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ABSTRACT

Solar energy harvesting efficiency is critically
dependent on the angular orientation of photovoltaic
panels relative to the sun's position in the sky. A
fixed-mount solar panel oriented at a static angle
captures only 60-70% of the energy that a tracking
system can achieve over a full day. This project
presents the design and development of a Time-Based
Solar Panel Orientation Control System that
automatically repositions a solar panel at
programmed 2-hour intervals throughout daylight
hours, following a predefined sun-path schedule
without requiring any light sensors. The system is
built on an Arduino UNO microcontroller
(ATmega328P, 16 MHz) that maintains a software
real-time clock using the millis() timer. A 16x2 LCD
module connected via the 12C serial bus (PCF8574,
address 0x27) displays real-time clock and current
panel orientation. Two BO DC gear motors for
azimuth and tilt control are driven through an L298N
dual H-bridge motor driver module. Prototype testing
demonstrated an average panel orientation accuracy
of £5°, estimated daily energy gain of 25-35% over a
fixed-tilt installation, LCD update rate of 1 second,
and reliable 24-hour autonomous operation.

Keywords: Solar tracking, time-based control,
Arduino UNO, BO motor, I2C LCD, azimuth,
elevation, millis() clock, open-loop control,
renewable energy.

1. INTRODUCTION

A Time-Based Solar Panel Orientation System
automatically adjusts the tilt and rotation of solar
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panels according to predefined time schedules that
correspond to the sun's predictable daily and seasonal
path. Unlike sensor-based trackers that rely on light
detection, this system uses a software real-time clock
integrated with an Arduino microcontroller to trigger
motor movements at set intervals, ensuring panels
face the sun optimally without constant monitoring.

Solar energy is the most abundant renewable energy
resource on Earth, delivering approximately 1.73 x
107 watts of power to the Earth's surface. A
fundamental limitation of conventional fixed-mount
solar installations is their static orientation. A panel
fixed at a single angle intercepts maximum solar
radiation only at a specific time of day. As the Earth
rotates, the angle of incidence between sunlight and a
fixed panel increases progressively, reducing
effective irradiance captured. Cosine law dictates that
power output is proportional to cos(0): at 6 = 30°,
output drops to 86.6%; at 6 = 60°, to only 50% of peak
capacity. Solar tracking systems address this by
periodically reorienting the panel throughout the day,
achieving energy gains of 25-40%.

1.1 Problem Statement

Specific problems addressed by this project: (1) Low
energy yield from fixed-tilt solar panels due to
changing sun angle throughout the day. (2)
Complexity and unreliability of light-sensor-based
tracking due to cloud interference and calibration
drift. (3) Lack of real-time visual feedback on time
and orientation status. (4) Need for automatic daily
reset to avoid manual repositioning each morning. (5)
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Absence of affordable, documented educational solar
tracker designs using standard Arduino components.

1.2 Objectives

Primary objectives: (1) Develop Arduino UNO
firmware to maintain a software real-time clock using
millis() with 1-second resolution. (2) Implement a 6-
position daily orientation schedule (06:00, 08:00,
10:00, 12:00, 14:00, 16:00) with 2-hour intervals. (3)
Control two BO gear motors via an L298N motor
driver for azimuth and tilt positioning. (4) Display
real-time clock and orientation label on a 16x2 12C
LCD. (5) Execute automatic return-to-home at 18:00.
(6) Achieve orientation accuracy within +8° through
open-loop timed motor runs.

2. LITERATURE SURVEY

1. Mousazadeh et al. (2009): A comprehensive
review of sun-tracking methods for maximizing solar
system output was presented. The study
systematically classified tracking methods into
single-axis and dual-axis categories and evaluated
their energy gain potential. Single-axis tracking was
found to provide 25-35% energy gain, while dual-axis
tracking achieves 35-50% over fixed-tilt systems. The
review concluded that time-based open-loop tracking
represents a practical compromise for small-scale
educational and rural applications.

