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Abstract

As global demand for renewable energy rises, solar power has become a cornerstone of sustainable
energy solutions. However, the efficiency of solar panels is often compromised by dust, debris, and
environmental contaminants. Regular and effective cleaning is essential to maintain optimal energy
output. To address this need, we developed a cost-effective, rail-based solar panel cleaner featuring a
rotating brush, cleaning liquid dispenser, microfiber cloth, and supporting components. The system
offers reliable cleaning performance and user-friendly operation through accessible controls and both
manual and autonomous modes.
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1 Introduction

Solar panels are constantly exposed to environmental elements like dust, pollen, and even bird
droppings, all of which can accumulate on the surface and block sunlight. Even partial shading or
debris on the surface can reduce the panel’s output power, especially if there is partial shading across
individual cells due to a solar panel’s properties. Manual cleaning of panels is labor-intensive and
impractical for large arrays. In addition, improper cleaning can damage the delicate anti-reflective
surface of solar panels, causing long-term performance degradation.

Our goal is to create an affordable, reliable, consistent, and adaptable solar panel cleaner to
improve energy efficiency among solar panels on the roof of the ECEB. For demonstration purposes
and proof of concept, we will demonstrate on a solar panel borrowed from the senior design lab
from a previous year’s project. This panel will be used due to space constraints in the lab as it is
quite smaller, at 40.1 x 26.4 inches2 in area. The panels on the roof are much larger, at 64.5 x 39.5
inches2. With the help of the machine shop, we are designing a rail-based solar panel cleaner that
have two degrees of motion: vertically and horizontally. The controller with the PCB housing and
wiring connections will sit stationary at the top of the housing. The cleaner unit will be attached
to one rail unit spanning horizontally, free to move both left and right. This rail will be attached
to two vertically spanning rails that move simultaneously up and down. The cleaner unit will be
connected to a stepper motor, pulley system, and belt to guide it along the rails. The cleaner unit
has an interchangeable microfiber cloth, rotating brush, and cleaning solution dispenser.
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2 Design

2.1 Overview
Our project is composed of four subsystems: Power, Drivetrain, Controller, and Cleaning Mech-

anisms. Each subsystem was chosen to simplify the problem and separate the amount of work
evenly.

We also base the functionality of the design on a set of high level requirements we established at
the beginning of the design process. The requirements are as such:

• The user can switch between manual and autonomous modes for the cleaning unit to run on
without needing to restart the cycle.

• The cleaner must complete a full vertical sweep (top to bottom and back to top) in under 10
minutes.

• Have the cleaning system implementation work for its entirety without damaging the solar
panel surface; the sprayer dispenses solution on the panel, the brush is able to spin on the
cleaner unit, and the microfiber cloth picks up leftover debris.

The organization and functionality of the four subsystems has remained consistent throughout
the entire semester. Minor changes in parts selection and implementation were done to ensure the
high-level requirements were properly met.

2.2 Design Procedure
The design process prioritized functionality and completion of the high-level requirements while

also being cost-effective. No major compromises were made in design, but given a larger budget, a
better solution could have been developed. Any concerns were considered for each subsystem, and
the impact of these concerns is described in each subsystem’s associated section.

The overall subsystem breakdown and how they interact with one another is seen below in Figure
1.
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Figure 1: Block diagram of solar panel cleaner

The block Diagram from Figure 1 shows the Power, Drivetrain, Controller, and Cleaning Mecha-
nism subsystems. The Power subsystem supplies reliable power to all the components of our cleaner.
The Drivetrain subsystem moves our cleaning module vertically and horizontally across the solar
panel. The Controller subsystem controls the Drivetrain and the Cleaning Mechanism subsystems,
and is also responsible for autonomous cleaning given sensor inputs. The Cleaning Mechanism sub-
system cleans the solar panel using the brush roller, with the sprayer dispensing cleaning solution,
and a microfiber cloth picking up remaining debris. Next, we will dive into a deeper overview of
these subsystems.

2.3 Subsystem Design

2.3.1 Power Subsystem

The power subsystem is responsible for supplying power to our cleaner. It draws power from a
standard 120 V AC outlet and rectifies and converts its voltage into regulated DC power at multiple
voltage levels: 24 V, 12 V, 5 V, and 3.3 V. These DC buses are then connected to other subsystems
to power stepper motor drivers, DC brush motor, cleaning solution dispenser, infrared sensors and
microcontroller. We decided on these voltage levels based on the operating voltage of the components
we acquired.
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The 120 V to 24 V converter used is the ALITOVE 24V 6A Power Supply Adapter Converter.
The 24 V bus is used for stepper motor drivers, and it is further stepped down to 12 V using the
N7812-2CH switching regulator from Mean Well. The 12 V bus is used to drive the brush motor,
and it is stepped down to 5 V using the LC78_05-3.0 switching regulator from GAPTEC. The 5
V bus is used for the cleaning solution dispenser, and it is further stepped down to 3.3 V using
the MIC5317-3.3YM5-TR low dropout regulator to supply power to the infrared sensors and the
microcontroller. In addition, fuses, RKEF400, are implemented for overcurrent protection to protect
the user, the motors, the solar panel, and the digital components. Figure 2 shows the schematic of
the power subsystem of the PCB, as well as part of the cleaning mechanism subsystem, which is
discussed later.

Figure 2: Schematic of power and cleaning mechanism subsystems on PCB

2.3.2 Drivetrain Subsystem

The drivetrain subsystem is mainly mechanical and is responsible for moving the cleaning module
on the solar panel. The drivetrain subsystem consists of two vertical rails, a horizontal rail, and
complementary motors, gears, pulleys, and timing belts, providing precise positioning along the
length and width of the panel. Infrared sensors are also implemented, which is used to sense the
position of the cleaner for the autonomous mode.

The two vertical rails are fixed on the press board platform, one on each side of the solar panel.
The horizontal rail is attached to the two vertical rails, with its two attachments driven by two
stepper motors, one on each rail, through a timing belt. The stepper motors on the vertical rails
drive in synchrony and move the horizontal rail vertically. The cleaning module is attached onto the
horizontal rail and can be driven horizontally by an additional stepper motor using a timing belt.
We used three NEMA 23 stepper motors, with two that have the same speed running in synchrony
to drive the cleaning module vertically and one to drive the cleaning module horizontally.

For infrared sensors, we used IR break beam sensors from Adafruit. We have two pairs on each
side across the length of the solar panel, and two pairs on each side across the width of the solar
panel. The length-oriented sensors are placed to aim for the sprayer, and the width-oriented sensors
are placed to aim for a fin attached to the horizontal rail. When the IR beam of the length-oriented
sensors are broken, it would indicate our cleaning module has reached the horizontal edge of the
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solar panel. Similarly, a break in width-oriented sensors would indicate a position on the vertical
edge of the solar panel.

With these sensor outputs, we could set the states of our autonomous mode. Figure 3 shows the
implementation of our project, containing the three rails and their corresponding stepper motors for
the Drivetrain subsystem, and the IR sensors being taped on wood blocks around the solar panel.

