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ABSTRACT

Development of a Solar Array Deployment Mechanism for a CubeSat

Christopher J. Hernandez

CubeSats could be used as a low-cost platform to test experimental technologies and to conduct
technology demonstrations. The underlying objective of this project was to design and develop a
low-cost SADM that has sun-tracking capabilities and axis controllability by utilizing a system
of four NEMA 11 motors. Initially, a two-motor configuration was considered, in which one
motor would provide initial deployment about one axis and the other would provide
controllability about the axis normal to the chassis wall surface. To achieve this, rotary disks,
spur-gear, rail-block, and linkage-based deployment systems were considered, but were later
disregarded due to volume limitations and lever arm restrictions. Instead, the SADM was
downsized to permit controllability about the axis normal to each chassis wall surface. Rather
than use a motor for initial solar array deployment, a set of torsion springs was used. The
retention mechanism--fishing string stowing the solar panels--was burned by a burn-wire
mechanism to permit initial deployment. By 3D printing the hinge and purchasing the torsion
springs, single-set and double-set torsion designs were designed and developed. The single-set
torsion spring design deflected each solar array by 45°, whereas the doublet-set torsion spring
deflected each solar array by 90°. Blockers integrated on the hinge mechanism prevented the
solar array from deflecting past 90°. The single-set torsion spring hinge was attached to the
rotary disk of the motor, permitting rotation about the normal axis to the chassis surface. All
structural components were 3D printed using PETG HF. By using a screw-based design, the
CubeSat was assembled by using heat-set inserts and M2 screws. Component-level testing and
integration-level testing were conducted to verify the functionality of all sensors, whereas the
latter was used to verify the functionality of the ambient light sensor array and the NEMA 11
motors. System-level testing verified the functionality of the light sensor array, current sensors,
and motors operating together. Solar panel testing has shown that a fully deployed solar array
will generate more voltage than solar arrays in the partially deployed and stowed configurations.
Numerically, the voltage generated in each respective generation for a particular array were 0.7
V, 0.75 V, and 1.05 V, respectively. Development costs of the SADM amounted to $625.
Considering that existing COTS components and assembly could lead to CubeSat costs
amounting to over $10,000, the underlying objective of this project was fulfilled. However, the
developed CubeSat SADM could be further improved by transitioning from a breadboard
prototype design to a PCB-based design with an integrated burn-resistor circuit. Furthermore,
rather than using an external 12V power supply, the EPS could be further developed by
incorporating energy storage capabilities through the use of boost converters, buck converters,
and switches where appropriate.
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1. Introduction

1.1 Motivation

It is within humanity’s nature to push the technological envelope to new heights for what was
once inconceivable. It is within humanity’s nature to discover the unknown. In 1903, the Wright
brothers invented and flew the world’s first airplane [1]. From this, the foundations of
aerodynamics were established. In 1947, the first airplane broke the sound barrier, setting the
stage for supersonic flight [1]. By 1957, Sputnik 1, humanity’s first artificial satellite, was
deployed in space [1]. 1961 marked the year when the first human entered space [1]. In 1969,
Neil Armstrong ushered the sentence, “That’s one small step for [a] man, one giant leap for
mankind [2].” Despite all the technological limitations at the time, humankind persevered and
made tremendous contributions to science.

Launched in 1977, the Voyager probes underwent a flyby around Jupiter, Saturn, Uranus, and
Neptune before being sent into interstellar space [3]. Although the environment around the sun
contains intense heat and radiation, the Parker Solar Probe continues to observe and measure the
Sun [4]. Around the Earth, constellations of weather satellites are used to image Earth’s surface
and to collect atmospheric data. However, the consequence of obtaining scientific data was the
expensive time and monetary costs of developing and maintaining these satellites. $865 million
was allocated to create the Voyager probes [5]. The Parker Solar Probe was projected to cost $1.1
billion [6]. NOAA’s GOES-R weather satellite constellation has a lifecycle budget of $10.8
billion [7]; the cost to launch the GOES-U satellite is ~$153 million [8].

CubeSats are nanosatellites that can be constructed with minimal time and monetary
expenditures. CubeSats are typically developed within 18 — 24 months but could be developed
within nine months [9,10]. Originally developed within academia, CubeSats provide a low-cost,
quick-to-develop platform which can be used to conduct scientific missions and technology
demonstrations [10]. CubeSats have begun incorporating larger form factors to support larger,
more complex payloads. CubeSats have implemented deployable solar arrays to meet the
increased power demand of these systems. As CubeSats incorporate increasingly complex
instruments, the power requirement will only increase. Thus, this paper will develop and quantify
the power generation capabilities of a sun-tracking SADA system.

1.2 Literature Review

1.2.1 CubeSats Background

CubeSats are nanosatellites originally developed by California Polytechnic State University and
Stanford University in 1999 [11]. Adhering to a design standard, an individual CubeSat unit (1U)
has a size and mass limit of 10 cm x 10 cm x 10 cm and 1.33 kg, respectively; [11] provides
comprehensive CubeSat design specifications. CubeSats can be deployed individually or
combined with other units to form a larger nanosatellite. Typically, CubeSats have a form factor



between 1U and 12U, but smaller and larger units have been deployed or are in development
[12].
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Figure 1.1. CubeSat size composition and launch status [12].

CubeSats were developed to provide a low-cost and time-investment development platform
compared to conventional satellites. CubeSats have been used for educational research,
conducting technology demonstrations or scientific missions. Table 1.1 provides a list of
CubeSat missions performed by government agencies and academic institutions; [13] provides a
list of CubeSat missions ranging from 1998 to the present.



Table 1.1. Previous, ongoing, and future CubeSat science missions.

Science Mission | Mission Objective

BurstCube The study of gamma-ray bursts [14].

CeREs The study of charged particle dynamics within Earth’s radiation belts [15].

CuPID The measurement of soft x-rays and the testing of magnetic reconnection
models at Earth’s magnetopause [16].

CuSP The measurement of particles and magnetic fields in space [17].

E-TBEx The study of how communication disruption bubbles are formed within
Earth’s ionosphere [18].

ELFIN The investigation of how electrons escape the Van Allen radiation belts
[19].

MarCo The testing of deep space communication equipment [20].

PREFIRE The measurement of Earth’s radiation emissions to study Arctic heat
emissions [21].

SunRISE The study of solar activity to determine how the Sun generates solar
particle storms [22].

TechEdSat-15 The testing of an exo-brake designed to operate within high-temperature
environments [23].

1.2.2 Launch Vehicle Failures

CubeSats are typically the secondary payload of a launch vehicle and are deployed via a CSD.
Before this, however, CubeSats must follow all design specifications in [11] and conduct testing
and verification as specified in [24]. One of the design requirements specified in [24] is that the
CubeSat must withstand the accelerative loads and vibrations within the launch environment.
Considering that the CubeSat designers performed all the necessary testing to meet the
requirements, there is a possibility that the launch vehicle will fail. [25] provides the number of
launch vehicle missions and failure rates from 1957 —2017; Figure 1.2 provides the number of
launch vehicle missions, number of failures, and failure rates from 1957 — 2017, whereas Table
1.2 lists the average failure rate via 10-year intervals. This data shows that launch vehicles
experienced a significant failure rate throughout 1957 — 1961. Although the number of launches
increased from 1961 to 1965, the number of launch vehicle failures and failure rates decreased.
Throughout the succeeding decades and up until now, the failure rate decreased before settling
around 6%. Jacklin [25] suggests that the failure rate of the launch vehicles has not improved
because when a new launch vehicle is introduced, a technological learning curve is introduced.
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Figure 1.2. Number of launch vehicle launches, failures, and failure rate from 1957 — 2017 [25].

Table 1.2. The failure rate of launch vehicles based on a 10-year period from 1957 — 2017 [25].
*This data point was extended by an additional year.