2. Seme, Stumberger, and Vorsic (2011): Maximum
efficiency trajectories of a two-axis sun tracking
system were analyzed. The authors mathematically
derived the optimal azimuth-elevation angles as a
function of time for given geographic coordinates and
seasons. Their work validates the use of pre-
calculated time-slot schedules as an effective
approximation of continuous tracking for systems
that update position at regular intervals.

3. Abdallah and Nijmeh (2004): A two-axes sun
tracking system with PLC control was implemented
and tested. Their results demonstrated that even a
simple two-position tracking system (morning and
afternoon only) achieved significant energy gain. The
study highlighted the feasibility of time-driven, open-
loop tracking as an alternative to light-sensor
approaches, particularly in locations with predictable
sun paths.
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4. Huang and Sun (2007): Feasibility of one-axis
three-position tracking solar PV was studied. The
authors found that dividing the day into just three
tracking positions captures approximately 90% of the
energy gain achievable by continuous tracking. This
directly supports the six-position two-hour interval
approach used in this project, confirming that
discrete-position time-based tracking is an efficient
engineering trade-off.

5. Oner et al. (2009): A new efficient photovoltaic
sun-tracking controller was designed using embedded
microcontrollers. The study evaluated the use of
Arduino-class microcontrollers for solar tracking
applications and confirmed the ATmega328P is
computationally sufficient for implementing time-
keeping, motor control, and display functions
simultaneously, with minimal resource utilization.

6. Kalogirou (2009): A comprehensive reference on
solar energy engineering processes and systems was
authored. The work documents the mathematical
relationship between solar hour angle and time,
providing the theoretical foundation for the 15°/hour
= 30° per 2-hour azimuth step calculation used in this
project's orientation schedule design.

7. Duffie and Beckman (2013): Solar Engineering of
Thermal Processes provides rigorous treatment of
solar position calculations including declination, hour
angle, azimuth, and elevation as functions of date,
time, and observer latitude. The equations presented
underpin the theoretical energy gain calculations and
the pre-computed elevation schedule for 13°N
latitude used in prototype testing.

8. Maxim Integrated (2015): The DS3231
Extremely Accurate [2C RTC datasheet documents
the temperature-compensated crystal oscillator
achieving +2 ppm accuracy. This establishes the
reference hardware for eliminating the millis()-based
drift limitation of the current prototype, identified as
the primary future enhancement for long-term
autonomous deployment of the tracking system.

3. EXISTING SYSTEM

The dominant approach in existing small-scale solar
tracker designs is the use of light-dependent resistor
(LDR) sensors in a Wheatstone bridge configuration.
In this sensor-based (closed-loop) approach, LDRs
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are placed in four quadrants of a cross-shaped housing
and the output voltage differences drive motor
corrections. While theoretically capable of following
the actual sun position regardless of seasonal
variation, sensor-based trackers suffer from several
practical limitations in real deployment conditions.

Cloud-induced hunting is the most significant failure
mode: when a cloud temporarily shadows one sensor
quadrant, the controller commands a rapid motor
movement toward the brighter direction, only to
reverse when the cloud passes. This repeated back-
and-forth motion wastes energy, mechanically
stresses the motors and mounting structure, and
produces no net tracking benefit. Additionally, LDR
sensors require individual calibration and are
sensitive to soiling and UV degradation over time.

Existing time-based designs using DS1307 or
DS3231 RTC modules provide accurate long-term
timekeeping but increase component count and cost.
Most published educational solar tracker designs lack
integration of [2C LCD display with automatic end-
of-day return-to-home logic in a single documented
system, and detailed motor calibration procedures for
BO motors in tracking applications are absent from
accessible literature.

Disadvantages of Existing System

(1) LDR sensor-based trackers suffer from cloud-
induced hunting and sensor calibration drift; (2)
Sensor systems require regular cleaning and
recalibration; (3) Existing RTC-based designs are
underdocumented and lack integrated LCD display
feedback; (4) No automatic return-to-home logic for
daily repositioning; (5) High complexity and cost of
commercial dual-axis tracking solutions; (6)
Published designs lack detailed motor calibration
procedures for open-loop BO motor systems.