Figure 3: Drivetrain subsystem implementation on solar panel cleaner

2.3.3 Controller Subsystem

The controller subsystem consists primarily of a STM32 microcontroller, with its corresponding
inputs and outputs. It also includes the user interface, which is used to control the movement and
operation of the drivetrain and cleaning mechanisms, and to switch between manual and autonomous
modes.

Looking at Figure 4, our user interface implementation on our custom 3D printed case is seen.
The six buttons: up, down, left, right, brush, and spray control the corresponding movements of
the cleaning module through the drivetrain subsystem and the operation of the cleaning module
in manual mode. The toggle switch can switch between manual and automatic, which will set the
operating state of the controller subsystem. For manual operation, the microcontroller will change
its output signals to drive the stepper motors on the vertical rails correspondingly through PWM
when an activation is detected with the up or down buttons. Similarly, when it senses an activation
in the left or right button signal, the microcontroller will change its output signals to drive the
stepper motor on the horizontal rail correspondingly to move the cleaning module across the panel.
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Figure 4: User interface implementation on 3D printed case

For the autonomous mode, these output switches are performed automatically due to responses
from the IR sensors detecting the panel edges. In order to achieve a cycle that would clean the
whole panel and perform different actions based on the cleaner’s position, a finite state machine was
implemented in the microcontroller code. In state 0, the cleaner will reset itself to the bottom left
corner, which is achieved by moving left to the edge of the panel, then moving down to the bottom
of the panel. Next, the cleaner will spray for a time designated in the code, which is approximately
2.3 seconds by default, in state 6. The cleaner then moves to state 1, where the brush is spinning
and the cleaner is moving up to the top of the panel. State 2 is next, where the cleaner moves right
for approximately 2 seconds, then moves into state 3, where it moves back down the panel with
the brush activated. Then, it will repeat the process from state 6. If the right edge of the panel
is detected in state 2, the cleaner enters state 4, which performs the sequence of states 4, 7, and 5
(an edge case version of 3, 6, and 1), before entering state 0 again. These states are summarized in
Table 1. The code used is in Appendix B.

State Description BRUSH SPRAY
0 Reset to bottom left LOW LOW
1 Move up cleaning HIGH LOW
2 Move right 2s LOW LOW
3 Move down cleaning HIGH LOW
4 Move down cleaning (edge) HIGH LOW
5 Move up cleaning (edge) HIGH LOW
6 Spray for 2.3s LOW HIGH
7 Spray for 2.3s (edge) LOW HIGH

Table 1: Autonomous Mode States

2.3.4 Cleaning Mechanism Subsystem

The cleaning mechanism subsystem is responsible for physically removing dirt and debris from
the solar panel surface. It consists of a rotating brush, driven by a DC motor, a cleaning solution
gallon container and its associated sprayer, and a microfiber cloth. The cleaning solution sprayer
would spray the solution autonomously or manually to moisten the resilient stains, while the rotating
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brush rotates and brushes them off. The microfiber cloth will do the final round of cleaning, wiping
off the remaining residue. All of these cleaning mechanisms can be seen in Figure 5.

Figure 5: Cleaning Mechanism subsystem implementation

The brush motor is driven by 12 V, which is controlled by the 3.3 V BRUSH signal from the
controller subsystem through a voltage logic shifter using a FQP30N06L MOSFET. The sprayer
pump is driven by a similar fashion, but with the 5 V power bus. The voltage logic shifter circuit
schematic is shown in Figure 6. The circuit is explained later in Section 3.2

Figure 6: Logic level shifter circuit schematic

The sprayer we have is the Craftsman battery-operated weed sprayer, which functions on a
physical trigger and a 4.5 V battery pack. In order to switch from mechanical activation to electrical
activation, we had to disassemble the sprayer and connect our logic shifter directly to the pump.
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We are able to activate the sprayer with control signal SPRAY using this setup. The inside of the
sprayer is seen later in Figure 11. In addition to activating the sprayer, we also had to find a way to
transfer power from our PCB to the cleaning module. We decided to use a coiled cable to achieve
this. Figure 7 shows this coiled cable used.

Figure 7: Coiled cable used to transfer power from PCB to moving cleaner module

2.4 Physical Design
The solar panel cleaner design, as seen in Figure 8, has the cleaning solution dispenser attached

to the rotating brush head piece. The PCB is mounted to a stationary 3D printed case at the
top of the panel, with wires lengthened and guided underneath the panel to prevent them from
getting tangled with the moving bar and brush. This is to allow the spray to reach the panel section
currently being cleaned by the cleaner unit. The user can manually press the button associated
with the sprayer to dispense the cleaning solution. There are also buttons to turn on the rotating
brush, as well as to move the panel in four directions. In addition, there is an autonomous mode
which cleans the panel using infrared position sensors. There are also three stepper motors and their
associated pulleys and timing belts. A coiled cable is connected from the controller PCB to the DC
motor of the brush spinner, as well as the solution sprayer, to provide power for the brush to spin
and clean the panel.
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Figure 8: Solar Panel Final Design

The finished product after everything is done is seen below in Figure 9.

Figure 9: Solar Panel Finished Implementation
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3 Verification

All the subsystem requirements and verifications, R&V, were met. For a complete list of R&V
tables, please refer to the Appendix A. Below are some essential verification processes.

3.1 Stepper Motor Testing
One of the key challenges we encountered with the drivetrain subsystem is ensuring the syn-

chronization of two stepper motors to drive the horizontal rail up and down. If the motors operate
at slightly different speeds, the horizontal rail can become tilted, potentially causing it to jam and
resulting in damage to both the project and the solar panel. To prevent this issue, we tested seven
NEMA 23 stepper motors.

To see this more easily, we put a piece of tape on the shaft initially in the same upward position
(12 o’clock on an analog clock). This is seen in Figure 10(a). We would then turn on the supply
voltage for about 30 seconds. If the motors operated at the same speed, the tape remained aligned
when power was turned off. Misalignment of the tape indicated speed differences. The end of the test
is seen in Figure 10(b). This shows that the fourth and seventh stepper motors tape is not aligned,
meaning they have a different speed compared to one, two, three, five, and six. This experiment was
repeated three times with varying run times to confirm alignment. Two of those five same speed
motors were then chosen to be implemented as vertical drivers for our drivetrain subsystem.