10 Year Period | Average Failure Rate
1957 — 1966 33.7
1967 — 1976 9.6
1977 — 1986 5.6
1987 - 1996 6.0
1997 — 2006 6.9
2007 — 2017* 6.1

1.2.3 CubeSat Points of Failure

CubeSats are composed of multiple subsystems—mechanical, electrical, communications, etc—,
critical to ensure mission success. If any components—reaction wheels, microcontroller, power
delivery board, etc.—within these subsystems fail, the CubeSat mission will likely result in a
partial, if not total, failure. From 2002 — 2016, CubeSats experienced a 48.1% failure rate; 139 of
270 have failed due to power, mechanical, communications, or system-level issues [26]. In a
survey sent in a Cal Poly CubeSat workshop—the sample size is thirty-five individuals—48% of
respondents experienced tool-related issues. Communication issues were based on radio,
transceiver, and power failures [26]. In a research study [27], researchers interviewed academic,
commercial, and government organizations to determine the causes of CubeSat failures. These
researchers found that a CubeSat would be launched regardless of its readiness, selected
components were not radiation hardened, and there was insufficient time to conduct subsystem-
level testing [27]. The researchers found that the most common points of failure involved the
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communications system, power system, and deployables [27]. From these categories, CubeSat
developers could not find a sufficient ground segment—ground station, control center, etc.—the
purchased power system did not match specifications, and that burn-wire systems were not easily
resettable, respectively [27]. Researchers from [28] examined 178 CubeSats until 2014 and
categorized the points of failure. Generally, the electrical power system, on-board computer, and
communications system were responsible for most known failures [28]. Conversely, CubeSats
rarely failed due to the ADCS, payload, structure and deployables [28]; failures related to the
deployables do not include the antennas.

Table 1.3. CubeSat categorized failures from 0 — 90 days [28].

Dead on Arrival | 30 Days | 90 Days
Electrical Power System 28% 44% 36%
On-Board Computer 16% 20% 21%
Communication System 14% 16% 29%
Payload 3% 4% 0%
Structure and 3% 4% 0%
Deployables
ADCS 3% 0% 0%
Unknown 33% 12% 14%

There are cases where the CSD itself will fail to deploy the CubeSat. This was the case for the
2014 Orb-1 and Orb-2 missions, in which the CSD failed to deploy its payload [29]. The
deployer in the Orb-1 mission failed due to an electronics issue, whereas the deployer in the Orb-
2 mission failed due to excessive loading of the ball-lock mechanism [29].

1.2.4 Solar Arrays
1.2.4.1 Body-Mounted Arrays

CubeSats generate power through PV cells, which can be placed on the CubeSat in various
arrangements. The first arrangement is where the cells are body-mounted on the walls of the
CubeSat (Figure 1.3). While this arrangement is the least complex, this arrangement generates
the least amount of power. For a 1U CubeSat, this arrangement allows up to 1 W or 3 W of
power to be generated depending on whether the cells are silicon or gallium arsenide-based [30].
For a 3U CubeSat, the maximum power generated using advanced triple junction cells is less
than 10 W [31].



Figure 1.3. 2U CubeSat with body-mounted solar cells.
1.2.4.2 Deployable Solar Arrays

The other arrangement involves a deployable solar array. In this configuration, the solar array is
initially stowed; the solar panels are initially attached to the CubeSat’s walls. The solar array is
then deployed/extended via a deployment mechanism (Figure 1.4). The deployable solar array
arrangement offers more power generation capabilities than the previous arrangement because
more solar panels are exposed to the sun. 3U CubeSats using such an arrangement have
generated between 22W — 56W of power [31].

Figure 1.4. 2U CubeSat with a stowed solar array (left) and a deployed solar array (right).

Solar arrays can be deployed based on single or multi-hinge designs. In single-hinge designs, a
singular hinge connects each solar array to the CubeSat’s body. Multi-hinge designs follow the
single-hinge design, except that the solar panels are stacked/folded together; secondary hinges
connect the solar panels. These hinges then unfold the solar panels. The amount of solar panels
that can be stacked is limited by the space available within the CSD. In the multi-hinge designs,
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the solar panels can be connected with respect to the longitudinal or lateral axis of the CubeSat
[31]. Deployment with respect to the longitudinal axis compared to the lateral axis has the
following advantages:

e Symmetry provides a lesser disturbance torque during deployment [31].

e The motion of the solar panels and SADA have a lesser disturbance impact [31].

e In a possible failure event during deployment, the solar panels cannot impact the CubeSat
[31].

e More space for the installation of the secondary hinges [31].

However, the disadvantage of a longitudinal system is that the larger CubeSat’s MOI could
potentially impact attitude control [31]. [31] developed a multi-hinge longitudinal deployment
system; two wires are cut to deploy the solar array. The primary hinge rotates 90°, whereas the
secondary hinges rotate 180°.

1.2.4.3 Sun-Tracking Solar Arrays

Deployable solar arrays provide more power generation capabilities than body-mounted solar
arrays. However, power performance can be further improved by adding sun-tracking
capabilities to deployable solar arrays. [32] developed a prototype SADA externally placed at the
ends of a CubeSat. Sun sensors were not yet implemented, but instead, a temporary model was
used to determine the Sun’s position. A stepper motor-gear system and motor drivers were used
to rotate the output shaft, which is used to provide attitude control [32]. To prevent overwinding
of the cable twists—these were used to transfer power from the solar array—the rotation of the
output shaft was limited by mechanical hard stops [32]. This system uses one mW when idle and
500 mW when actively providing attitude control [32].

1.2.5 Solar Array Release Mechanisms

1.2.5.1 Burn Wire Release Mechanism

Deployable solar arrays can be deployed via a burn wire release mechanism. [33] developed a
nichrome burn wire release mechanism that can be used to deploy antennas, solar arrays, and
other deployables (Figure 1.5). In this mechanism, a heated nichrome burn wire cuts through a
Vectran tie cable, which releases the deployable; a current is applied to heat the wire [33]. The
optimal current supplied through the wire was determined to be 1.60 amps [33]. The developers
chose to use a spring-loaded nichrome burn wire system because the electronics were
inexpensive and could be powered by the CubeSat’s bus [33]. To avoid heat loss issues, the
minimum length of the wire should be at least 10 mm [33]. Conversely, [33] found that the
maximum length of the wire should not exceed 32 mm, otherwise the structural integrity of the
wire would be compromised. The burn wire mechanism operated fifty times before the nichrome
wire had to be replaced; over four hundred tests were conducted without the mechanism failing
[33]. Despite the high reliability of this system and relatively low cost, there are some design
issues:

e Inadequate tensioning of the tie-down cable can lead to a spring preload loss [33].



e Improperly securing the nichrome wire could prevent the burn wire from cutting the tie-
down cable [33].

e The burn wire could short out before the tether is cut [34].

e The tether can become tangled upon deployment [34].

Figure 1.5. Burn wire resistor release mechanism.

1.2.5.2 Shape Memory Alloy Release Mechanism

SMAs have seen usage as a deployment mechanism. SMAs are a type of material that returns to
its original shape when heated. In the case of deployment mechanisms, SMAs are advantageous
compared to consumable mechanisms because SMAs are lightweight, produce low shocks, and
can be designed to be resettable [34]. In [34], two forms of SMAs were used: thermally activated
and mechanically activated. The former used SMAs for a two-stage R&R mechanism, whereas
the latter used SMAs as deployment springs [34]. The first stage of the R&R mechanism uses a
pin-puller device that is activated by a SMA actuator [34]. Once the SMA wire is heated, the
wire contracts to pull a pin, which releases the second stage [34]. Once this occurs, four
compression springs deploy the solar arrays, which would then be locked into place [34]. Before
using the pin-puller system, the authors of [34] considered a piston-based and collet-based
design. The previous design was not used because the vibrations experienced within the launch
environment could cause a premature deployment [34]. The second design was not developed
due to mass and time budget limitations [34]. There are some critical SMA potential failure
points:

e The SMAs could prematurely activate when the ambient temperature exceeds the
activation temperature [34]. The mechanism developer resolved this issue by selecting an
SMA with an activation temperature of 100°C [34].

e The SMA hinge springs can fracture due to fatigue and overstraining [34]. This issue was
resolved by adding a washer to prevent the formation of cracks [34].

1.3 Project Objective

Existing deployment mechanisms have used nichrome burn-wires and SMAs to deploy solar
arrays. The limitation of these mechanisms is that once the solar arrays are deployed, there is no
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form of attitude control; the arrays remain fixed when deployed. The power generation
capabilities of CubeSats can be further increased by adding sun-tracking and attitude control
capabilities to a SADM. Thus, the underlying objective of this project is to design and develop a
low-cost and reliable SADM that utilizes sun-tracking capabilities for the solar arrays of a
CubeSat. The power generated with this new design will be compared with the other solar array
configurations: body-mounted, single-hinge deployable, and multi-hinge deployable solar arrays.
A vibrational and dynamics analysis will then be conducted based on the deployment of the solar
arrays. Once these tasks have been completed, all project objectives will be extended to a 2U, 3U
and 6U CubeSat.

