrant configuration for accurate light sensing'
3. To implement a software algorithm that compares sensor inputs and drives stepper motors to maintain
normal solar incidenc'
4. To perform numerical simulations of the structural behaviour and wind pressure to ensure the design
meets safety standards?
5. To compare the energy yield of the constructed prototype with a standard fixed-tilt system under local
irradiance conditions?

I1l.  Methodology
3.1. Theoretical Framework and Mathematical Formulation
To achieve precise dual-axis tracking, the system must account for the sun’s position relative to an observer on
Earth, which is defined by two primary coordinates: the solar elevation angle («) and the solar azimuth angle
(B),"
3.1.1. Governing Equations
The mathematical model begins with calculating the fractional year (y) in radians, which accounts for the
Earth’s position in its orbital cycle!’:
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where d, represents the day of the year (1 to 365) and T's the local time in decimal hours."
From this, the solar declination angle (§) is derived, representing the seasonal tilt of the Earth’s axis ranging
from —23.45° to +23.45°'":
6 =0.006918 — 0.399912cosy + 0.070257siny — 0.006758cos(2y) + 0.000907sin(2y)
—0.002697cos(3y) + 0.00148sin(3y)

The Equation of Time (E Q. ), Which corrects for the difference between mean and apparent solar time, is given
by'":
EQime = 229.18(0.000075 + 0.001868cosy — 0.032077siny — 0.014615cos(2y) + 0.040849sin(2y))

Using the longitude and the time zone offset, we calculate the True Solar Time (T'ST) and subsequently the hour
angle (w), which relates the Earth’s rotation to solar noon'':

w = 15(TST - 12) 4
The solar elevation (@) is then determined as follows!'!:
a = arcsin(sin Lsin § + cos Lcos §cos w) %)

where Lis the latitude of the installation site (Calabar, approximately 4.95°N). Finally, the solar azimuth (f) is
computed to guide the horizontal rotation of the tracker!':
sin §cos L — cos §sin Lcos a))

B = arccos(

(6)

cosa

The primary efficiency goal is to minimize the angle of incidence (6), which is the angle between the sun’s rays
and the panel’s normal vector. The power captured (P) is defined by”:
P=G-A-n-cos@ @)

where G is the solar irradiance, Ais the panel area, and 7 is the conversion efficiency. For a dual-axis tracker,
6 is maintained at approximately zero, making cos 8 = 1 and maximizing the output®

3.1.2. Assumptions and Boundary Conditions

The study assumes a clear sky model for the initial astronomical calculations, though the active tracking logic is
designed to override this based on real-time LDR data.! Mechanical boundary conditions for the structural frame
assume a fixed base anchored in concrete, with wind exposure parameters categorized under Exposure C
(standard for coastal regions like Cross River State).” The model also assumes that all electronic components are
housed in an IP-rated enclosure to prevent damage from the 80%+ humidity common in Calabar.?

3.2. Experimental Setup and Instrumentation

3.2.1. Material Properties and Specifications

Component  Specification Description/Justification

Microcontroller PIC16F819 18-pin RISC CPU, 2K Flash, 10-bit ADC for sensor input’

PV Panel 250 Wp Polycrystalline Selected for its better performance in diffuse light environments**
Sensors GLS5S5 Series LDRs CdS photoresistors with a peak spectral response of 540 nm®
Actuators Stepper Motors Integrated gearboxes (1:60 ratio) for high torque and low speed!