((a)) Initial shaft alignment at start of test ((b)) End shaft alignment at end of test

Figure 10: Stepper motor speed test

3.2 DC Brush Motor Testing
One issue we had with the 12 V DC brush motor was that it runs on 12 V voltage level, but

the control signal we had was only 3.3 V. To overcome this issue, we decided to use a voltage logic
shifter, where a MOSFET is used as the low-side switch to short the negative terminal of the motor
to ground. The positive terminal of the motor is directly connected to our 12 V bus. The gate of the
MOSFET is controlled by the signal coming from the controller unit, so when the signal is high, the
MOSFET will turn on and short the negative terminal of the motor to ground. This will apply 12
V across the motor terminals and thus turning it on. Figure 6 shown earlier is the circuit schematic
of this implementation. The sprayer is controlled in a similar fashion. To connect the motor to our
PCB, we used one of the three wires inside the coiled cable to connect the negative terminal and the
drain of the logic shifter, and we ran a separate wire along the coiled cable to connect the positive
terminal to our 12 V bus.
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3.3 Sprayer Testing
In order for the sprayer to function, we needed to reconfigure the spray to operate based on our

electrical control signal. Initially, the spray operates based on a 4.5 V battery pack and dispenses
based on a physical trigger and mechanical switch. After disassembling the case, we were able to
operate the pump motor by supplying a 5 V across the pump terminals. In addition, we found
that there also exists a spring solenoid valve that needs to pressed for water to flow. The spring
is taken out keeping the solenoid valve permanently open. After finalizing our implementation, we
soldered wires directly to the terminals of the pump. The wires are then soldered to the coiled cable
to achieve power transfer between the sprayer and the voltage logic shifter on our PCB. Figure 11
below shows the inside of the sprayer, with the spring removed.

Figure 11: Inner structure of the sprayer

3.4 IR Sensor Testing
In order to be used within the proposed design for autonomous mode, the IR sensors needed to

undergo testing for their usability. From the datasheet, the sensor is able to be operated at 3.3 V
and 5 V, with the beam length increasing as the voltage increase. We tested both 3.3 V and 5 V,
and found the sensors could be placed 48 inches apart and still retain contact between transmitter
and receiver, which is a distance greater than the width of the solar panel system. We settled with
3.3 V in our final design for less power draw.

The sensors were also tested while mounted on the solar panel system. In this case, the sensors
were unable to keep contact across the width of the panel (48 inches). The true cause of this was
unknown as they worked in the lab. It might have been due to interference from other objects or
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misalignment between sensors. This discovery prompted a redesign of the sensor positions to detect
the cleaner at the top and bottom of the panel. Instead of positioning the vertical detection sensors
across the entire solar panel, we decided to add a fin to our horizontal rail, and place the sensors
correspondingly such that the fin could break the IR beams when the cleaning module is moved to
the top or the bottom of the solar panel. Figure 12 below shows the fin attached to the horizontal
rail and the vertical IR sensors being mounted right across the vertical rail.

Figure 12: Vertical IR sensor and fin implementation

3.5 PCB Verification
The PCB design was verified in stages. First, the essential power conversion components were

placed on the first round PCB. These components were then powered using the 120 V AC to 24 V DC
converter. Then, the microcontroller was placed on the board and tested by attempting to program
it. The device was successfully programmed, so the microcontroller and surrounding components
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were verified. Finally, in the third and fourth round PCBs, the logic level shifter circuits were tested
on their own to ensure functionality before the addition of all the other components on the board.
A final test was a full-load test, where all cleaner elements (brush, sprayer, and horizontal/vertical
movement) were used and the voltage buses were measured. The resulting no-load and full-load
voltages were recorded in Table 2 and verified with our tolerances.

Voltage Level No-Load Voltage Full-Load Voltage
3.3 3.270 2.261
5 5.032 4.972
12 12.061 11.894
24 24.147 23.982

Table 2: No-load and full-load voltage test

3.6 Combined System Verification
After verifying the operation of the individual components and subsystems, the entire system was

wired together to be tested. First, the manual mode system was tested. The movement operation was
observed, and the cleaner unit could successfully move up, down, left, and right without interruption.
The cleaning mechanisms were then observed, and the brush spun and the sprayer dispensed liquid
onto the panel. From this testing, it was observed that the cleaner movement speed should be slowed
down from the initial testing value in order to clean the panel most effectively. Additionally, it was
seen that the sprayer required a buffer time to build up pressure in the tube before liquid would
dispense.

The autonomous mode was the last to be verified and configured. The sensors were aligned
through a process of trial and error, and the fin was adjusted in order to perfectly place the limits
of the brush movement. In testing, momentary glitches were observed in the sensor readings, which
would change internal logic states in an undesired fashion. Therefore, a buffer time of approximately
100ms was added to remove the effect of momentary glitches. Finally, the time the sprayer was active
was tuned such that a small amount of liquid would be dispensed each time the cleaner reached the
bottom of the panel.
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4 Costs

4.1 Cost Analysis
An critical factor in any project is the overall cost to the manufacturer to develop and produce the
product. Below is a cost estimate of the prototype of the design of the solar panel cleaner, and the
price of a company developing commercial-grade solar panel cleaners would cost.

4.1.1 Cost of Labor and Parts

According to the ECE department’s statistics, the average starting salary for new graduates is
$87,769 annually. To convert this into an hourly wage, it is approximately $42/hour. Therefore, the
total cost of labor, including student labor and machine shop labor, can be calculated as follows:

Description Amount

Hourly wage (students) $42/hour

Students 3

Labor hours per student per week 2.5× 15 = 37.5 hours/week

Weeks 11

Additional hours 20 hours

Student labor cost $42/hour × 37.5 hours/week × 11 weeks × 3 students
+ $42/hour × 20 hours = $52, 815

Machine shop estimate 60 hours × $50/hour = $3, 000

Total labor cost $52, 815 + $3, 000 = $55, 815

4.1.2 Bill of Material

Our bill of material table is attached in Appendix C.
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5 Conclusion

5.1 Summary and Future Work
We developed a cost-effective and user-friendly system for cleaning solar panels. The design suc-

cessfully met all high-level requirements, and testing demonstrated a significant improvement in the
solar panel’s power output following cleaning. In addition, we completed the project within our $150
budget and gained valuable experience in Altium Designer, 3D printing, and STM microcontroller
programming throughout the process.

During the implementation and testing phases, we encountered couple of unforeseen challenges.
One issue involved inconsistent tube pressure in the sprayer, which led to unpredictable liquid
dispensing. We resolved this by adjusting the reservoir height and adding control logic to fine-
tune the dispensing duration. Additionally, we faced sensitivity problems with our IR sensors,
which frequently produced false signals. Through repeated testing and repositioning, we mitigated
these glitches by carefully realigning the sensors and introducing a buffer time, achieving reliable
performance with minimal impact.

For future work, we aim to redesign the cleaning mechanism and drivetrain subsystem, as well as
enhance the controller subsystem. While the current cleaning mechanism is effective against dust and
leaves, it struggles with tougher debris such as accumulated pollen and bird droppings. To improve
its performance, we plan to explore more effective cleaning solutions and modify the design to make
the brush and microfiber cloth easily replaceable. Additionally, our drivetrain subsystem does not
scale well for large solar panel farms, where building an extensive rail system would be impractical. A
more flexible design that can be easily transferred across panels is essential. Furthermore, we intend
to upgrade the controller subsystem by integrating additional sensors and potentially leveraging
machine learning algorithms to detect dirty areas that require extra cleaning. Incorporating wireless
controls will also be key to making the system more accessible and user-friendly.

