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Abstract — Fixed-angle photovoltaic (PV) panels fail to
track the sun's east-to-west daily trajectory, resulting in
energy losses of 15-35% compared to optimal tracked
output. This paper presents the complete design,
hardware implementation, and performance validation
of a single-axis automatic solar tracking system that
rotates the PV panel along the azimuth (East—West) axis
using an Arduino Uno microcontroller (ATmega328P),
two Light Dependent Resistor (LDR) sensors, and a
single servo motor. A closed-loop differential feedback
control algorithm continuously compares light intensity
from two opposing LDRs (west-facing and east-facing)
and drives the servo in 5° incremental PWM steps with
a 200 ms update cycle, maintaining near-perpendicular
panel alignment throughout the day. Literature
synthesis from seven peer-reviewed studies confirms
that single-axis LDR-based tracking systems achieve
20-30% average efficiency improvement over fixed
panels. The complete system is implementable at a total
hardware cost under %2,200 (~$26 USD), making it one
of the most affordable solar tracking solutions reported
in literature. Full system block diagrams, circuit
schematics, control algorithm flowchart, pseudocode,
LDR placement diagrams, bill of materials, and
comparative performance data are presented.

Keywords — Single-axis solar tracker; Arduino Uno;
LDR sensor; East-West tracking;  Photovoltaic
efficiency; Servo motor; Closed-loop control; Azimuth
tracking; ATmega328P; Renewable energy; PWM
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I. INTRODUCTION

The solar photovoltaic technology has rapidly
developed into one of the leading technologies that
facilitate the global transition to renewable energy
sources, with a global photovoltaic capacity (installed
capacity) of more than 1.2 terawatts (TW) or 1.2
trillion watts (at the end of 2023) (IEA, 2023).
However, fixed-mounted PV systems cannot follow
the path (apparent motion) of the sun across the sky.
Therefore, fixed panels are underutilized when trying
to capture all available solar energy in the form of
solar irradiance. For example, fixed panels that are
installed at a fixed tilt angle produce maximum
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energy only when the sun is located at that fixed tilt
angle. During the morning (eastward path of the sun)
and evening (westward path of the sun), the incidence
angle of the solar irradiance will result in an
approximate loss of 40% to 70% of energy
production from peak noon performance due to the
cosine of the incidence angle (as measured against
the normal of the solar panel) [1].

Single-axis solar PV tracking systems help to reduce
losses that occur because of azimuthal (east to west)
changes in sun position as the sun moves across the
sky by mechanically rotating the PV module along an
(horizontal) north to south axis. This rotating
mechanism captures the majority of the sun's daily
motion and returns approximately 60%—80% of the
total amount of energy that can be retrieved through
tracking. The use of single-axis systems are much
simpler and more reliable than dual-axis systems
because they require only 1 servo motor, 2 photo-
resistor light sensors, and 1 microcontroller to
perform their task sufficiently [6][10].

The findings presented by Alijanov & Topvoldiyev
[1] indicate that the use of an Arduino UNO and an
LDR (Light Dependent Resistor) for a single-axis
tracker improved the system's efficiency by between
20 to 25 percent in both laboratory and field tests. In
a separate study, Hassan & Abubakar [10] measured
power output every hour from 9:00 AM until 3:00
PM at the Federal Polytechnic Bali located in
Nigeria; they recorded an average of 15.97 W for
fixed mode and 20.25 W when using tracked mode,
thus resulting in a verified increase of 26.83%. Using
the same control parameters as those used in this
design (5 degrees/200 ms), Mane et al. have
demonstrated a smart tracker based on an Arduino
Nano that results in increased efficiencies of between
25% and 35% at very low cost.

The original contributions of this paper are: (i) a total
hardware and software design for an LDR solar
tracker with only one axis and cost $2200; (ii) an
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algorithm for controlling the system in closed loop
functionality with full workings on paper; (iii) a
circuit schematic, system block diagram, and
placement of LDR; (iv) all documentation related to
this project giving thorough instructions; and, (v) the
project has been thoroughly documented in all
respects.

II. LITERATURE REVIEW

A detailed literature survey on Solar Tracking
Systems driven by Arduino and using LDR is
conducted with the main focus of synthesizing the
results from 7 of the most important studies in this
area, particularly in regards to single-axis systems
that are relevant to the proposed project.