1.4 Methodology
1.4.1 Project Scope

The purpose of this project is to develop a SADM that could be integrated within a CubeSat. The
following will not be implemented within the CubeSat:

e An ADCS incorporating reaction wheels, magnetorquers, etc.
e A communications system involving antennas, ground stations, etc.

Although these systems will not be implemented, a design goal is to create a compact SADM.

1.4.2 CubeSat Unit Construction

A CubeSat chassis is required to house and provide structural support for all necessary
components. Although COTS components can be purchased, the costs would exceed the project’s
budget, and the COTS components cannot fulfill the project’s custom design needs. Instead,
CubeSat chassis with sizes of 1U — 6U will be designed within SolidWorks and then 3D printed.
The critical design parameters involve a lightweight chassis that minimizes vibration propagation
while maximizing structural integrity.

Table 1.4. CubeSat chassis COTS costs [35-38].

CubeSat Chassis Cost
1U $995 — 1,395
2U $2,339.90
3U $6,574
6U $15,487.94

1.4.3 SADM Design

1.4.3.1 Deployment Sequence

A 2-axis ACS for the solar array will be developed by incorporating a system of motors, hinges,
and a rotary base. Figure 1.6 shows that the rotary base allows rotation about the Y-axis, whereas
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the hinges allow rotation about the X-axis. Initially, the solar panels will be stowed (Figure 1.7).
During the deployment sequence, the primary hinge rotates the primary solar panel by 90°
(Figure 1.8). Next, the secondary hinge rotates the secondary panel by 180°. A similar process
would occur if a third solar panel were attached; the number of attachable solar panels depends
on the space available within a CSD. Once deployed, the rotary base can rotate the solar array
about the Y-axis. Similar degrees of rotation are provided among the other surfaces of the
CubeSat, excluding the top and bottom surfaces.

z Rotary Base

Primary Hinges

Solar Panels

SV

Secondary Hinges

v

Figure 1.6. Deployed solar array for a 3U CubeSat.

Hinges

Solar Panels | Solar Panels

3U CubeSat

Hinges

Figure 1.7. Stowed solar panels for a 3U CubeSat.

——

L —  ——— ) = | qu___-_-_t__‘———:[

Figure 1.8. Deployment sequence for a 3U CubeSat.
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Figure 1.9. The rotary base allows rotation about the CubeSat’s Y-axis.
1.4.4 SADM Electronics

Electronic components necessary to develop the mechanism and control system include an
MCU, sun sensors, electric motors, solar panels, and a power supply; a PCB can be implemented
to make the system more compact. To develop a flight-ready SADM for LEO deployment, all
selected electrical components must withstand an operating temperature range of -65 to 125°C.

1.4.4.1 Motor Usage

In CubeSat missions, BLDC motors drive the reaction wheels within ADCS systems. BLDC
motors generate less noise and have a longer lifetime than brushed DC and stepper motors.
Stepper motors provide great point precision and holding torques but suffer from power waste
and excessive thermal heating compared to BLDC motors [39]. Despite the issues of stepper
motors, these motors will be used due to their attitude precision. Stepper motors will rotate the
primary and secondary hinges by a fixed amount. Stepper motors provided by Applied Motion
Products and FAULHABER were examined. However, the products examined in Table A.1 and
Table A.2 do not operate within the specified temperature range. Stepper motors provided by
Ducommun [40], phytron [41], and American Motion Systems [42] are suitable for operating
within the desired temperature range. However, quotes are required to acquire the costs. To
minimize project costs, stepper motors that do not operate within the space qualification
temperature range will be used for the prototype.

1.4.4.2 Solar Panels

Solar panels could either be body-mounted to the CubeSat or attached to the deployment
mechanism. The CubeSat marketplace, Pumpkin Inc., and EnduroSat offer COTS solar panels
for CubeSats (Table 1.5). PV cells will be purchased instead of COTS solar panels and connected
to the EPS to minimize project costs.
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Table 1.5. COTS solar panels acquired from [43—45].

Product

Cost

CubeSat Solar panel DHV-CS-10 (1U)

$1,613.53

EXA DMSA — Deployable Multifunction
Solar Array (1U — 6U)

$4,896.23 - $22,255.60

(1U)

Solar Panel for AntS antenna (1U) $4,730
CubeSat Kit™ Fixed Solar Panels (1U - 3U) | $2,500 — $5,650
CubeSat Kit™ Fixed Solar Panel: End Panel | $2,500

1U Solar Panel $2,800 - $3,600
1.5U Solar Panel $3,500 - $4,100
3U Solar Panel $6,800 - $6,900
3U Deployable Solar Array $21,000 - $35,000
6U Solar Panel $17,100

6U Deployable Solar Array $51,300

8U Solar Panel $21,300 - $64,000

1.4.5 Power Performance Test

The following solar array configurations will be tested for each CubeSat unit:

Body-mounted: The PV cells will be attached to the walls of the CubeSat.
Single-hinge deployable: The PV cells will be attached to a single-hinge deployment
mechanism.

Double-hinge deployable: The PV cells will be attached to a two-stage multi-hinge
deployment mechanism. Figure 1.8 shows the deployment sequence for the primary and
secondary hinges.

Single-hinge deployable ACS: Sun sensors will be implemented to provide attitude
control for the single-hinge deployable configuration.

Double-hinge deployable ACS: Sun sensors will be implemented to provide attitude
control for the double-hinge deployable configuration.

The power generated by the PV cells and power usage by the EPS will be recorded across each
test. Power losses are expected to come from the motors, sun sensors, MCU and other electrical
components, which will draw power during the deployment and attitude control of the solar
array. Testing will be conducted within an indoor and outdoor test environment. To ensure there
is no variability between each test, the following actions will be taken:

Testing will start and end at consistently set times. For example, all tests will be
conducted between 11 AM — 3 PM and the duration of each test is the same.

Testing will be conducted on days with similar ambient conditions. Since temperature
affects the performance of PV cells, it is ideal to conduct tests on days with similar
ambient conditions; ambient conditions will be recorded.

Testing will undergo several trials. All outliers will be recorded but excluded from the
analysis.
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https://www.cubesatshop.com/product/cubesat-solar-panels-dhv/
https://www.cubesatshop.com/product/solar-panels/
https://www.cubesatshop.com/product/solar-panels/
https://www.pumpkinspace.com/store/p69/Solar_Panel_for_AntS_antenna.html
https://www.pumpkinspace.com/store/p154/CubeSat_Kit%E2%84%A2_Fixed_Solar_Panels.html
https://www.pumpkinspace.com/store/p150/CubeSat_Kit%E2%84%A2_Fixed_Solar_Panel%3A_End_Panel.html
https://www.pumpkinspace.com/store/p150/CubeSat_Kit%E2%84%A2_Fixed_Solar_Panel%3A_End_Panel.html
https://www.endurosat.com/products-category/solar-panels/
https://www.endurosat.com/products-category/solar-panels/
https://www.endurosat.com/products-category/solar-panels/
https://www.endurosat.com/products-category/solar-panels/
https://www.endurosat.com/products-category/solar-panels/
https://www.endurosat.com/products-category/solar-panels/
https://www.endurosat.com/products-category/solar-panels/

Testing will be conducted under uniform weather conditions. For example, testing will
only be conducted on sunny days. One test on a sunny day and another on a rainy day

will not occur.

A location will be selected so that the testing platform is consistently illuminated. For

example, all solar panels will be initially placed in an area where they are illuminated.
Additionally, throughout the day, shadows must not obscure the solar panel’s access to
sunlight. Once a suitable location has been determined, all tests will occur there.

Tests will be recorded by video to determine any failure points or anomalies.
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2. SADM System Architecture

2.1 Structural Architecture

Structural Architecture

Skeleton Structure

Chassis Wall

Structural components:

Modified Chassis Wall

Baseplate Connector Baseplate
Modified Baseplate
Extended Connector Baseplate
Modified Extended Baseplate
Avionics Rod

Mounting Plate

Hinge Assembly

Pin

Primary Hinge

Secondary Hinge

Motor Mounting Bracket

Motor Rotary Disk

Figure 2.1. SADM structural architecture.

Chassis wall: Provides structural support and allows the attachment of solar panels
(Figure 2.8). The standard variation has dimensions of 100 x 100 mm (Figure C.9),
whereas the modified variation has dimensions of 100 x 92 mm (Figure C.10). The

reduced size of the modified variation is essential to ensure that each chassis wall could

be secured to the baseplate via M2 screws.