5.2 Ethics
We recognize the importance of addressing potential ethical and safety issues related to our

Solar Panel Cleaner. To ensure that the work performed is ethical and safe, we will closely follow
the IEEE Code of Ethics.

5.2.1 Safety and Sustainability

Our top priority is the safety of our users, the solar panels, and the environment. Our goal is
to design and assemble a cleaner that is safe to operate and gentle enough to avoid damaging the
solar panels. We also plan to use environmentally friendly cleaning solutions to minimize harm to
the environment.

5.2.2 Equality

We aim to design an inclusive and accessible product that can accommodate a wide range of users.
We intend to create an easy-to-use cleaner at a low cost, enabling users from various backgrounds
to benefit from it. The rail system of the cleaner is also scalable, making it adaptable to different
setups.
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5.2.3 Honesty and Transparency

Throughout the process, we will uphold the highest standards of integrity. We will present our
product honestly and in accordance with the IEEE Code of Ethics.

5.3 Safety

5.3.1 Electrical Safety

On our PCB, we implemented some fuses to protect the solar panel and the circuits from over
current, which can be caused by the rails getting stuck. Based on our measurements, we decided
on using fuses rated for 4.5 A to balance headroom and sensitivity. In addition, we also put high
quality electrical tape over all of our connections with exposed wires. This can protect our circuits
from liquid and also prevent electrical shock.

5.3.2 Mechanical Safety

For mechanical safety, we deliberately set the cleaning speed to be very low. This can reduce
the risk of causing physical harm to people and the solar panel. In addition, our brush motor makes
a lot of noise when operating. This can serve as a warning for people to stay at a distance during
cleaner’s operation. However, these precautions cannot prevent all safety issues. We’d like to advise
users to stay away from the cleaner when it is in operation.
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A Appendix - Subsystem R&V Tables

A.1 Power Subsystem

Requirements Verifications
AC wall voltage is converted to appro-
priate levels of DC voltage.

120VAC is converted to DC levels of 24V, 12V, 5V,
and 3.3V. Each level has a tolerance of ±10% and
can be measured using a digital multimeter.

The converters can handle full motor
load without significant change in volt-
age.

The DC and stepper motors, as well as the internal
motor and gear pump in the sprayer, are engaged
at their designed speed and voltage. Each DC volt-
age level is monitored using an oscilloscope to ensure
they remain within ±10% of their rated values.

The output of the converters falls to 0
when the input to the system fails.

The AC wall voltage is removed from the system at
time t = 0. Each DC voltage level should drop to
< 10% of its rated value within t < 500ms, measured
using a DMM.

Motor power lines include overcurrent
protection to prevent overloading of
subsystems.

An intentional overcurrent event is triggered by a
sudden load increase of 30%. A fuse blow or other
shutdown is observed and recorded, and time to dis-
connect is measured with a stopwatch.

The power subsystem must operate reli-
ably in ambient temperatures from 0°C
to 45°C.

The entire system is placed outside on a warm, sunny
day while running motors and sensors. Voltage rails
are measured to confirm they remain within ±10%
of nominal with the environmental stress

Table 3: Requirements and Verifications for the Power Subsystem
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A.2 Drivetrain Subsystem

Requirements Verifications
The drivetrain must support the clean-
ing module and the control module.

Perform static and dynamic load tests to simulate
the operation of our cleaner and ensure the drive-
train is stable and remains operational while main-
taining structural integrity. The cleaning module
mount should also cover at least 80% of the solar
panel, which can be verified by measuring the dis-
tances covered.

The speed of the two stepper motors
controlling the vertical movement of our
cleaning module must be similar. The
mismatch should be within 1% between
the two.

Use a tachometer to measure the actual speed of each
motor under operation conditions and verify that the
actual speed of the two motors are within 1% of each
other.

The infrared sensor at different loca-
tions can be activated and output de-
sirable signals to the microcontroller.

The infrared sensors can be powered at desired dis-
tance by our power subsystem using the +5V bus
and can transfer the detection signal +5V back to
the control module. The signal can be measured and
verified by using an oscilloscope at operating distance
away. Confirm motors stop or reverse within 100 ms
when triggered by the IR sensor.

The drivetrain subsystem must be able
to move the cleaning module across the
entire solar panel without exceeding the
ratings of all components.

When we are testing the drivetrain subsystem, we
would first use a power meter to ensure the total
power being drawn does not exceed our rectifier rat-
ings. Then, we would use individual power meters
to measure the power drawn by each stepper mo-
tor as they operate as desired. During the entire
operation, all current being drawn should not ex-
ceed 95% of the corresponding maximum ratings. In
addition, the motors and the belts must be able to
drive the cleaning module horizontally and vertically
across the panel.

The system must complete a full verti-
cal sweep (top to bottom and back to
top) in under 10 minutes.

A stopwatch can be used to time our system. The
time it takes to complete a vertical sweep should be
strictly less than 10 minutes.

Stepper motors must not exceed their
rated temperature (e.g., 80°C case tem-
perature) during operation.

After 30 minutes of continuous operation, measure
the surface temperature of each motor using an in-
frared thermometer or thermocouple. Confirm mea-
sured temperature is below 80°C.

Table 4: Requirements and Verifications for the Drivetrain Subsystem
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A.3 Controller Subsystem

Requirements Verifications
The microcontroller is able to read from
the position sensors.

A voltage of 4.3-5V on the signal wires (IN_IRX on
the MCU) is detected as HIGH, and a voltage of 0-
0.7V is detected as LOW.

The microcontroller sends a signal to
the position stepper drivers to en-
gage/disengage stepper motors in a
given direction.

A voltage of 4.5-5.5V is detected at the input (STEP)
of the positioning stepper motor driver when the
ouput logic is HIGH to engage the motor, and a
voltage of <1.0V is detected when the output logic
is LOW. When direction needs to be switched, the
direction input (DIR) of the stepper motor driver
switches from 4.5-5.5V to <1.0V or vice versa.

The microcontroller sends a signal to
the brush motor driver to engage/dis-
engage the DC brush motor.

A voltage of 4.5-5.5V is detected at the input (STEP)
of the brush DC motor driver when the ouput logic
is HIGH, and a voltage of <1.0V is detected when
the output logic is LOW.

The microcontroller sends a signal to
the sprayer to turn on/off the spray.

A voltage of 4.5-5.5V is detected at the input of the
sprayer control when the output logic is HIGH, and
a voltage of <1.0V is detected when the output logic
is LOW.

The manual control buttons create cor-
responding signals for each movement
or action.

Each movement/action button on the user inter-
face inputs either HIGH (∼3.3V) or LOW (∼0V)
to the microcontroller. The microcontroller outputs
HIGH or LOW in repsonse to these inputs on signals
STEPX, DIR and SPRAY.