4. PROPOSED SYSTEM

This project proposes the design and development of
a Time-Based Solar Panel Orientation Control
System as an integrated mechatronic system
comprising four subsystems: (1) the mechanical dual-
axis panel mount, (2) the electronic control hardware,
(3) the 12C LCD user display, and (4) the Arduino
firmware with time-keeping and orientation schedule
logic. The system uses a time-based open-loop
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approach, which is cloud-immune, requires no sensor
calibration, is inherently stable with no hunting, and
is sufficient for demonstrating energy gain with
straightforward Arduino implementation.

4.1 Block Diagram

The following block diagram illustrates the complete
architecture of the proposed system, showing how all
hardware subsystems are interconnected under the
supervision of the Arduino UNO controller.

BATTERY SOLAR PANEL
[
- AURDINO UNO

l DC GEAR MOTOR

MOTOR DRIVE

s 4
SWITCH

LOAD
| DISPLAY

Fig. 1: Complete System Block Diagram of Time-
Based Solar Tracking System

4.2 Block Diagram Description

The power supply (5V/1A adapter or battery pack)
provides power to the Arduino UNO via the Vin pin,
with onboard regulation providing 5V to peripherals.
The Arduino UNO (ATmega328P, 16 MHz) is the
central controller executing the time-keeping
firmware loop. The software clock increments every
second via millis(). At each 2-hour boundary (06:00,
08:00, 10:00, 12:00, 14:00, 16:00), the Arduino sends
direction and enable signals to the L298N motor
driver module through digital pins D3-D8. The motor
driver independently drives BO Motor 1 (azimuth,
east-to-west sweep) and BO Motor 2 (tilt/elevation
adjustment) for calibrated time durations to reach the
target orientation. The 12C LCD module (PCF8574
backpack, address 0x27) is connected to Arduino
analog pins A4 (SDA) and A5 (SCL), displaying the
current time on line 1 and orientation label on line 2,
updated every second. At 18:00, both motors are
reversed for the total accumulated run time to return
the panel to the 06:00 home (east sunrise) position.
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Subsystem Connection Function
Power Supply — Arduino Vin | Powers entire system;
(5V/1A) Arduino regulates 5V
for logic
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Arduino UNO | — Motor Driver Time-keeping,
(ATmega328P) D3-D8, LCD | schedule logic, motor
A4/AS control
L298N Motor — BO Motor 1 | H-bridge switching,
Driver + BO Motor 2 bidirectional motor
control
BO Motor 1 — Rotation East-to-west
(Azimuth) platform horizontal sweep (30°

per 2-hr step)

BO Motor 2 (Tilt) — Elevation Elevation angle

bracket adjustment (10-30°
per step)
12CLCD — Arduino A4 Real-time clock +
(PCF8574, 0x27) (SDA), AS orientation label
(SCL) display
Status LED (D13) — Arduino Blinks on each time-
built-in slot transition

Table 1: System Block Diagram Subsystem
Description

4.3 Orientation Schedule

The orientation schedule divides the 12-hour daylight
window (06:00 to 18:00) into six 2-hour slots. At each
slot boundary, the Arduino firmware drives the
azimuth motor 30° eastward and adjusts the tilt angle
to match the computed solar elevation for 13°N
latitude on the equinox. The 15°/hour solar movement
rate provides the theoretical basis for the 30° azimuth
step per 2-hour interval.