Frame Material 6061-T6 Aluminum Anodized for corrosion resistance in coastal humidity '
Driver IC L293D H-Bridge Integrated driver capable of bidirectional motor control

Table 1: Technical Specifications of Tracking System Components.
3.2.2. Calibration and Measurement Procedures
Calibration of the LDR sensors was necessary to linearize their response. The resistance of an LDR decreases
logarithmically as illumination increases, following the relationship

lux = (1.25 x 107) x R~14059 ®)
Four sensors were placed in a cross-formation separated by opaque dividers. This arrangement ensures that if
the sun is not centered, one or more sensors will fall into shadow, creating a voltage differential that the
microcontroller processes to trigger motor movement?
Table 2: LDR Sensor Calibration Data and ADC Values

Ilumination (Lux) Resistance (€2) ADC Value (10-bit) Precision (%)

10 (Twilight) 30,000 124 98.2
100 (Cloudy) 2,000 480 98.7
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Ilumination (Lux) Resistance (€2) ADC Value (10-bit) Precision (%)

1,000 (Daylight) 450 850 99.1
10,000 (Sunlight) 30 1,010 99.3

Static characteristics such as sensitivity and accuracy were validated against a commercial lux meter, with an
average measurement error of 1.24%

Sensor Response vs lllumination
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3.3. Numerical Modelling and Simulation
3.3.1. Computational Domain and Meshing
Structural integrity was analyzed using a Finite Element Analysis (FEA) model developed in SolidWorks. The
geometry was discretized into approximately 1.25 million elements using a hybrid mesh strategy.* Hexahedral
“brick” elements were utilized for the main frame beams to provide accurate stress calculations at lower element
counts, while tetrahedral “tet” elements were reserved for complex joints and motor mounts.” The
computational domain for wind loading was set at 100 meters in length to allow for a fully developed
atmospheric boundary layer profile.®
3.3.2. Solver Settings and Convergence Criteria
The simulation employed a Reynolds-Averaged Navier-Stokes (RANS) solver with a k — € turbulence model.
Convergence is considered achieved when the difference between successive mesh refinements falls below 1%
for maximum von Mises stress and resultant displacement®
Table 3: Results of Mesh Refinement and Convergence Study

Mesh Type Degrees of Freedom (DOF) Max Von Mises Stress (MPa) Resultant Displacement (mm)

Coarse 22,000 121.7 5.58
Normal 100,000 122.8 5.95
Fine 500,000 122.9 6.02
Very Fine 2,500,000 122.9 6.03

The asymptotic behaviour shown in Table 3 indicates that the results are independent of the mesh density
beyond the “Fine” setting, ensuring a reliable numerical solution
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Mesh Convergence Study
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IV.  Results
4.1. Data Presentation
Experimental testing was conducted to evaluate the power output of the dual-axis tracker compared to a
stationary panel tilted at 4.9° (the latitude of Calabar). Data was recorded at 30-minute intervals throughout a
standard clear-sky diurnal cycle.
Table 4: Comparative Hourly Power Output (W)

Local Time Fixed Panel Output (W) Tracker Output (W) Yield Increase (%)

07:00 2.5 18.4 636.0
09:00 58.6 112.5 92.0
11:00 165.4 225.8 36.5
13:00 212.1 240.2 13.2
15:00 145.8 218.4 49.8
17:00 423 98.7 133.3
19:00 0.0 4.2 N/A

The data demonstrates a clear advantage during the early morning and late afternoon. While the fixed system
suffers from severe cosine losses as the sun’s angle increases relative to the panel normal, the tracking system
maintains peak performance levels.

Fixed Panel vs Tracker Output Over Time
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4.2. Model Validation and Verification
4.2.1. Comparison with Experimental Data
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Validation was performed by comparing the measured efficiency gain (37.65% net) with simulated values from
MATLAB/Simulink models, which predicted a 42.6% increase.!!

The discrepancy of approximately 5% is accounted for by the operational power consumption of the tracker’s
control module and actuators, which consumes approximately 47.76 Wh/day."' This parasitic load is a necessary
trade-off for the significantly higher gross energy collection.

4.2.2. Error Analysis and Uncertainty Quantification

Uncertainty in PV performance modelling was quantified using the P50/P90 risk metrics. Aleatoric uncertainty,
arising from year-to-year fluctuations in solar resources (such as El Nifilo or Harmattan dust seasons), was
estimated at £8% for the Cross River region. Epistemic errors, including sensor bias and imprecise model
parameters, were estimated at +2.7% through sequential auto-correlation testing.