The manual and autonomous mode
buttons switch the internal logic mode.

The manual and autonomous mode buttons on the
user interface inputs either HIGH (∼3.3V) or LOW
(∼0V) to the microcontroller. When the system is
switched to autonomous mode, output signals will
change from HIGH to LOW without user input.
When manual mode is pressed, output signals will
cease to switch state without user input.

The controller responds to all input
changes within 100ms to avoid per-
ceived lag.

Apply step changes to position sensors and manual
buttons while measuring output pins using oscillo-
scope. Verify time between input change and output
response is <100ms.

Microcontroller software must perform
self-check on startup and detect invalid
states.

Reset the microcontroller and monitor serial debug
output or onboard LED status indicators to confirm
self-check routine executes correctly. Intentionally
apply an invalid state to verify detection.

All unused GPIO pins should be config-
ured as inputs with internal pull-down
resistors to avoid floating pins.

Read all unused pin states after power-up and con-
firm they remain LOW. Use multimeter if necessary
to measure pin voltages.

Table 5: Requirements and Verifications for the Controller Subsystem
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A.4 Cleaning Mechanism Subsystem

Requirements Verifications
The sprayer and roller must operate
when the control signals are HIGH and
they must not operate when the signals
are LOW.

Use an oscilloscope to ensure that when the control
signals are LOW, the roller and sprayer will not draw
power. In addition, use a power meter to assist in
measuring the roller power while they are operating.

The cleaning brush and sprayer must
engage/disengage within 200 ms of re-
ceiving control signals.

Monitor the motor and sprayer power lines using
an oscilloscope while commanding on/off transitions.
Confirm that actual activation/deactivation occurs
within 200 ms of command signal changes.

The cleaning mechanism should clean
up most of the debris and cover at least
80% of the solar panel’s total surface
area.

Prepare the solar panel by adding a thin layer of dust
on its surface, then operate our cleaner to ensure
most of the dust are cleaned off, and measure the
remaining dust to ensure it covers less than 20% of
the entire solar panel’s surface area.

The cleaning brush must maintain con-
sistent contact with the panel surface
throughout operation.

Place the system on a mock panel surface with inten-
tional unevenness (simulated dirt buildup). Observe
brush contact visually to determine if there are any
gaps between the brush and panel at multiple points.

The cleaning mechanism must not dam-
age the solar panel.

An alternative glass or plastic surface should be used
during initial trials. A thin, fragile layer could be
added before operating the cleaning module to en-
sure it does not damage the solar panel surface.

The cleaning mechanism must operate
reliably in ambient temperatures from
0°C to 45°C.

Place the system outside on a warm, sunny day. Op-
erate the brush and sprayer continuously for 5 min-
utes. Monitor RPM, flow rate, and current draw to
ensure stability.

Table 6: Requirements and Verifications for the Cleaning Mechanism Subsystem

B Appendix - STM32 Code

/∗ USER CODE BEGIN 2 ∗/

// d e f a u l t s f o r the motor r o t a t i on d i r e c t i o n s
GPIO_PinState up = 1 ;
GPIO_PinState down = 0 ;
GPIO_PinState l e f t = 1 ;
GPIO_PinState r i g h t = 0 ;

// IR pin d e f i n i t i o n
uint16_t ir_top = IN_IR1_Pin ;
uint16_t ir_bottom = IN_IR2_Pin ;
uint16_t i r_r i gh t = IN_IR3_Pin ;
uint16_t i r _ l e f t = IO1_Pin ;
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// s e t s PWM frequency
int stepRate = 100 ;
int delayVal = 500/ stepRate ;

// In t e rna l s t a t e s
int s t a t e = 0 ;
int subs ta t e = 0 ;
int record_time = 0 ;
int t ime_elapsed = 0 ;
int en_step1 = 0 ;
int en_step2 = 0 ;

// IR Sensors
int i r_buf = 0 ;
int i r_sense = 250/ delayVal ;

// Sprayer
int spray_time = 2300 ;
int prime_time = 5000 ;
int needs_priming = 0 ;

// Mode sw i t ch ing
int prev_mode = 0 ; // 0−manual , 1−auto
int mode_buf = 0 ;

/∗ USER CODE END 2 ∗/

/∗ I n f i n i t e loop ∗/
/∗ USER CODE BEGIN WHILE ∗/

while (1 )
{

GPIO_PinState upBut = HAL_GPIO_ReadPin(GPIOB, IN_UP_Pin ) ;
GPIO_PinState downBut = HAL_GPIO_ReadPin(GPIOB, IN_DOWN_Pin) ;
GPIO_PinState l e f tBu t = HAL_GPIO_ReadPin(GPIOB, IN_LEFT_Pin ) ;
GPIO_PinState r ightBut = HAL_GPIO_ReadPin(GPIOB, IN_RIGHT_Pin ) ;

GPIO_PinState manualBut = HAL_GPIO_ReadPin(GPIOA, IN_MANUAL_Pin) ;
GPIO_PinState sprayBut = HAL_GPIO_ReadPin(GPIOA, IN_SPRAY_Pin ) ;
GPIO_PinState brushBut = HAL_GPIO_ReadPin(GPIOA, IN_BRUSH_Pin ) ;

i f ( ! manualBut ) {

// Detect mode sw i t ch
i f ( prev_mode == 0) {
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i f (mode_buf > 250/ delayVal ) {
prev_mode = 1 ;
mode_buf = 0 ;

}
else {

mode_buf ++;
}

}

// Detect sprayer but ton pres sed
i f ( ! sprayBut ) {

needs_priming = 1 ;
}

// r e s e t s t a t e
else i f ( s t a t e == 0) {

HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 0 ) ;
en_step1 = 0 ;
en_step2 = 0 ;
record_time = 0 ;
time_elapsed = 0 ;

// move to bottom l e f t
i f ( subs ta t e == 0) {

// move l e f t
HAL_GPIO_WritePin(GPIOA, DIR2_Pin , l e f t ) ;
en_step2 = 1 ;
// d e t e c t a t l e f t
i f ( !HAL_GPIO_ReadPin(GPIOB, i r _ l e f t ) ) {

ir_buf ++;
}

i f ( ir_buf >= ir_sense ) {
ir_buf = 0 ;
subs ta t e = 1 ;
en_step2 = 0 ;

}

}
else i f ( subs ta t e == 1) {

// move down
HAL_GPIO_WritePin(GPIOA, DIR1_Pin , down ) ;
en_step1 = 1 ;
// d e t e c t a t l e f t
i f ( !HAL_GPIO_ReadPin(GPIOB, ir_bottom ) ) {

ir_buf ++;
}
i f (HAL_GPIO_ReadPin(GPIOB, ir_bottom ) && ir_buf ) {
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i r_buf −−;
}

i f ( ir_buf >= ir_sense ) {
ir_buf = 0 ;
subs ta t e = 0 ;
en_step1 = 0 ;
i f ( needs_priming ) {

needs_priming = 1 ;
}
s t a t e = 6 ;