Slot Time | Azimuth | Elev | Motor | LCD Label
Window atio | Comma
n nd
0 06:00- | 0° (East) | ~5- | HOME | E SUNRISE
07:59 10°
1 08:00- 30° ~30° | AZ+30, ENE
09:59 (ENE) TL+25 | MORNING
2 10:00- | 60° (SE) | ~60° | AZ+30, SE MID-
11:59 TL+30 MORN
3 12:00- 90° ~75° | AZ+30, S NOON
13:59 (South) TL+15
4 14:00- 120° ~60° | AZ+30, SW
15:59 (SW) TL-15 | AFTERNO
ON
5 16:00- 150° ~30° | AZ+30, WSW
17:59 (WSW) TL-30 LATE PM
RTH | 18:00 0° ~5° Full HOME
(Home) Reverse

Table 2: Complete Daily Orientation Schedule

4.4 Circuit Diagram
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Fig. 2: Hardware Circuit Diagram (Arduino UNO —
L298N — BO Motors — 12C LCD)

The circuit diagram shows the complete wiring of the
system. The Arduino UNO connects to the L298N
motor driver through digital pins D3 (ENA/PWM),
D4 (IN1), D5 (IN2) for the azimuth motor and D6
(ENB/PWM), D7 (IN3), D8 (IN4) for the tilt motor.
The [12C LCD is connected to Arduino A4 (SDA) and
A5 (SCL) with only 4 wires total (VCC, GND, SDA,
SCL), reducing wiring complexity compared to
parallel LCD interfaces. 1N4007 flyback diodes
protect each motor terminal against back-EMF
spikes. A 5V/1A power adapter or USB supply
powers the Arduino via USB or Vin.

4.5 Mechanical Assembly

\ i |
B o /\\

e
Fig. 3: Mechanical Assembly — Dual-Axis Panel Mount

The mechanical mount provides two degrees of
freedom: azimuth rotation (east-west sweep, 180°
total) driven by BO Motor 1, and tilt/elevation
adjustment (0° to 75°) driven by BO Motor 2. The
base platform (200x200x5mm plywood) supports the
azimuth rotation stage (lazy-Susan turntable bearing,
100mm OD). BO Motor 1 is vertically mounted with
its output shaft driving the rotation platform directly.
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The tilt bracket (L-shaped aluminium, 80x60x3mm)
allows the solar panel cradle to pivot through BO
Motor 2 acting via a crank arm (20mm radius). The
complete assembly weighs approximately 350-600g
without battery.

5. RESULTS

Testing was conducted in laboratory conditions to
evaluate three aspects: time-keeping accuracy, motor
orientation accuracy, and LCD display reliability. An
outdoor demonstration test was also conducted to
observe panel tracking behavior against the actual sun
over a 4-hour window.

5.1 Hardware Setup

Fig. 4: Prototype Assembly of Time-Based Solar
Tracking System

The prototype integrates all subsystems on a compact
base platform. The Arduino UNO and L298N motor
driver are mounted on a breadboard alongside the 12C
LCD display. The dual-axis mechanical mount carries
a small demonstration solar panel (5W, 80x60mm)
driven by two BO gear motors. The system operates
on a 5V/1A USB adapter for bench testing and a 6V
NiMH battery pack for field demonstration.

5.2 Time-Keeping Accuracy

Orientation Accuracy of Solar Tracking Systems

100

20
88%
80
70 75%
60
50
ime-Based Trackin ual-Axis Tracking

W Fixed B Time-Based Tracking [l Dual-Axis Tracking

Orientation Accuracy (%)

Fig. 5: Orientation Accuracy Bar Chart — Target vs.
Measured Angles
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Duration | Expected | Actual End | Drift | Accuracy
End
1 hour 60:00 60:03 3s fast | +0.05%
4 hours 10:00:00 10:00:11 11sin +0.08%
4h
8 hours 14:00:00 14:00:18 18s in +0.06%
8h
12 hours 18:00:00 18:00:27 27s in +0.06%
12h
24 hours | Next 06:00 +52s drift | 52s/day | +0.06%

Table 3: Software Clock Time-Keeping Accuracy Test
Results
The observed drift of ~52 seconds per 24 hours
(0.06%) is caused by the Arduino crystal tolerance
(£30 ppm typical) plus minor jitter from delay() calls
during motor movements. For a 2-hour slot interval,
this corresponds to a maximum slot-boundary timing
error of ~2.2 seconds — fully negligible for solar
tracking purposes. Adding a DS3231 RTC module
would eliminate drift entirely.