Baseplate: This component is used for the attachment of the chassis walls; two are used
at the bottom and top of a CubeSat (Figure 2.3). An extended baseplate is used for 4U
and 6U CubeSats (Figure 2.4).

14




o Connector baseplate: Similar to the baseplate, this component is used to connect
two different CubeSat units (Figure 2.5). An extended variation is used for 4U and
6U CubeSats (Figure 2.6).

e Avionics rod: A cylindrical 6.35 mm rod is directly inserted into the mounting pads to
allow the direct installation of mounting plates and PCBs.

e Mounting plates: Allows the attachment of the rotary disk system and other instruments
(Figure 2.7).

e Hinge assembly: Composed of a pin, secondary hinge, and primary hinge. The hinge is
attached to the motor’s rotary disk. When the fishing string retention mechanism is cut, a
set of torsion springs deploy each solar array.

e Motor mounting bracket: Secures the NEMA 11 motor to the baseplate.

e Motor rotary disk: Attached to the motor, this disk allows each solar array to rotate
about the axis that’s normal to each chassis wall.

2.1.1 CubeSat Skeleton

The CubeSat skeleton was created based on the design specifications outlined in [11], such that
the skeleton was limited to a volume of 100 mm3 and a mass of 1.33 kg. The design objectives
of the skeleton were to ensure that its components were interchangeable, and that installation was
accessible. The two designs that were considered involved a component slide-based and slotted
screw-based installation approach. In the former, grooves would be present on each of the launch
rails. During installation, the chassis walls would be slid into place via these grooves. In the
latter design, the chassis walls would be screwed onto a baseplate; the ends of these walls are a
part of the launch rail. The selected design was the screw-based design since it appeared to be the
most straightforward approach. This is because, with the former design, the location to attach the
baseplate and the chassis walls without compromising space for the solar panels was unknown.
The CubeSat screw-based skeleton design for 1U-6U CubeSats is provided in Figure 2.2.

Jxv- v,
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Figure 2.2. The CubeSat screw-based skeleton design for 1U, 2U, 3U, 4U, and 6U CubeSats.
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2.1.2 Solar Panel Selection

The design of the CubeSat skeleton is dependent on the dimensions of the selected solar panel.
The initial primary drivers during solar panel selection involved low-cost solar panels and their
cell area. The efficiency of the solar panel was not a primary driver, because an objective of this
research project was to determine the power output difference between each solar array
configuration. Appendix B features a list of solar panel specifications from amazon.com,
voltaicsystems.com, and digikey.com; the provided dimensions include the cell area and
backplate. The solar panels below 65 mm and those exceeding 100 mm were discarded from the
consolidated solar panel list (Table 2.1). From this consolidation, the operational environment
was the final driving factor in selecting the solar panel. Based on the specified primary drivers,
the 313070005 solar panel was considered as the initial prime candidate because it provided the
most cell coverage. However, considering that a 6U CubeSat requires 22 solar panels, the total
cost would be $271 (Table 2.2). The Sunnytech GP80*80-10A 100 model was initially selected
due to its lower total cost of $154 (Table 2.2). As all necessary electrical components and
equipment were finalized, it became necessary to reduce project costs. Thus, selecting low-cost
solar panels in bulk was the sole primary driver. The SUNYIMA A3D053 was selected because
ten solar panels could be purchased for $15.99; for a 6U solar panel, the cost would be $44.97
(Table 2.2). Specifications of the A3D053 solar panel are listed in Table 2.3.

Table 2.1. Consolidated solar panel list.

Component Name Cost($) | L W H Operational
Environment
Sunnytech GP80*80-10A100 6.99 80.00 | 80.00 | UNK | Outdoor
SC20036 17.49 83.82 | 83.82 | 5.08 | Outdoor
LL.200-2.4-75 4.53 88.90 | 73.70 | UNK | Indoor
MPT4.8-75 10.41 94.00 | 72.90 | 0.22 | Outdoor
313070005 12.3 100.00 | 80.00 | UNK | Outdoor

Table 2.2. Total solar panel costs for each CubeSat.

Total Cost ($)
CubeSat Size (U) | Solar Panels 313070005 GP80*80- A3DO053
10A100
------- 1 12.3 6.99 14.49
1 6 73.8 41.94 14.49
2 10 123 69.90 14.49
3 14 172.2 97.86 29.98
4 16 196.8 111.84 29.98
6 22 270.6 153.78 44.97
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https://www.amazon.com/Sunnytech-100ma-Module-Polysilicon-Charger/dp/B008J9BZIA/ref=sr_1_8?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728368859&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-8&th=1
https://www.digikey.com/en/products/detail/osepp-electronics-ltd/SC20036/11198605
https://www.digikey.com/en/products/detail/powerfilm-inc/LL200-2-4-75/9559469
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT4-8-75/9559471
https://www.digikey.com/en/products/detail/seeed-technology-co-ltd/313070005/5488048

Table 2.3. A3D053 specifications [46]. *Mass was measured during the assembly process.

A3D053
Material Polycrystalline Silicon
Max Current (mA) | 30
Max Voltage (V) 5
Max Power (W) 0.15
*Mass (g) 6.0
Area (m?) 0.00159

2.1.3 Baseplate

The baseplate (Figure 2.3) was designed to support the attachment of screwable chassis walls via
the use of M2 screws (10 mm). The external rails have equidistant dimensions of 8.55 mm. The
baseplate has mounting holes to support the installation of a 6.35mm diameter avionics rod. For
the 4U and 6U CubeSats, it was necessary to extend the baseplate. The baseplate and extended
baseplate share similar design characteristics, except that the central mounting pads for the
extended baseplate were joined together (Figure 2.4).

Figure 2.3. The baseplate supports the attachment of screwable chassis walls.
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Figure 2.4. The extended baseplate supports the attachment of chassis walls for 4U and 6U.

2.1.4 Connector Baseplate

To support the vertical attachment of another CubeSat unit, the baseplate was modified as shown
in Figure 2.5. The difference between the initial and modified baseplate is that the modified
baseplate has no external rails, and it has mounting pads on both sides. The connector baseplate
has an extended variation for 4U and 6U CubeSats (Figure 2.6). The difference between these
designs is that the extended variation has one set of shifted mounting pads.

Figure 2.5. The connector baseplate supports the vertical attachment of another CubeSat unit.
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Figure 2.6. The extended connector baseplate is used to attach chassis walls for 4U and 6U.

2.1.5 Mounting Plate

The mounting plate allows the attachment of the rotary disk system and other electronics, such as
a breadboard. These plates are secured in place via 1/4”” x 5/8”” x 3/8” spacers and 1/4” hex nuts;
6.35 mm x 15.875 mm x 9.525 mm and 0.25 mm, respectively.

Figure 2.7. The mounting plate supports the attachment of various components.

2.1.6 Chassis Wall
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The chassis walls are secured to the baseplate via M2 x 10 mm screws and were originally
designed to support the attachment of a 80 x 80 mm solar panel. Since the ends of the chassis
walls are a part of the launch rails, a 100 x 92 mm chassis wall variation was created. The
internal structure of both chassis wall designs shares the same dimensions. These chassis walls
are used in the 1U to 6U CubeSats.

Figure 2.8. The chassis wall supports the installation of a 80 x 80 mm solar panel.

2.1.7 Deployable Solar Array

In the body-mounted solar array configuration, the solar panels were attached directly to a solar
panel backplate retained in the stowed configuration (Figure 5.10). The solar panel is deployed
by a burn-wire system, which incorporates a low-resistance resistor. As will be later discussed,
the single-set and double-set torsion spring systems successfully deployed the solar array. Under
Earth’s gravity, however, the torsion springs did not have sufficient strength to fully keep the
solar arrays deployed. During early phases of project development, attachable skeletonized
baseplates were developed to keep a 80 x 80 mm solar panel fully deployed (Figure 2.9).
Multiple baseplates could be attached for double-hinge and multi-hinge deployments.
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Figure 2.9. Skeleton baseplate (left) and deployed solar array state (right).

An alternative prototype design involved a linkage-based deployment mechanism (Figure 2.10).
In this design, the solar panels would be attached together via a system of linkages. To deploy the
solar array, a block driven by an electrical current or motor will be slid along a rail. As the block
slides across this rail, the block will be pressing against the linkages, which causes the linkages
to extend.