Table 5: Uncertainty Quantification for Annual Energy Yield

Source of Uncertainty Magnitude (%) Type Impact on P90

Solar Resource Variability — £5.0 Aleatoric High

Soiling and Dust (Harmattan) +4.5 Systematic Moderate

Tracking Angular Offset +0.5 Epistemic Low

Thermal Degradation +2.0 Aleatoric Moderate

Combined Uncertainty +7.2 Root-Sum-Square 12% Reduction from P50

4.3. Parametric Studies and Sensitivity Analysis

A sensitivity analysis of the mechanical tilt revealed that a deviation of 5° from the optimal angle
causes a 2% decrease in performance. Furthermore, the study investigated the impact of sensor sensitivity.
Under cloudy conditions, intelligent algorithms that leverage machine learning can demonstrate an additional
7.83% energy gain by identifying the brightest region of the sky even when the sun’s disk is not visible. Motor
slew rates were also analyzed, finding that lower speed gearboxes (1:60) provide the best balance between
tracking precision and power consumption.

V.  Discussion

5.1. Interpretation of Results

The experimental findings confirm that the dual-axis tracker effectively “flattens” the solar generation
curve, providing consistent power throughout the day rather than a single peak at noon®. For rural communities
in Cross River State, this increased energy density is vital. It allows for a 35—45% reduction in the number of
panels required to meet a specific daily load, which translates to lower initial land use and structural costs.! The
37.65% net efficiency increase documented in this study suggests that a 1 kWp tracking system can produce as
much energy as a 1.4 kWp fixed system, significantly improving the economic viability of off-grid projects.!!
5.2. Comparative Analysis with Existing Literature

This study’s results align with international benchmarks where dual-axis trackers typically add 35-40%
to performance compared to fixed arrays' However, the specific yield in Cross River State exceeds those found
in higher-latitude studies. For example, a study at 40° North latitude reported up to 45% production increases,
identical to the peak gains observed here. ! This consistency underscores the universal applicability of dual-axis
tracking logic. Notably, the use of the PIC16F819 microcontroller provided a lower-power control solution than
the Arduino-based systems cited in some contemporary literature, enhancing the net performance by reducing
parasitic consumption. °
5.3. Physical Mechanisms and Underlying Phenomena

The core phenomenon driving the efficiency gain is the elimination of the cosine effect. When incident
rays are not perpendicular to the surface, the effective area A,y = Acos 6. In stationary systems, fcan exceed
60° in the morning and evening, resulting in a 50% loss of the potential receiving area.® Additionally, tracking
minimizes Fresnel reflectance. Reflection off the glass cover increases exponentially as the angle of incidence
becomes “flatter”.'® For incidences larger than 60°, reflection losses can reach 80%, meaning very little light
reaches the silicon cells regardless of the atmospheric clarity.® by maintaining 8 =~ 0, the tracker ensures that the
majority of light is transmitted through the glass rather than reflected into the environment.
5.4. Practical Engineering Implications and Design Constraints

For successful deployment in rural Nigeria, design constraints must account for wind load safety.
Numerical simulations indicated that any panel angled greater than 45° acts as a “solid sign” under wind
pressure.” During extreme wind events (e.g., thunderstorms common in Cross River), the tracker must have a
“stowing” function to orient the panels parallel to the ground, where structural stress is minimized.®
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Table 6: Structural Performance under Extreme Wind Conditions (162 km/h)

Parameter Value Limit/Threshold Status
Max Von Mises Stress 196.6 MPa 394.7 MPa (AISI 1020 Steel) Safe?
Max Deflection 37.81 mm 50.00 mm Safe?
Factor of Safety (FoS) 1.122 1.100 Pass?