}
}

}

// Spray s t a t e
else i f ( s t a t e == 6) {

int t = spray_time ;
i f ( needs_priming ) {

t=prime_time ;
}
// spray no s s l e
record_time = 1 ;
HAL_GPIO_WritePin(GPIOA, SPRAY_Pin, 1 ) ;
i f ( t ime_elapsed >= t ) {

record_time = 0 ;
time_elapsed = 0 ;
HAL_GPIO_WritePin(GPIOA, SPRAY_Pin, 0 ) ;
s t a t e = 1 ;
needs_priming=0;

}
}

// Move up c l ean ing
else i f ( s t a t e == 1) {

HAL_GPIO_WritePin(GPIOA, DIR1_Pin , up ) ;
en_step1 = 1 ;
HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 1 ) ;
// d e t e c t a t top
i f ( !HAL_GPIO_ReadPin(GPIOB, ir_top ) ) {

ir_buf ++;
}
i f (HAL_GPIO_ReadPin(GPIOB, ir_top ) && ir_buf ) {

ir_buf −−;
}

i f ( ir_buf >= ir_sense ) {
ir_buf = 0 ;
en_step1 = 0 ;
HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 0 ) ;
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s t a t e = 2 ;
}

}

// Move r i g h t
else i f ( s t a t e == 2) {

record_time = 1 ;
// move r i g h t
HAL_GPIO_WritePin(GPIOA, DIR2_Pin , r i g h t ) ;
en_step2 = 1 ;
// d e t e c t a t r i g h t
i f ( !HAL_GPIO_ReadPin(GPIOB, i r_r i gh t ) ) {

ir_buf ++;
}
i f ( ir_buf >= ir_sense ) {

ir_buf = 0 ;
en_step2 = 0 ;
record_time = 0 ;
time_elapsed = 0 ;
s t a t e = 4 ;

}
// d e t e c t time e l ap sed
else i f ( t ime_elapsed >= 2500) {

en_step2 = 0 ;
record_time = 0 ;
time_elapsed = 0 ;
s t a t e = 3 ;

}
}

// Move down c l ean ing
else i f ( s t a t e == 3) {

HAL_GPIO_WritePin(GPIOA, DIR1_Pin , down ) ;
en_step1 = 1 ;
HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 1 ) ;
// d e t e c t a t bottom
i f ( !HAL_GPIO_ReadPin(GPIOB, ir_bottom ) ) {

ir_buf ++;
}
i f (HAL_GPIO_ReadPin(GPIOB, ir_bottom ) && ir_buf ) {

ir_buf −−;
}

i f ( ir_buf >= ir_sense ) {
ir_buf = 0 ;
en_step1 = 0 ;
HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 0 ) ;
s t a t e = 6 ;
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}
}

// Move down c l ean ing ( edge )
else i f ( s t a t e == 4) {

HAL_GPIO_WritePin(GPIOA, DIR1_Pin , down ) ;
en_step1 = 1 ;
HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 1 ) ;
// d e t e c t a t bottom
i f ( !HAL_GPIO_ReadPin(GPIOB, ir_bottom ) ) {

ir_buf ++;
}
i f (HAL_GPIO_ReadPin(GPIOB, ir_bottom ) && ir_buf ) {

ir_buf −−;
}

i f ( ir_buf >= ir_sense ) {
ir_buf = 0 ;
en_step1 = 0 ;
HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 0 ) ;
s t a t e = 7 ;

}
}

// Spray s t a t e ( edge )
else i f ( s t a t e == 7) {

int t = spray_time ;
i f ( needs_priming ) {

t=prime_time ;
}
// spray at bottom
record_time = 1 ;
HAL_GPIO_WritePin(GPIOA, SPRAY_Pin, 1 ) ;
i f ( t ime_elapsed >= t ) {

record_time = 0 ;
time_elapsed = 0 ;
HAL_GPIO_WritePin(GPIOA, SPRAY_Pin, 0 ) ;
s t a t e = 5 ;
needs_priming = 0 ;

}

}

// Move up c l ean ing ( edge )
else i f ( s t a t e == 5) {

HAL_GPIO_WritePin(GPIOA, DIR1_Pin , up ) ;
en_step1 = 1 ;
HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 1 ) ;
// d e t e c t a t top
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i f ( !HAL_GPIO_ReadPin(GPIOB, ir_top ) ) {
ir_buf ++;

}
i f (HAL_GPIO_ReadPin(GPIOB, ir_top ) && ir_buf ) {

ir_buf −−;
}

i f ( ir_buf >= ir_sense ) {
ir_buf = 0 ;
en_step1 = 0 ;
HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 0 ) ;

// back to r e s e t s t a t e
s t a t e = 0 ;

}
}

}

i f (manualBut ) {

// Detect mode sw i t ch
i f ( prev_mode == 1) {

i f (mode_buf > 250/ delayVal ) {
prev_mode = 0 ;
mode_buf = 0 ;

}
else {

mode_buf ++;
}

}

en_step1 = 0 ;
en_step2 = 0 ;

// UP/DOWN Buttons
i f ( ! upBut && ! downBut) {}
else i f ( ! upBut ) {

// Set d i r 1 up
HAL_GPIO_WritePin(GPIOA, DIR1_Pin , up ) ;
d i r 1 va l = up ;
// Enable s t ep 1
en_step1 = 1 ;

} else i f ( ! downBut) {
// Set d i r 1 down
HAL_GPIO_WritePin(GPIOA, DIR1_Pin , down ) ;
d i r 1 va l = down ;
// Enable s t ep 1
en_step1 = 1 ;
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} else {
en_step1 = 0 ;

}

// LEFT/RIGHT Buttons
i f ( ! l e f tBu t && ! r ightBut ) {}
else i f ( ! l e f tBu t ) {

// Set d i r 2 up
HAL_GPIO_WritePin(GPIOA, DIR2_Pin , l e f t ) ;
d i r 2 va l = l e f t ;
// Enable s t ep 2
en_step2 = 1 ;

} else i f ( ! r ightBut ) {
// Set d i r 1 down
HAL_GPIO_WritePin(GPIOA, DIR2_Pin , r i g h t ) ;
d i r 2 va l = r i gh t ;
// Enable s t ep 1
en_step2 = 1 ;

} else {
en_step2 = 0 ;

}

// SPRAY Button
i f ( ! sprayBut ) {

HAL_GPIO_WritePin(GPIOA, SPRAY_Pin, 1 ) ;
} else {

HAL_GPIO_WritePin(GPIOA, SPRAY_Pin, 0 ) ;
}

// BRUSH Button
i f ( ! brushBut ) {

HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 1 ) ;
} else {

HAL_GPIO_WritePin(GPIOA, BRUSH_Pin, 0 ) ;
}

}

i f ( en_step1 ) {
HAL_GPIO_TogglePin(GPIOA, STEP1_Pin ) ;

} else {
HAL_GPIO_WritePin(GPIOA, STEP1_Pin , 0 ) ;