5.3 Motor Orientation Accuracy

Test Target | Measured Error Status

Slot +30° 27.5° 2.5° short
0—1
(AZ)

Slot +30° 29.2°
1-2
(AZ)

Slot +30° 30.5° 0.5° over
2—3
(AZ)

Recalibrated

0.8° short Within +8°

Within +8°

Slot +30° 29.8°
3—4
(AZ)

0.2° short Excellent

Slot +30° 30.1° 0.1° over Excellent
4—-5
(AZ)

Slot +25° 23.5° 1.5° short
0—1
(TL)

Within +8°

Slot +30° 28.5° 1.5° short
1-2
(TL)

Within +8°

Slot +15° 14.5°
23
(TL)

0.5° short Within £8°

RTH Full HOME +3° Excellent

(both) | Reverse +3°
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Table 4: Motor Orientation Accuracy After 2C 7Zero Zero in 48h Excellent
Calibration communication
Post-calibration results show azimuth accuracy crrors
within £1° for slots 2-5 and +3° for slot 0—1 (which Backlight Constant | No flicker Pass
required AZ STEP_MS recalibration from 2200ms stability
to 2420ms). Tilt accuracy is within +2° across all Character Stable No glitch Pass
. . . stability during
slots. Overall orientation accuracy of #3-5° is motor run
achieved, meeting the £8° design target. Table 6: I12C LCD Display Performance Test Results
5.4 Energy Gain Estimation 6. CONCLUSION
: . = This project has successfully designed, implemented,
= ‘ [ T = and tested a Time-Based Solar Panel Orientation
. | hl | Control System that achieves all stated design
‘ ' objectives. The millis()-driven software clock
Aﬂﬂ ‘ i combined with a 6-slot 2-hour interval schedule
= SRS ORE ESHeTR provides effective solar tracking without any light
Fig. 6: Estimated Daily Energy Comparison — Fixed sensors, eliminating cloud-induced hunting and
vs. Tracking Panel sensor calibration requirements. The ATmega328P
Hour Solar | Azimuth | Tracked | Fixed | Gain comfortably handles simultaneous tasks of time-
Elev. Step cos(6) cos(9) keeping, 12C LCD updates (every 1 second), motor
07:00 65° 0° 0.423 1.000 | Fixed control, and serial debug output, with less than 40%
better of SRAM and 25% of Flash memory utilized.
09:00 407 30° 0.643 0966 trziloq/g 4| Post-calibration orientation accuracy of +3-5° meets
gain the £8° design target. Theoretical analysis confirms
11:00 20° 60° 0.940 0.866 | 8.5% an estimated 30% daily energy gain over a fixed-tilt
gain panel, validating the project's core purpose. The
13:00 50 90° 0.996 0.707 41% automatic end-of-day return-to-home sequence
gain achieved within £3° positioning accuracy across all
15:00 20° 120° 0.940 0.500 88% test runs. The total prototype cost of 35,820 to 8,980
gain makes this system highly accessible for educational
17:00 40° 150° 0.643 0.259 | 148% | institutions and smallholder solar users.
Daily — 180° 1585 — ii;; Future enhancements include: DS3231 RTC module
Ratio daily integration to eliminate millis() drift; Hall effect
gain sensor feedback for closed-loop position verification;
Table 5: Estimated Energy Gain — Time-Based astronomical algorithm implementation for precise
Tracker vs. Fixed-Tilt (13°N, Equinox) sun position calculation at any date and location;
5.5 LCD Display Performance stepper motor upgrade (28BYJ-48) for step-count
Test Target | Measured Status position control without calibration; and INA219
Parameter energy monitoring to display real-time solar panel
Display update | 1 second | 1.001 s avg. Pass output on the LCD.
rate
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