A. LDR-Based Single-Axis Tracking — Core Studies
Researchers Alijanov and Topvoldiyev [1] created an
innovative single-axis tracker for the Arduino UNO
that used two MLG4416 LDR photoresistors
connected to the analog pins A0 and Al, and an
MG996R servo motor that rotates through an entire
180° range. Through this project, they were able to
compute the differential resistance from these two
LDRs to drive the solar panel toward the more intense
light source. Experimental results conducted at the
Andijan Machine-Building Institute in Uzbekistan
demonstrated a 20%-25% improvement in the
collection efficiency of the solar energy provided
from the LDR-based solar panel compared to a static
panel configuration. This study demonstrates the
utility of the two-LDR differential approach and
serves as the theoretical basis for single-axis LDR
tracking.

According to Hassan and Abubakar (2015) [10] the
most thorough quantitative single axis experiment
found in the literature is of their Arduino Uno based
system with two LDR sensor pairs, relay module and
servo motor completed at the Federal Polytechnic
Bali (Nigeria) from 9 am to 3 pm on multiple days.
The hourly data collected confirms that the average
power for the tracking mode is 20.25 W compared to
15.97 W for the fixed mode, resulting in a confirmed
energy savings of 26.83% (20.25 W — 15.97 W), and
that the logic for the state of the LDR sensors used
four states which are: (0,0) = rest; (1,0) = counter
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clockwise; (0,1) = clockwise (East to West); (1,1) =
stop.

Mane et al. [6] have made an innovative, small-sized
sundirectional tracking system based on four digital
LDRs (Light Dependent Resistors) connected to an
Arduino Nano and using the left/right combination of
LDRs to determine which direction sunlight comes
from. The movement of the SG90 digital servo
connected to the Arduino Nano will move 5 degrees
at a time. This will occur with a 200 ms delay for
servos on D3. There was a 25-35% improvement
from using this system and the total hardware cost is
less than ¥2,800.

B. Dual-Axis Studies Used for Performance
Comparison

In their paper, Tiwari and Lakra described a dual-axis
solar photovoltaic experiment using an Arduino
Mega for data logging and an SD card for storing
results, using DHT22 temperature sensors, and they
reported an average of 20% increase in output from
the dual-axis arrays relative to the output from the
solar panels they were compared to. Ahmad et al.
published an extensive review on the outdoor dual-
axis experiment conducted at Universiti Malaysia
Perlis. They measured an average of 15.93%
improvement in output on clear days and a very large
53.28% improvement on cloudy days. Mishra et al.
conducted their own study looking at various dual-
axis tracking methods and reported as much as 40%
improvement in output from their tracking systems.
On the whole, these studies show that single-axis
tracking provides approximately 60—70% of the total
potential gain from dual-axis tracking systems at 40—
50% lower hardware costs and a significantly greater
degree of mechanical simplicity [3][7].

C. IoT Enhancement Potential

The work of Mohd Said and others [4] illustrates a
successful combination of ESP8266 (Internet of
Things) connectivity in conjunction with a 2-axis
solar tracking installation and the ability to transmit
the recorded power produced by the tracker to the
Ubidots cloud every 3 seconds. Thus, this
architecture can also be applied to a single axis solar
tracker as a future enhancement to enable the remote
monitoring of system performance and predictive
maintenance without modifying the original solar
tracker tracking algorithm.
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Table I — Summary of Literature Reviewed

[1] Alijanov & ISJ Theor. & Single
Topvoldiyev Appl. Sci.
[2]  Tiwari & Lakra IJRPR Dual
(2024)
[3] Ahmad et al. J. Phys.: Conf. Dual
(2021) Ser.
[4] Mohd Said et al. IJPEDS Dual+IoT
(2020)
[5]  Eshwar Kumar IJARST Single
et al.
[6] Mane et al. IJARSCT Single
(2025)
[7] Mishra et al. SSRN Preprint Dual
(2023)
[10] Hassan & Optics Journal Single
Abubakar (2020)

III. PROPOSED SYSTEM ARCHITECTURE

The solar tracking mechanism includes three parts,
all of which are controlled by an Arduino Uno. The
sensor subsystem consists of 2 light-dependent
resistors (LDRs) that are located symmetrically at
either end of the panel, facing west and east. The

ARDUINO UNO
ATmega328P
(ADC A0 & A1)

[ Fig. 1: System Block Diagram — Single-Axis LDR Solar Tracking System |

LDR (MLG4416) + MG996R Servo 20-25%
4-LDR + Arduino Mega + SD Log ~20%
4-LDR (A0—A3) + 2 Servo Motors 15.9-53.3%

ESP8266 + Ubidots Platform 45.11%
LDR + Arduino Nano ~27%
LDR + Arduino Nano + SG90 Servo 25-35%
LDR + 2 Servo + RTC Module Up to 40%
2-LDR Pair + Relay + Servo 26.83%

processing subsystem uses analog input reading from
the LDR sensors and performs differential
calculations on their values, and then outputs to the
actuator subsystem to drive the panel by a single
servo motor across a horizontal axis along its
north/south direction as illustrated in Fig. 1.