Block

Linkage Pin Connection

N

Stowed Solar Panels

Figure 2.10. Linkage deployment mechanism. The space between the solar panels is enlarged for
visual purposes.

The prototype designs were not used for a few reasons. The skeleton baseplate was not used
because its dimensions were not compatible with the size of the A3D053 solar panel. The
linkage-based deployment mechanism was not developed as it would introduce unnecessary
complexity, costs, mass, and EMI issues. For example, this design would require the block to be
magnetized and the rails to be electrified; the presence of the magnetic field would interfere with
the onboard sensors. Instead of using the prototype designs, the solar array backplate was
attached directly to the baseplate of the CubeSat (Figure 2.11).
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Figure 2.11. Fully deployed solar arrays.
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2.2 Electrical Architecture

Electrical Architecture

12V Power Supply

NEMA 11 Stepper Motors

DRVER2S Motor Drivers

AS5600 Magnetic Encoders

Breadboard

A3D053 5V 30 mA Solar
Panels

Arduino Nano IoT 33 MCU

Burn-Wire Release
Mechanisms

Sensors

INA219 Current Sensors

TEMT6000 Ambient Light
Sensors

Multiplexers

CD74HC4067 Analog
Multiplexer

PCA9548A 12C Multiplexers

4.7kQ) Resistors

Capacitors

0.1 uF Capacitors

10 uF Capacitor

100 uF Capacitors

470 uF Capacitor

Figure 2.12. SADM electrical architecture.

2.2.1 Stepper Motor Configuration

To provide two-axis controllability, a collection of stepper motors is necessary to drive a system
of rotary disks and hinges. The amount of necessary motors depends on the motor-rotary disk
configuration and the hinge configuration. The motors can drive the rotary disks via two
configurations: non-redundancy and redundancy. In the first configuration, one motor has the
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capability of driving two rotary disks that intersect on the same plane. However, if the motor
were to fail, two solar arrays would fail to deploy. Whereas in the second configuration, only one
motor drives one’s rotary disk; thus, failure would be limited to one solar array. As previously
described in 1.4.3, the rotary disk rotates the solar arrays about the axis parallel to the CubeSat’s
surface. To provide rotation about the axis that is parallel to the CubeSat’s surface, a motor must
be attached to each hinge. The solar arrays could utilize a single, double, and multi-hinge design.
The amount of hinges and motors required for each hinge configuration is specified in Table 2.4.

Table 2.4. Amount of motors that are necessary depend on the rotary-disk redundancy
configuration and hinge configuration.

Hinge Configuration | Amount of Hinges | Motors
Single 4 6-—38

Double 8 1012
Multi (3) 12 14-16

2.2.2 Stepper Motor Selection

The driving factors of the stepper motor selection process involved its cost, size, and whether the
motor had an encoder. Selecting a motor with an encoder is an important consideration because
the encoder provides information about the motor shaft’s angular position. These elements are
important in creating a closed-loop attitude control system. Based on the stepper motor table
(Table A.1), the lowest-priced motor with an integrated encoder is the HT17-268D-FBA NEMA
17 motor with a cost of $102. Table 2.5 provides the costs of the motor based on the redundancy
and hinge configuration. The configuration involving the deployment of one solar array with one
solar array provides the lowest-cost configuration to fulfill the objectives of the project. In this
configuration, project costs would vary from $204 to $408 depending on the hinge configuration.
Whereas within the extreme case, the deployment of four solar arrays with full redundancy
would result in project costs ranging from $816 to $1020.

Table 2.5. Motor configuration costs based on redundancy and hinge configuration. Note that one
motor controls initial deployment (surface motor) and the other rotates the disk (RD motor). The
DH and MH configurations adds one and two additional motors, respectively.

Hinge Configuration
Motor
Configuration SH Cost ($) | DH Cost ($) | MH (3) Cost ($)
1 Surface, 1 RD 204 306 408
2 Surfaces, ] RD | 306 408 510
2 Surfaces, 2 RDs | 408 510 612
3 Surfaces, 2 RDs | 510 612 714
3 Surfaces, 3 RDs | 612 714 816
4 Surfaces, 2 RDs | 612 714 816
4 Surfaces, 4 RDs | 816 918 1020
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Generally, stepper motors rotate by a fixed amount based on the number of steps. For example, a
stepper motor with 200 steps offers 1.8° of precision between each step. Therefore, the angular
position of the rotary disks and solar arrays could be determined at any given time. During
operation, there is a risk that a step could be skipped under heavy loading. However, considering
the solar arrays have a low mass, loading on the motor shaft will be minimal. Initially, a $14
NEMA 17 Bipolar motor was selected because of its lower cost and availability compared to the
NEMA 14 and NEMA 11 motors. However, $18 NEMA 11 motors were purchased once they
were restocked due to their lower size. Specifications of the NEMA 11 and NEMA 17 motor are
listed in Table 2.6.

Table 2.6. NEMA 11 (28HD1411-02) and NEMA 17 (17HS19-2004S) bipolar stepper motor
specifications [47,48]. *Obtained from multiplying amps/phase with resistance/phase.

NEMA 11 | NEMA 17
Step Angle (°) 1.8
Amps/Phase (A) 0.8 2
Rated Voltage (V) 3.84 *2.8
Holding Torque (mNm) 65 59,000
Resistance/Phase (Q) 4.8+ 10% 1.40 £ 10%
Inductance/Phase (mH) 2.8+20% 3.00 + 20%
Step Accuracy (Non-Accum) | ------- +5.00%
OTR (°C) | === -10 to 50
Rotor Inertia (g cm?) 7.5 82
Motor Mass (g) 80 | -

NEMA_11_Stepper_Motaor

Figure 2.13. NEMA 11 motor with 3D printed attachments (left) and simple wiring diagram
(right).

2.2.3 Stepper Motor Driver Selection

For a stepper motor to fully operate, a motor driver is necessary. The motor driver is used to
adjust the voltage, current, and speed, and allow microstepping of the stepper motor. The
downsides of microstepping is that the torque output for each step decreases and that heat
generation increases. To maximize torque output of the motors, microstepping was not used.
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The motor drivers that were considered involved the A4988, DRV8825, and TMC2208 drivers.
The primary factors during the selection of a motor driver involved operating Amps and cost.
Based on the specifications of the NEMA 17 motor, the motor driver should deliver 2A to the
motor. This current supply requirement is fulfilled by the DRV8825 motor driver. The TMC2208
enables quiet stepper motor operations, but it does not meet the current supply requirement.

DRV8B25
*— ENABLE VMOTr—
*— MO GND —=
*x— M1 B2|—=
. x— M2 Bl—=
e— RESET Al —e
=— SLEEP A2
=—{STEP FAULT —x
=—DIR GND [—x

Figure 2.14. DDRV8825 motor driver (left) and simple wiring diagram (right).
Table 2.7. A4988, DRV 8825, and TMC2208 motor driver specifications [49—51].

Motor Driver | Motor Supply Output Current | Peak Current | Average Cost
Voltage (V) (A) (A) &)
A4988 8-35 1.2 2 8.32
DRV8825 8.2-45 1.5 2.5 10.49
TMC2208 4.75 - 36 1.4 2 18.44

2.2.4 Motor Encoder Selection

Although the possibility of the stepper motor skipping steps is unlikely, available motor encoders
were examined. The types of encoders that were examined involved magnetic, optical, and
mechanical encoders. Optical encoders were not considered to be optimal due to the low-light
environment within the CubeSat, high costs, and the risk of outgassing effects. The AS5600
magnetic encoder was selected over the rotary encoder due to its greater step precision.

AS5600
—lvee DIR —=
SCL—=
= 0OUT
—leND SDA[—
GPOF—

Figure 2.15. AS5600 magnetic encoder with magnet (left) and simple wiring diagram (right).
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2.2.5 Microcontroller Unit Selection

The MCU is responsible for driving the motors by regulating the voltage sent to these motors.
The MCU that was selected to fulfill this purpose is the Arduino Nano 33 IoT. This component
has been selected due to its low-cost, small form factor, and that it has historically been used on
previous CubeSat missions without suffering from radiation failure.

Arduino_Nano_loT_33

SCK/D13 @ D12/MISO
+3V3 3 D11/MOsI
AREF D10
AQ/D14 D9
AL/D15 DB
A2/D16 D7
A3/D17 D6
SDA/AL/DiB D5
SCL/A5/D19 D&
AE6/D20 D3
A7/D21 D2
5V GND
RESET RESET
GND RX

VIN >

o 1R OIS I ARDUING.CC gy ® © =
RN RN o 4\.»\94

Y

T TTTTTITTITITTTTI

Figure 2.16. Arduino Nano IoT 33 MCU (left) and simple wiring diagram (right).