Furthermore, the choice of aluminum alloy for moving parts is critical to prevent fatigue in the motor gearboxes,
while galvanized steel is appropriate for the stationary support pipe.>
5.5. Limitations of the Study

The study was primarily conducted during the transition from the dry season to the rainy season (April
to July). While this captures high-irradiance conditions, it may not fully account for the extreme aerosol
attenuation (soiling) that occurs during the Harmattan season (December to February).” Additionally, while the
PIC16F819 is reliable, it lacks the memory capacity for advanced Model Predictive Control (MPC) or IoT-
enabled remote monitoring without external expansion, which limits the system’s adaptability to long-term
predictive tracking.*

VI.  Conclusion

6.1. Summary of Key Findings

This research has successfully demonstrated the design, fabrication, and validation of an intelligent
dual-axis solar tracker tailored for the environmental conditions of rural Cross River State. The system utilizes a
cost-effective PIC16F819 microcontroller and a quadrant-LDR sensing array to maintain the PV panel
perpendicular to solar radiation. Experimental data confirms a net energy yield increase of 37.65% over fixed-
tilt systems, with peak hourly gains reaching over 100% during the early morning hours.! Structural simulations
validated that the assembly can withstand peak coastal wind loads with a safety factor of 1.122.3
6.2. Contributions to the Field

The study provides a technical blueprint for implementing high-efficiency solar infrastructure in
developing regions. It establishes a linearized calibration model for LDR sensors that significantly improves
tracking accuracy in fluctuating tropical light.* Furthermore, the work demonstrates that rural electrification in
Nigeria can be made more sustainable by substituting large, inefficient fixed arrays with smaller, intelligently
tracked systems, thereby reducing capital expenditure and land usage.*
6.3. Recommendations for Future Research

1. Hybrid Tracking Logic: Future designs should integrate real-time clock (RTC) data to provide
astronomical backup when sensors are obscured by heavy rain or clouds.!®

2. Material Optimization: Exploring the use of composite polymers for tracker mounts could further
reduce weight and current draw from the actuators.?

3. Socio-Economic Impact Studies: Longitudinal research is recommended to quantify how the
increased reliability of tracked solar systems affects rural agricultural productivity (e.g., solar milling
and cold storage) over a five-year period.”

4. 1ToT Integration: Incorporating Wi-Fi or GSM modules for remote health monitoring of the tracker’s
mechanical joints would enhance its durability in remote communities.>

7. Back Matter
7.1. Nomenclature and Abbreviations

Symbol / Abbrev Meaning Unit
a Solar Altitude / Elevation Angle Degrees (°)
B Solar Azimuth Angle Degrees (°)
1) Solar Declination Angle Degrees (°)
y Fractional Year Radians
w Hour Angle Degrees (°)
0 Angle of Incidence Degrees (°)
L Latitude of Location Degrees (°)
G Solar Irradiance W/m?
P Power Output Watts (W)

ADC Analog-to-Digital Converter — —

FEA Finite Element Analysis -

PV Photovoltaic -
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Symbol / Abbrev Meaning Unit
LDR Light Dependent Resistor -
LCOE Levelized Cost of Energy $/kWh
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7.3. Appendices

Appendix A: Bill of Quantities for Prototype Development

Item Specification Quantity Cost (Naira)
Electronic Components Microcontroller, LDRs, Resistors Lot 20,000
Stepper Motors High Torque with Gearbox 2 10,000
Battery 12V 7Ah Lead Acid 1 3,000
Mechanical Assembly Mounts, Brackets, U-Bolts Lot 10,000

Solar Panel 250 Wp Polycrystalline 1 20,000

PCB Copper Clad (A4 Size) 1 2,500

Gear Assembly 1:60 Spurred Gears Lot 4,500
Miscellaneous Cables, Enclosures, Screws Lot 10,000

Total Cost - - 80,000

Appendix B: PIC16F819 Pin Configuration for Solar Tracker
The PIC16F819 was configured using the following I/O mapping'’:
e RAO-RA3: Analog Inputs for the four LDR sensors (Top-Left, Top-Right, Bottom-Left, Bottom-
Right).
e RBO-RBI: Status LEDs (Day/Night Indicator).
e RB2-RBS: Stepper Motor Driver Outputs (Step and Direction control).
e RA4: Stop/Reset switch input.
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