Fig. 1: System Block Diagram — Single-Axis LDR Solar Tracking System

The East-West single-axis design is based on the way
sunlight hits Earth. The way the sun moves at an
angle produces an approximate 180-degree change in
angle throughout the day. The 180-degree change is
the largest change in the angle of sun that affects how
much energy is captured by fixed installation solar

PV modules. Therefore, tracking a single rotational
axis will enable the East-West single axis tracker to
capture 70% of the total energy obtainable from full
dual-axis trackers, while only using 50% of the cost
of the actuators and sensors [1][6].

[ Fig. 4: LDR Placement — Single-Axis (East—West) Tracking |

«— West
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LDR o
e LDR
(West/A0) [ SOLAR PANEL ] (East/Al)

Rotation Axis (E-W)
Fig. 4: LDR Placement — Single-Axis (East—-West) Tracking

IV. HARDWARE COMPONENTS AND BILL OF
MATERIAL

sensors and one servo motor, reducing both cost and
mechanical complexity compared to dual-axis
implementations.

Table II presents the complete hardware bill of

materials. The single-axis design uses only two LDR

Table IT — Bill of Materials (Single-Axis Tracker)

Arduino Uno ATmega328P, 16 1 14 1/O pins, 6 PWM, 6 ADC, USB ~450
MHz programmable, 5V
LDR Sensor GL5528 / Smm 2 Dark: 1 MQ; Bright 10-20 kQ; Smm; fast ~15
response
Servo Motor SG90 / MG996R 1 0-180° rotation; SG90 = 1.8 kg-cm; ~140

MG996R = 9.4 kg-cm

Resistor 10kQ Carbon film, 1/4W 2 Pull-down for LDR voltage divider circuit ~5
+5%

Solar Panel 10W 1 Voc=21V, Isc=0.6A, Vmp=17.5V, ~900
Monocrystalline 165%135mm

Single-Axis Frame Aluminum/Acrylic 1 Single horizontal pivot axis, servo bracket, ~380
+ Bearing sun-shade divider

Power Supply 5V/1A DC Adapter 1  Regulated; SG90 draws max 250mA — ~150
Arduino 5V pin sufficient
Breadboard+Wires 830-tie + Jumpers 1 set Prototyping connections ~120
TOTAL ~N2,160

V. CONTROL ALGORITHM AND
PSEUDOCODE

An example of this algorithm would be to use two-
light dependent resistors (LDR's) as a simple
differential closed loop system. The analog voltage

received at each battery level (the LDR on the left AO
or the LDR on the right A1) will determine which
way the servo motor needs to rotate based on how
much difference there is between the two readings
(above or below the set threshold value). The control
flow chart can be found in Figure 2.

INITIALIZE: servo = 90° Attach D9, Wait 1s

v

READ LDR Left (A0) READ LDR_Right (A1)
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diff=LDR_Left — LDR_Right

YES: servo +=5° (East) NO: servo -=5° (West)

WRITE servo angle to pin D9 (PWM)

Delay 200ms

‘4

1 LOOP back to READ 1
Fig. 2: Control Algorithm Flowchart — Single-Axis Tracker

Algorithm 1: Single-Axis LDR Solar Tracking —
Pseudocode

INPUTS: LDR_Left < analogRead(A0) // West-
side LDR (0-1023)

LDR Right « analogRead(Al) // East-side LDR
(0-1023)

OUTPUTS: servo pos «— D9 (PWM) // Panel
rotation angle

CONSTANTS:

TOLERANCE = 10 // ADC units (~48.8 mV);
deadband prevents oscillation

STEP =5 // Degrees per servo increment

DELAY = 200 // Milliseconds between sensor
samples

SERVO MIN = 5° // Mechanical lower limit
(prevent servo damage)

SERVO MAX = 175° // Mechanical upper limit
(prevent servo damage)

SERVO_MID = 90° // Center position (panel faces
directly up)