2.2.6 Sun Sensor Selection

Sun sensors are instruments that are used to determine the direction and position of the sun. This
is achieved when photosensitive cells determine the angle of incidence of incoming light. The
TEMT6000 ambient light sensor has been temporarily selected to serve as the sun sensor due to
its low cost, 60° angle of half sensitivity, and compatibility with the Arduino MCU;
specifications are provided in provided in Table 2.8. Once the prototype has been completed, a
sun sensor that can be directly surfaced onto the PCB will be selected.

TEMT6000

S—=

GND —=
VIN —=

Figure 2.17. TEMT6000 light sensor with breakout board (left) and simple wiring diagram
(right).
Table 2.8. TEMT6000 light sensor specifications [52].

Sensor Type Analog
Working Voltage (V) 33-55V
Illumination Range (Lux) | 10— 1000
OTR (°C) -40 to 100
Wavelength of Peak 570
Sensitivity

Range of Spectral 440 - 800
Bandwidth
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2.2.7 Current Sensor Selection

Voltage and current sensors are required to measure the respective quantities. To simplify the
wiring process, a sensor that both measures voltage and current was selected. The two candidates
considered were the INA219 and INA226 current sensors. The sole driving factor when selecting
the current sensor was cost. The prices of the INA219 and INA226 were $7 and $38 for ten units,
respectively; the INA219 was selected based on cost (Figure 2.21).

INA219

VIN+
VIN—
VIN+ SDA
VIN— SCL
GND

VCC

IRERER

B
N

Figure 2.18. INA219 current sensor (left) and simple wiring diagram (right).

By examining the datasheets of the INA219 and INA226, and applying the following equations,
Table 2.9 was formed. The INA219 current sensor has a [} gg of 0.78 mA while the while the max
current of the A3D053 solar panel is 30 mA; the INA219 sensor has sufficient resolution to
measure current changes.

SVR 2.1
Visg = 2_N
[ = Visp 2.2
I Rshunt

Table 2.9. Specifications of the INA219 [53] and INA226 [54] current sensors. *Based on
available COTS breakout boards. fCalculated from the shunt resistor and ADC resolution value.

INA219 | INA226
Bus Voltage Range (V) 0-26 0-36
Operating Voltage (V) 3-55 2.7-5.5
N 12 16
OTR (°C) -40 to 125
SVR (mV) +320 | +81.92
*Shunt Resistor 100mQ
tMaximum Current (A) 3.2 0.819
Visg (mV) 0.078125 | 0.00125
T ILsg (MA) 0.78125 |0.0125
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2.2.8 Digital Multiplexer Selection

The INA219 current sensor uses the SDA and SCL pins for data transmission and data
synchronization via the 12C protocol. The INA219 datasheet specifies that 16 INA219 current
sensors could be connected to the SDA and SCL port of the MCU. Practically, however, there are
not enough tie points on the breadboard to achieve this; a I?C multiplexer is required. The two
multiplexer boards that were examined are the PCA9548A and the TCA9548A. Aside from the
newer processes of the former and the operating voltages of 2.3V — 5.5V [55] and 1.65V — 5.5V
[56], respectively, there does not appear to be a substantial difference between these two
multiplexers. The PCA9548 A was purchased due to its lower cost of $10 compared to the $12
cost of the TCA9548A. Five INA219 current sensors were connected to the first multiplexer
(0x70 address) and four were connected to the second multiplexer (0x71 address). The relevant
connections are viewable in Figure D.2. The reset pins must be connected to the 3.3V rail for
continuous operation. Unlike the DRV 8825, the digital pins (A0-A2) must not be left floating as
there are no internal resistors. The address pins are set by connecting the AO-A2 pins in a
particular configuration. Functionally, the first multiplexer sequentially reads through channels
SC0/SDO0 to SC4/SD4 to read the current and voltage of each current sensor. This process is
repeated for the second multiplexer. As will be later discussed in the results, this process takes
3.76 seconds to loop back to the initial current sensor. This time delay is inconsequential as a fast
response is not required. 4.7kQ resistors were placed between the SCL and SDA lines (Figure
D.2) to the 3.3V rails to ensure that these lines remain at the 3.3V level when not actively pulled
low; this maintains appropriate voltage levels for I?C communication. During component-level
testing, the INA219 sensors were initially undetected. However, when these resistors were
connected, the INA219 sensors became fully functional.

PCAS548A

VIN  SC7
GND SD7

|

SDA SC6
SCL SD6
RST SC5
AD  SD5
SC4
A2 SD4
Spo sC3
SCO SD3
Sb1 sC2
SC1 SD2

[TTTTTTTITT T1

[IILTTTLL]

Figure 2.19. PCA9548A digital multiplexer (left) and simple wiring diagram (right).
2.2.9 Analog Multiplexer Selection

The CD74HC4067 was the only available analog Arduino multiplexer board. Although not
strictly necessary—there are enough analog ports for the five light sensors—this multiplexer was
purchased to allow additional light sensors to be integrated for redundancy purposes. The EN pin
must be connected to GND for continuous operation. A particular channel is selected by setting
the SO0-S3 digital pins to low or high (Table 2.10). The unused digital pins must not be left
floating as there are no internal pull resistors. Since there are only five light sensors, the S3 pin
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was connected to GND to conserve the amount of available digital pins; eight channels are still
available.

516
53
52
s1
S0
EN

vee

C4  GND

FITTTTT

LI LI LTI

Figure 2.20. CD74HC4067 analog multiplexer (left) and simple wiring diagram (right).
Table 2.10. Channel selection guide [57].

Channel | SO S1 S2 S3

Co Low | Low | Low | Low
Cl High | Low | Low | Low
C2 Low | High | Low | Low
C3 Low | Low | High | Low
C4 High | High | Low | Low
C5 High | Low | High | Low
Cé6 Low | High | High | Low
C7 High | High | High | Low
C8 Low | Low | Low | High
C9 High | Low | Low | High
C10 Low | High | Low | High
Cl1 High | High | Low | High
Cl2 Low | Low | High | High
C13 High | Low | High | High
Cl4 Low | High | High | High
C15 High | High | High | High

2.2.10 Electrical Power System

The EPS is responsible for supplying power to the MCU, stepper motors, motor drivers, and the
light sensors within the SADM. A breadboard will be used for prototyping purposes, and past the
prototyping phase, the circuit architecture will be integrated into a PCB. A PCB EPS is
advantageous over a breadboard EPS since the risk of a wire disconnecting is eliminated.
Secondly, a PCB yields a more compact EPS, which is ideal due to the limited volume within a
CubeSat. Figure 2.16 and Figure 2.17 show the schematics of the MCU and light sensors,
respectively. For a light sensor to operate, the Vi, pin must be connected to a 3.3V lane provided
by the MCU, the GND pin must be connected to a GND lane, and the S pin must be connected to
one of the analog pins of the MCU. Connecting all light sensors to the MCU accordingly yields
Figure 2.21; the 3.3V lane originates from a voltage lane provided by the motor drivers. For each
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wiring diagram, red wires, back wires, magenta, and green wires indicate positive voltage,
ground, digital signals, and analog signals, respectively.

SB | &
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Figure 2.21. Light sensors, analog multiplexer, and MCU simple wiring diagram.

Figure 2.13 and Figure 2.14 show the simple wiring diagram of the stepper motor and motor
driver, respectively. For the stepper motor to operate, each pair of phases must be connected to
the corresponding A and B pin pairs. For example, pins 3 and 4 would be connected to A1 and
A2. For the motor driver to function, an external power supply must provide voltage to the Vyor
and GND pins; a 12V power supply has been selected. Next, the STEP and DIR pins must be
connected to two available digital MCU pins. The STEP and DIR pins relay the stepper motor’s
current step and rotation direction. A jumper connects the RESET and SLEEP pins because they
will not be used. Lastly, GND is connected to GND and FAULT is connected to the 5V MCU pin
to provide power. Figure 2.22 shows the resulting component connections.
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Figure 2.22. Stepper motor, motor driver, PSU, and MCU simple wiring diagram.

Figure D.1 shows the EPS system with four attached motors. However, such a configuration is
not possible for a 1U CubeSat based on the motors that have been selected. As shown by Figure
4.13, only two NEMA 17 motors could fit within a 1U CubeSat.