}
i f ( en_step2 ) {
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HAL_GPIO_TogglePin(GPIOA, STEP2_Pin ) ;
} else {

HAL_GPIO_WritePin(GPIOA, STEP2_Pin , 0 ) ;
}

HAL_Delay( delayVal ) ;

i f ( record_time ) {
time_elapsed += delayVal ;

}
/∗ USER CODE END WHILE ∗/

/∗ USER CODE BEGIN 3 ∗/
}
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C Appendix - Bill of Material Table

Table 7: Bill of Materials

Component Part Number/Link Quantity Unit Cost Total Cost
Control System and User Interface

Momentary Push Buttons Push button NO 6 1.74 10.64
Toggle Switch Toggle Switch 1 1.94 1.94
1x2 Connector 1x2 header 20 0 0
2x3 Connector 2x3 header 1 0 0
AC-DC Jack barrel jack 1 0.69 0.69
10 Pin Header 10 pin header 1 0 0
10nF Cap 10nF cap 3 0.12 0.36
100k Resistor 100k resistor 3 0 0
1uF Cap 1uF cap 4 0 0
4.7uF Cap 4.7uF cap 1 0 0
0.1uF Cap 0.1uF cap 1 0 0
10uF Cap 10uF cap 1 0 0
10k Resistor 10k resistor 3 0 0
ESP 32 Microcontroller ESP32-S3-WROOM-1-N8 1 0 0
80/20 Rails Railing 3 0 0
T-Slotted Track Rollers 2 Flange Slot 3 0 0
Timing Belt Belt 3 0 0

Drivetrain
NEMA 23 Motors NEMA 23 motors 0 18.91 0
Infrared Laser IR laser 4 5.95 23.80
Motor Drivers DM542T 2 9.99 0

Cleaning Mechanisms
Microfiber Cloth Microfiber Cloth 1 4.99 4.99
Rotating Brush (Soft) Amazon Brush 1 16.99 16.99
DC Motor DC motor 1 0 0
Solution Container Container 1 5.09 5.09
Sprayer Sprayer 1 9.88 9.88

Energy Conversion
AC to DC Converter 24V 6A Converter 1 22.59 22.59
24V to 12V Converter N7812-2CH 2 5.99 11.98
12V to 5V Converter LC78 05-3.0 1 13.4 13.4
5V to 3.3V Regulator MIC5317-3.3YM5-TR 2 0.22 0.44
Coiled Cable Coiled Power Cable 1 4.99 4.99
Total 127.78