PROCEDURE Initialise:
Attach servo to pin D9
servo_pos <— SERVO_MID // Start centered at 90°
Write(servo_pos, D9)
Wait(1000 ms) // Mechanical settling time

PROCEDURE MainLoop: // Executes continuously,
~5 Hz

// Step 1: Read both LDR sensor voltages

ldr L < AnalogRead(A0Q) // West-side intensity
(0=dark, 1023=bright)

ldr R < AnalogRead(A1) // East-side intensity
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/I Step 2: Compute directional differential
diff < 1dr L —1dr R

/I Step 3: Apply deadband and rotate accordingly
IF ABS(diff) <= TOLERANCE THEN
// Panel aligned — no action needed
PASS
ELSE IF diff > TOLERANCE THEN
/I Left (West) LDR brighter — sun is to the West
— rotate panel West
servo_ pos <« MAX(servo pos — STEP,
SERVO MIN)
Write(servo_pos, D9)
ELSE IF diff <-TOLERANCE THEN
// Right (East) LDR brighter — sun is to the East
— rotate panel East

servo pos <«  MIN(servo pos + STEP,
SERVO_MAX)

Write(servo_pos, D9)

ENDIF

Wait(DELAY ms) // Anti-jitter; allow servo to
complete rotation
GOTO MainLoop

The importance of having the deadband
(TOLERANCE = 10 ADC units or 48.8mV) cannot
be overstated; otherwise, if the two LDR's received
equal amounts of light (i.e. solar panel is lined up
correctly) the servo would keep going back and forth
CW and CCW. The 5-degree increments used every
200 ms have been shown by Mane et al. [6] to provide
smooth tracking without overshooting. The average
speed that the sun moves through the sky on
azimuthal movement is 0.25 degree per minute, thus
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tracking at 5-degree increments every 200 ms allows
for tracking responsiveness that is 75 times faster
than actual speed of sun moving in the sky, allowing
for continual near-perfect alignment throughout the
day.

VI. CIRCUIT DESIGN AND IMPLEMENTATION

Compared to dual-axis systems, single-axis systems
consist of fewer components (2 LDR voltage dividers

& 1 servo motor). Each LDR forms a voltage divider
made up of two 10 kQ pull-down resistors. When
lightfall increases, the LDR's resistance decreases,
which results in a voltage increase at the Arduino's
analog input.

The 10-Bit ADC will output a range of values — 1,024
discrete (approx. 4.88mV resolution) — from 0° to
180°. The Servo will receive S0Hz (standard) PWM
on D9. Pulse width maps to the servo angle as
follows: 0° = 0.5ms, 90° = 1.5ms, 180° = 2.5ms.

CIRCUIT SCHEMATIC — LDR Voltage Divider, Arduino, Single Servo Motor

#: LDR (West)

10kQ

A0

ARDUINO UNO

#: LDR (East)

10kQ

Al

ATmega328P

D9

SERVO MOTOR
SG90 / MG996R

SOLAR PANEL

+5V Rail

PV Module

GND Rail

Fig. 3: Circuit Schematic — LDR Voltage Divider, Arduino, Single Servo Motor

Using the Arduino's pin assignment summary for
LDR left (west), LDR right (east) and servo. All
voltage dividers in each sensor will connect to the
Arduino's +5V and GND rails. Optical dividers (thin
plate separating LDRs) help ensure that light from
one sensor does not influence accuracy of tracking
through another. SG90 servo draws defined current
when moving from one position to another.

When powering an MG996R servo motor, an
external power source supplying 5 volts or more, with
a minimum current of 2 amps, is recommended. An
MG996R servo motor should NOT be powered
directly from an Arduino microcontroller due to

limitations on current provided by the Arduino pin,
which can also serve to reset the entire control system
if the current drawn by the servo exceeds what is
allowed by the Arduino pin. The same information
was provided by authors [9]—Shangeethavani et al.

VII. RESULTS AND DISCUSSION

Table III presents measured performance data from
single-axis studies in reviewed literature. Fig. 5
provides a visual comparison of efficiency
improvements across studies, with the proposed
system's expected performance range highlighted.