2.3 Software Architecture

A PID control algorithm will be programmed within the Arduino IDE software. By incorporating
data from the sun sensors and motors, the control system could deploy the solar array and
provide attitude control. Once this program has been created, the program will be uploaded to the
MCU via a USB connection. Figure D.1 shows that the EPS can support a maximum of six light
sensors and seven motors based on project design objectives. Four motors are used to control the
deployment of the SH solar array and two are used to control the rotary disks; the third motor is
not used due to increased complexity. Thus, the current EPS cannot support additional light
sensors and motors for the DH and MH configurations. This issue can be resolved by utilizing
the MOSI and MISO pins, an additional MCU, or using a larger MCU such as the Arduino Mega
2560.

2.3.1 Light Sensor Placement

Two methods were considered for the deployment of the solar arrays for a CubeSat. In the first
case, the solar arrays would fully deploy regardless of light-intensity values from the light
sensors; the light sensors are attached to the ends of each solar array. Upon full deployment, only
then does the PID control system reorient the solar arrays based on the light-intensity values. In
the second case, the primary set of solar arrays deploy based on current light-intensity values; the
primary light sensors are attached to the CubeSat. For the double-hinge configuration, the
secondary set of light sensors is attached to each end of the primary solar arrays. The control
system then reorients the secondary solar array based on light-intensity values from the
secondary light sensors. The multi-hinge deployment process is similar to the double-hinge
deployment process. Regarding the second case, the outermost set of light sensors could no
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longer be attached to the outermost solar arrays for the DH and MH configurations. This is
because when the solar arrays are folded, the light sensors become obscured. Subsequently, these
light sensors could either be attached to the top or bottom end of the CubeSat. If the light sensors
were placed at the top, the light-sensors FOV would be partially obstructed when the solar panels
are fully deployed. Secondly, there is a possibility that the reflected irradiance from the solar
panels would interfere with the measurements of the light sensors. For these reasons, the ideal
placement was considered to be at the bottom end of the CubeSat (Figure 2.23).

Figure 2.23. Approximate light sensor placement for double-hinge and multi-hinge
configurations. The vertical and horizontal lines indicates the light sensors FOV direction.

Comparatively, the first method is more power inefficient but could potentially offer more
attitude control precision. In this method, all of the light sensors are attached directly to the solar
arrays rather than a set being attached to the CubeSat structure. Subsequently, the light-intensity
value profile from end-to-end could be measured. However, considering that the outermost light
sensor is located only 100 mm away from the outermost edge of the solar array, it is probable
that any precision or power increase is negligible. For these reasons, the second deployment
method will be used.

2.3.1.1 Single-Hinge

After a CubeSat has been deployed from a CSD, the CubeSat will have an unknown arbitrary
orientation; for CubeSats that incorporate an ADCS, the initial orientation can be determined
from a collection of accelerometers, gyroscopes, and magnetometers. To determine the sun’s
location, a collection of six light sensors is used; one light sensor is placed at the end of each
solar array. The PID control algorithm will determine which light sensor has the greatest light
intensity value and rotate each solar array accordingly. Although the sun’s orientation could be
determined based on a minimum of two light sensors, the use of six light sensors ensures that the
algorithm does not mistake the Earth for the Sun due to reflected irradiation. Secondly, the
additional sensors provide redundancy in the event a light sensor fails.

2.3.1.2 Double-Hinge and Multi-Hinge

Placing a light sensor at the end of each solar array is still possible in the double-hinge
configuration as long as there are design changes to the solar array’s backplate. As shown in
Figure 2.24, the secondary backplate has its edges trimmed. Thus, the light sensor could be
attached to the top or bottom edges of the backplate. Although a light sensor could be placed on
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the back surface of the backplate of each solar panel, such a placement invalidates the purpose of
the light sensor within the PID algorithm. Upon deployment, the solar cells and light sensor
would be antiparallel; attitude control would be reversed for what is intended. The trim design,
however, will not be used due to project volumetric design constraints. This is why the first set of
light sensors is attached to the CubeSat structure. The light sensor placement for the MH
configuration is similar to the previous configuration.

Figure 2.24. Double-hinge solar panel [43].
2.3.2 Control System Logic

When the CubeSat is first deployed in LEO, the first illumination case is where the sun only
irradiates one surface of the CubeSat. Figure 2.25 and Figure 2.26 shows the four cases and
which motors would be activated based on the surface with the most illumination. For clarity on
the convention used, Figure 2.25 has been provided. Figure 2.28 - Figure 2.30 shows the control
system logic when only one surface is illuminated. Initially, the CubeSat deploys the solar arrays
from each surface of the CubeSat. The MCU then reads the sensor data of each light sensor. As
will be later discussed in Chapter five, there is substantial noise in the TEMT6000 ADC value
reading. After taking 50 sensor samples, the noise was reduced by removing the extremum
values and taking the average of the trimmed data set. From there, the control algorithm
determines which light sensor has the maximum ADC value. The appropriate motors are
activated, and the new ADC value are compared with the previous one. If the new ADC value is
greater than the previous, the motor will continue rotating. If otherwise, the motor will go back
one step and will hold the array in that position. Lastly if the top surface has the maximum
irradiation value, no action is necessary because it is assumed that the solar arrays are deployed
to face the top surface.
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Figure 2.25. Surface classifications of the CubeSat.
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Figure 2.26. M2 rotates CCW and M4 rotates CW when the back surface has maximum
illumination (left). M2 rotates CW and M4 rotates CCW when the front surface has maximum
illumination (right).

35



LSI1 LS]

Ls4

LS4

==\

Ad —={m] as [mf= A2l |, =l m4] as (2= A2

- [

: [ |
LS5 ’M_UJ)‘ Ls2 LS5 —l ’ﬁ‘ LS2
- =
il il
LS3 LS3
A3 A3

Figure 2.27. M1 rotates CW and M3 rotates CCW when the left surface has maximum
illumination (left). M1 rotates CCW and M3 rotates CW when the right surface has maximum
illumination (right).
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Figure 2.28. Control system logic involving solar panel deployment, sensor readings, and the
first set of motors.
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Figure 2.30. Control system logic involving the final set of motors.

38



Although the algorithm successfully rotates each array to the appropriate orientation, an
efficiency issue arises when two surfaces have similar ADC values. For example, if surface one
has an ADC value of 1024 and surface two has an ADC value of 1023, surface two would still be
rotated. This causes unnecessary power loss when the motor is actuated. Furthermore, the
previous algorithm would not rotate surface three to face the second irradiated surface. Figure
2.31 and Figure 2.32 shows the cases of two irradiated surfaces with similar ADC values. The
modified algorithm (Figure 2.33 - Figure 2.35) considers when two surfaces have similar
irradiation values. After solar panel deployment and noise reduction methods, the algorithm
checks whether any two surfaces have similar ADC values. If this is not true, the previous
control algorithm is applied. However, if true, the surfaces are split into pairs and the average
ADC values of each pair is taken. These ADC values are then compared to determine which pair
experiences the greatest irradiation. Figure 2.31 and Figure 2.32 shows which motors would be
activated based on this new control algorithm. As will be discussed in Chapter three, a CubeSat
experiences maximum irradiance when three solar panels are irradiated at 45° angles. However,
because solar array control is only possible with respect to the normal axis of each CubeSat
surface, rotation with respect to the top surface is not possible. Subsequently, the control
algorithm remains unchanged.
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Figure 2.31. When the combined back and right surfaces have maximum illumination (left), M3
rotates CCW and M4 rotates CW. When the combined right and front surfaces have maximum
illumination (right), M1 rotates CW and M4 rotates CCW.
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Figure 2.32. When the combined front and left surfaces have maximum illumination (left), M1
rotates CCW and M2 rotates CW. When the combined left and back surfaces have maximum
illumination (right), M2 rotates CCW and M3 rotates CW.
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Figure 2.33. Control system logic involving the deployment of the solar arrays, sensor readings,
application of the noise reduction method and determining whether two surfaces have similar
irradiation values.
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3. Theoretical Solar Array Power Output

3.1 Solar Panel Irradiance and Temperature

Solar panels generate electricity when their PV cells are exposed to sunlight. The amount that a
solar panel could generate depends on the panel’s size, efficiency, solar irradiance, cell material,
cell temperature, humidity, and wind. Nominally, the wattage that a solar panel could output is
based on STC. STC specifies that with a cell temperature of 25°C, a solar irradiance of 1000 W
m~2, and an air mass of 1.5, the solar panel is rated to output a particular wattage. Practically,
solar panels do not operate at STC. By considering the factors that influence the power
capabilities of a solar panel, its current power output could be determined. The power output of a
solar panel is specified by equation 3.1 [57].