30

https://www.digikey.com/en/products/detail/e-switch/PS1024ABLK/81742
https://www.digikey.com/en/products/detail/cit-relay-and-switch/ANT11SECQE/12503336
https://datasheet.ciiva.com/pdfs/VipMasterIC/IC/MIDC/MIDCS07676/MIDCS07676-1.pdf?src-supplier=IHS+Markit
https://www.digikey.com/en/products/detail/wurth-electronics-inc/61300511121/4846831?curr=usd&utm_campaign=buynow&utm_medium=aggregator&utm_source=octopart
https://www.digikey.com/en/products/detail/tensility-international-corp/54-00167/10459295?curr=usd&utm_campaign=buynow&utm_medium=aggregator&utm_source=octopart
https://www.digikey.com/en/products/detail/on-shore-technology-inc/302-S101/2178422?curr=usd&utm_campaign=buynow&utm_medium=aggregator&utm_source=octopart
https://www.avnet.com/shop/us/products/kyocera-avx/0603yc103kat2a-3074457345634769377?CMP=EMA_Octopart_inventoryfeed_VSE
https://www.mouser.com/ProductDetail/YAGEO/AC0603FR-07100KL?qs=UoPT7wUmgYKBKZ83mTH%252BSA%3D%3D&utm_source=octopart&utm_medium=aggregator&utm_campaign=603-AC0603FR-07100KL&utm_content=YAGEO
https://www.newark.com/avx/0805yd105kat2a/smd-multilayer-ceramic-capacitor/dp/95W9236?CMP=AFC-OP
https://www.digikey.com/en/products/detail/kemet/C0805C475K4PACTU/3472632?curr=usd&utm_campaign=buynow&utm_medium=aggregator&utm_source=octopart
https://www.newark.com/vishay/vj0603y101kxacw1bc/cap-100pf-50v-10-x7r-0603/dp/62AC8337?CMP=AFC-OP
https://uk.farnell.com/murata/grm21br61c106ke15l/cap-10-f-16v-10-x5r-0805/dp/1762635?CMP=GRHB-OCTOPART
https://www.digikey.com/en/products/detail/yageo/RC0603JR-0710KL/732594?curr=usd&utm_campaign=buynow&utm_medium=aggregator&utm_source=octopart
https://www.digikey.com/en/products/detail/espressif-systems/ESP32-S3-WROOM-1-N8/15200089
https://www.mcmaster.com/products/80%2F20-compatible-t-slotted-framing/t-slotted-framing-rail-profile~single/t-slotted-framing-and-fittings~/t-slotted-framing-rails-4/
https://www.mcmaster.com/products/80%2F20-compatible-t-slotted-framing/t-slotted-framing-component~linear-bearing/
https://www.mcmaster.com/products/pulleys/timing-belts-2~/h-series-timing-belts-8/
https://www.oyostepper.com/goods-1198-Nema-23-Stepper-Motor-24Nm-33979ozin-4A-57x57x82mm-4-Wires-8mm-Shaft.html?srsltid=AfmBOooO-nPhmq8TSofTJ5ZedrL_-xOh2Vhxenk9T5RXL2-UOfzehy269rc&gQT=1
https://www.adafruit.com/product/2168
https://www.omc-stepperonline.com/digital-stepper-driver-1-0-4-2a-20-50vdc-for-nema-17-23-24-stepper-motor-dm542t
https://www.amazon.com/FIXSMITH-Microfiber-Cleaning-Cloth-All-Purpose/dp/B083DN8KNB/ref=sr_1_9?crid=10WGNGVXELHOY&dib=eyJ2IjoiMSJ9.b0tzGlOtk14Nl_CwwVII0bfK1drrnK2LEkPZbLuvPATrUxShfSlj60yzjfyB-DF-6FenLheodlUq6MpIuMAAXpCMEuDUsynVP02zZXVPmU7SGzk90P8yn3wY5BntDqbNGoiAJHTeSRzHuAnQciDWWXYfzrRWuJZVTtx-Li68PhmblODCx2GTb7kD0v7V7qDWhe536qnjg3v1yTaz8K_uRsaA9WGcnWuadlUJPXWaNWkCP3A61wTZveydl_O2tkUeCfO70MLUWDxgHurMYCjjz2P0mEdbijgHBZEtXsNn6LkMOycsbv8-WBMqS6OZ4EU5CSmrA3yN0F8_z1w3-guvp65CT2kVcU5YuP8UxN_XPEQ.5ibhGB64qOZJIlOWLp1qg9zAEjRfBA6tbn7waSx42C4&dib_tag=se&keywords=microfiber%2Bcleaning%2Bcloth&qid=1738556892&s=home-garden&sprefix=MICROFIBER%2B%2Cgarden%2C473&sr=1-9&th=1
https://www.amazon.com/Replacement-WD101-WD201-WD100-WD200/dp/B0BTHJD4CY/ref=sr_1_5?crid=B3LX1PDBMIFH&dib=eyJ2IjoiMSJ9.Z2Jvql1oH44oqdPgZ56wIX5vSDACIcK_rCjRvUvIZfcrexBRDOBWohSoJV7GAahSvt_3LVSiBvgxXBvrtFQOPzl-g31Ij920jeg95zFqi-M.3USs0UMVrgbFN1siImxv1Xxx6JU5Dk62lgzJHlHszNI&dib_tag=se&keywords=antimicrobial%2Bbrushroll&qid=1739076313&s=home-garden&sprefix=antimicrobial%2Bbrushrol%2Cgarden%2C217&sr=1-5&th=1
https://www.amazon.com/25GA-370-Reduction-Geared-Electronic-500RPM/dp/B07JFDTTTZ/ref=sr_1_5?crid=2H885UUEO4A1C&dib=eyJ2IjoiMSJ9.DG2Zr5JgY4hLMn9yrhcOPdHdITeYTPFxUp-E3_ybZIWcxQWko7XV_9MA3U_yWNKM2GdTaoeR-aSXObPes__jgTjAxN8Xp1FzU93m9w1EupXQrbTvemGmy6G4e3Elv-X2jJ-3ouulB7gTcQEJvqT-Gf21ENsbQIUje4VGNvp6A4CqWxm1Kmq-8JdwE8NUx30sZNsXWNIm9Shg0AdFPJHN9FLsk8fS14vz_kQYMFd3tpfxJoyoI__C0XhZNtZ-d8eoa_e6sa4x4I4ZzavX363kMP6yRq7ssgnPacrZrNwxFCkA5dL3dWffdSR4LsLw_mCkEgZzce1ZTo_MKZI2xzXO5xH2jUhuBeqeZfzApmNyr9wBUeyDmmgLl5hnL2xYuj0MW1-wMNakG_5_Ufus7IO0OAALov7W8m7FVNTU8Y0VXcFB9lNMrG3tU49JY6Sd955S.FkEOpn-4eyg4OBk0KdB0NvCajqpMKCFRK9XerzWzz94&dib_tag=se&keywords=12%2Bv%2Bdc%2Bmotor%2Bwalfront&qid=1739129119&sprefix=12%2Bv%2Bdc%2Bmotor%2Bwalfront%2Caps%2C106&sr=8-5&th=1
https://www.mcmaster.com/46125T7/
https://www.lowes.com/pd/CRAFTSMAN-1-Gallon-Tank-Sprayer/1001433038
https://www.amazon.com/ALITOVE-100-240V-Converter-Transformer-5-5x2-5mm/dp/B083K71SM8/ref=sr_1_27?dib=eyJ2IjoiMSJ9.cVbsWc16kcYgLq4U6yz7P5cWj0_E8kpaCMWxOTLnyggRo5aJf1aoJ5WUmrKGC6YZYYQJDow5EZi2aQTC-G3DwRzPcXz6nXu6X8MYNnHyGo0K7fay9jNpfp6TyTJC97glG53hGcr_7miFQ1_7Jit5PKB-dynvL_2WBM5oS08d8HUDb1OYIwB-sIp9sKXpo2L_Wm1L-54ocR6oEXGZVlQy9MV7Uv1wuYHLKtZvRtbvgaeApUjaQ_xKGlV4jOQsN_hkapfVmN1Hc3tByPxgs87gxTN5pHpetFCViEV5xAbLuirZ2uwtWWv4n3F_xvnST8rU-hFhQnXXU2scyQaOTWGlh4v2e1vKwErH_GlWncsuMFwj7keWTnJ3JO2qtzkWsT2TXL9LaQ1yeblgjuh7MpxTf0B9Tec7NMCs9-8R1013B3nqX2qwDmeL2E0N3nk1RJWf.US4otkPvYg0cc8j0K3BLK4AirQsL6pfwMUUe2x3X8qw&dib_tag=se&keywords=24v%2Bac%2Bto%2Bdc%2Bconverter&qid=1740440792&sr=8-27&th=1
https://www.digikey.com/en/products/detail/mean-well-usa-inc/N7812-2CH/24762172
https://www.digikey.com/en/products/detail/gaptec-electronic/LC78-05-3-0/13692361
https://www.digikey.com/en/products/detail/microchip-technology/MIC5317-3-3YM5-TR/5049120?s=N4IgTCBcDaILIEkDCBWAzARgOwFo0Do0BNOFHAFQCUQBdAXyA
https://www.amazon.com/GELRHORN-Degrees-3-Prong-Monitor-Printer/dp/B0BZGTGR8T/ref=sr_1_38?crid=1YR1T92NRUN6Y&dib=eyJ2IjoiMSJ9.R9PJ8nRI5VAQ8ZFpwWdHUooOTqkLEhDeXCaQleclLbu-lNGJYC7zC2NOyMIfULo4aPjD4i77oi5b0Xg3j-7F2Y9GnnH_xMhWx-F1-lg48agiQQ78hdVK77SYMBmNQaYrPHCkcVOnBIaRjIyZMDlJrcw4Kt16vfDkdNrHjp8PN3WW61rjhubb7z_ASgGt9ZkAN3PHyQZZnk7wpyuLYknTxzINThsr3-9hoZU_9teinTI.EPZ66Ecgtb8PxMs5ISKI9I5u91u2zD0BeyWkJmaGRJ0&dib_tag=se&keywords=coiled%2Bac%2Bpower%2Bcord&qid=1740687211&sprefix=coiled%2Bac%2Bpower%2Bcord%2Caps%2C149&sr=8-38&xpid=kCMlgLgibIsQ6&th=1

	Introduction
	Design
	Overview
	Design Procedure
	Subsystem Design
	Power Subsystem
	Drivetrain Subsystem
	Controller Subsystem
	Cleaning Mechanism Subsystem

	Physical Design

	Verification
	Stepper Motor Testing
	DC Brush Motor Testing
	Sprayer Testing
	IR Sensor Testing
	PCB Verification
	Combined System Verification

	Costs
	Cost Analysis
	Cost of Labor and Parts
	Bill of Material


	Conclusion
	Summary and Future Work
	Ethics
	Safety and Sustainability
	Equality
	Honesty and Transparency

	Safety
	Electrical Safety
	Mechanical Safety


	References
	Appendix - Subsystem R&V Tables
	Power Subsystem
	Drivetrain Subsystem
	Controller Subsystem
	Cleaning Mechanism Subsystem

	Appendix - STM32 Code
	Appendix - Bill of Material Table