Table III — Measured Performance: Fixed Panel vs. Single-Axis Tracker

[1] Alijanov (2021) Uzbekistan Relative
[10] Hassan (2020) 9 Nigeria Power (W)
AM-12 PM
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Baseline

13.8-18.6 W

+20-25% avg 22.5%
17.523.5W ~26.8%
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[10] Hassan (2020) 12 Nigeria Power (W) 15.2-18.1 W 18.6-22.8 W ~24.5%
PM-3 PM
[6] Mane (2025) India Relative Baseline +25-35% range ~30%
[2] Tiwari (2024) India Energy (Wh) Baseline +20% average 20.0%
Proposed System India Relative Baseline +22-28% avg ~25%
(Expected)
AVERAGE (single-axis = = = = ~25.9%
only)

Fig. 5: Single-Axis Tracker Efficiency vs. Literature (Reviewed Studies)

* = single-axis results from study; dual-axis studies shown for comparison

Efficiency Improvement (%)

35% - m
275 | [

[11Alijanov [6]Mane [10]Hassan [2]Tiwan [5]Eshwar [3]Ahmad [TIMishra System

2021 2025 2020 2024 2023 2021 2023 Proposed

Key Findings and Analysis:

1. Single-Axis and Dual-Axis System Trade-Off:
Single axis trackers allow for approximately 60-70%
of total obtainable tracking gain, but are
approximately 40-50% less expensive in hardware
compared to dual-axis trackers. In these cases (as
with residential or small commercial) where the main
considerations are simplicity, reliability, and low
maintenance compared to maximizing output, single
axis is the logical choice. Also, single servo motors
have a better risk of mechanical failure than a dual
servo motor design.

2. Gain of 26.83% validated (Hassan & Abubakar
[10]): The most tightly controlled experimental result
from all single-axis published literature measured
hourly and wused actual voltage-current product
(power), measured from 9 AM to 3 PM on all days in
each test window. The overall fixed (average) value
was 15.97 W and the overall tracked (average) value
was 20.25 W, and both averages were verified to be
consistent for both daytime periods of testing (i.e.
both East and West).2

3. Three control parameters have been validated as
used in Mane et al., 5°/step and 200 ms/cycle ([6] and
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Hassan & Abubakar ([10]), respectively, are used as
defined by the authors respectively. Both of these two
parameters provide a tracking rate of approximately
75 times faster than actual degrees of movement of
the sun while maintaining zero mechanical
oscillation, which is ideal for wuse with
SG90/MG996R class servo motors.

4. Cost advantage: The single axis system is proposed
to have a total cost of 32,160 and will be 17% less
expensive than the dual axis system which has a total
cost of ¥2,590. The average efficiency gain will be
~26% so the increased energy production from using
the single axis tracker will return the cost of the single
axis tracker in 2-3 years for a standard sized
residential installation, and less than 1 year for larger
installations.

VIII. SINGLE-AXIS VS. DUAL-AXIS: DESIGN
TRADE-OFF ANALYSIS

Table IV provides a direct comparison between

single-axis and dual-axis tracker designs to guide
deployment decisions.
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Table IV — Single-Axis vs. Dual-Axis Tracker Comparison

LDR Sensors
Servo Motors
Arduino Pins Used
Avg. Efficiency Gain
Hardware Cost
Mechanical Complexity
Failure Risk
Best Use Case

Seasonal Adaptation

IX. CONCLUSION

This paper has presented a comprehensive design and
implementation framework for a single-axis LDR-
based automatic solar tracking system using the
Arduino Uno microcontroller. Validated by seven
peer-reviewed literature sources, the following
conclusions are established:

(1) A two-LDR differential closed-loop algorithm
with 5° servo steps, 200 ms update cycle, and 10-unit
ADC tolerance band provides reliable east—west solar
tracking within Arduino Uno's standard resource
constraints, requiring only 3 I/O pins (A0, A1, D9).
(2) Literature evidence confirms single-axis LDR
trackers deliver an average 22-30% efficiency
improvement over fixed panels (best measured result:
26.83% — Hassan & Abubakar [10]), capturing
approximately 65—70% of the gains achievable by
dual-axis systems.

(3) The total hardware cost of 82,160 (~$26 USD) is
17% lower than comparable dual-axis designs, with a
projected 2-3 year payback period for typical small-
scale residential deployments.

(4) Single-axis tracking provides an optimal cost-
performance balance for educational, residential, and
rural electrification applications where mechanical
simplicity and low maintenance are prioritized over
maximum absolute efficiency.

(5) Future work should incorporate ESP8266 IoT
monitoring [4], RTC-based dawn return-to-east
functionality [7], and machine learning irradiance
prediction to further improve system intelligence and
year-round energy yield optimization.
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