P=G XA X 3.1

Considering that solar irradiance is dependent on the solar incident angle (0), the effective solar
irradiance equation is formed.

Gesr = G X cos (0) (3.2)

Thus, by substituting G with Gegr, equation 3.1 becomes the following equation.

P =G Xcos(B) XA X 1 (3.3)

Manufacturers specify that for each 1°C change in temperature, the efficiency of their solar panel
decreases by a percentage-based amount. [57] specifies the efficiency change of a solar panel by
the following equation.

€ = MTeen — 25)M (3.4)

By subtracting equation 3.4 from 1 in equation 3.3 and simplifying, the dependency of solar
panel performance due to effective solar irradiance and temperature changes is listed by the
following equation. It is important to note that the following equation considers power losses due
to temperature as a linear relationship for a small temperature range. At extreme cell
temperatures, the relationship becomes nonlinear, and the power output does not go negative.

P = Geff XA X mn [1 - A X (Tcell - 25)] (3-5)
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3.2 Theoretical CubeSat Power Performance

As previously discussed, solar panels could be mounted on a CubeSat via the body-mounted,
deployable, and sun-tracking deployable configurations. The theoretical power that each solar
array could generate based on equation 3.5 will be shown throughout the following sections.

3.2.1 Body-Mounted Solar Array
3.2.1.1 Optimal Incidence Angle

From the previous section, the effective solar irradiance is dependent on the solar incidence
angle, which is given by equation 3.2. For any CubeSat size that utilizes the solar array body-
mounted configuration, the maximum number of faces that could be directly irradiated from the
sun is three. Considering a solar panel with a cell area of 1 m?, solar irradiance of 1000 W m™2,
and efficiency of 0.15, the maximum effective irradiance and subsequent power output of a solar
panel based on the amount of irradiated faces is listed in Table 3.1. Table 3.1 was formulated
based on equations 3.2 and 3.3. Figures 3.1 - 3.3 show the total effective irradiance and power
generated by a solar panel per degree change in angle of incidence. It is important to observe that
Figure 3.2 has two axes of the incidence angle because the additional axis is necessary to capture
what occurs within the system. Initially, it is assumed that only one solar panel is irradiated; this
indicates that the incidence angles present within the system are 0° and 90°. Past this initial
condition, the incidence angles of both solar panels converge to 45° based on an angular change
of 1°. For the case of three irradiated solar panels, the same previous assumption is made; the
incidence angles of all solar panels converge to 45°. The results shown in Table 3.1 and Figures
3.1 - 3.3 were obtained based on the assumption that the CubeSat does not receive reflected solar
irradiation from Earth’s atmosphere and other bodies. These results show that body-mounted
solar panels generate the maximum amount of power when three panels are irradiated at an
incidence angle of 45°.

Table 3.1. Total maximum effective irradiance and maximum power output of one or multiple
solar panels for a 1U CubeSat.

Irradiated Faces | Optimal Incidence | Maximum Effective | MPO (W)
Angle (°) Irradiance (W m™2)

1 0 1000 150

2 45 1414.21 212.13

3 45 2121.32 318.20
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Figure 3.1. Effective irradiance and power generated from one irradiated solar panel.
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Figure 3.2. Effective irradiance and power generated from two irradiated solar panels.
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Figure 3.3. Effective irradiance and power generated from three irradiated solar panels.

3.2.1.2 STC Temperature Deviation

The previous subsection shows that body-mounted solar panels for a 1U CubeSat generate the
maximum amount of power when three solar panels are irradiated with an incidence angle of
45°. Table 2.3 lists the specifications of the solar panel used in this project. Although the
efficiency of the GP80*80-10A 100 solar panel is not listed within the specifications, the
efficiency of monocrystalline solar cells typically ranges between 15% - 24% [58]. [59] specifies
that the solar irradiance at the top of Earth’s atmosphere is 1,361 W m™2. By applying the
previous methodology that was used to form Table 3.1, the maximum power of the project’s solar
panel based on STC temperature is listed in the following table.

Table 3.2. Maximum solar array power output for a body-mounted 1U CubeSat.

n=0.15 n=0.24
Irradiated Faces | Total Cell | Power (W) | Power (W)
Area (m?)
1 0.0064 1.307 2.090
2 0.0128 3.700 5.913
3 0.0192 8.315 13.304

Equation 3.5 was used to consider the impact of temperature deviation away from STC on the
solar array’s maximum power output. Since the GP80*80-10A 100 monocrystalline silicon solar
panel does not have its temperature coefficient listed, it will be assumed to be -0.45%/°C based
on [60]. Table 3.3 shows the impact of the temperature deviation while the incidence angle is
fixed at the optimal angle.
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Table 3.3. Solar array power output based on temperature deviation away from STC.

n=_0.15 n=0.24
STC +5°C | STC +10°C | STC +15°C | STC +5°C | STC +10°C | STC +15°C
Irradiated | Power (W) | Power (W) | Power (W) Power (W) | Power (W) | Power (W)
Faces
1 1.013 0.719 0.425 1.620 1.150 0.680
2 2.864 2.033 1.201 4.582 3.252 1.922
3 6.444 4.573 2.702 10.310 7.317 4.324

3.2.1.3 Power Output by CubeSat Size

The same methodology used to obtain the values listed in Tables 3.2 and 3.3 can be applied to
the other CubeSats. The MPO of a 1U body-mounted solar array along with losses due to cell
temperature gains is listed in Table 3.4 and Table 3.5. For the body-mounted solar array

configuration, MPO is reached when three solar panels are irradiated at an incidence angle of

45°.

Table 3.4. Maximum power output for a body-mounted solar array and power output losses due
to cell temperature gains for 1U — 6U CubeSats (n = 0.15).

STC +5°C STC +10°C | STC +15°C

CubeSat Total Cell | MPO (W) | Power (W) Power (W) Power (W)
Size (U) Area (m?)

1 0.0192 8.315 6.444 4.573 2.702

2 0.0320 13.858 10.740 7.622 4.504

3 0.0448 19.401 15.036 10.671 6.305

4 0.0512 22.173 17.184 12.195 7.206

6 0.0704 30.488 23.628 16.768 9.909

Table 3.5. Maximum power output for a body-mounted solar array and power output losses due
to cell temperature gains for 1U — 6U CubeSats (1 = 0.24).

STC +5°C STC +10°C | STC +15°C
CubeSat Total Cell | MPO (W) | Power (W) Power (W) Power (W)
Size (U) Area (m?)
1 0.0192 13.304 10.310 7.317 4.324
2 0.0320 22.173 17.184 12.195 7.206
3 0.0448 31.042 24.057 17.073 10.089
4 0.0512 35.477 27.495 19.513 11.530
6 0.0704 48.781 37.805 26.830 15.854
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3.2.2 Deployable Solar Array

For the body-mounted solar array configuration, it was discussed that the maximum amount of
surfaces that could receive direct solar irradiation is three. For the deployable solar array
configuration, the maximum amount of irradiated solar panels increases to five. The
methodology that was used to determine the MPO and temperature relation for the body-
mounted configuration could be applied to the deployable configuration. In doing so, Tables 3.6
and 3.7 were obtained. For the deployable solar array configuration, MPO is reached when five
solar panels are irradiated at an incidence angle of 0°. The deployable sun-tracking solar array
configuration shares the same MPO and temperature values/trends as the deployable solar array
configuration. This is because the sun-tracking configuration continuously rotates the solar
arrays to achieve an incidence angle of 0°. Practically, however, the non-tracking deployable
configuration will not always achieve an incidence angle of 0. Thus, the tracking deployable
configuration will match if not exceed the power performance of the former configuration as
long as the power usage of the motors is not substantial.

Table 3.6. Maximum power output for a deployable solar array and power output losses due to
temperature gains for 1U — 6U CubeSats (n = 0.15).

STC +5°C STC +10°C | STC +15°C
CubeSat Total Cell | MPO (W) | Power (W) Power (W) Power (W)
Size (U) Area (m?)
1 0.0320 19.584 15.189 10.779 6.369
2 0.0576 35.277 27.340 19.402 11.465
3 0.0832 50.956 39.491 28.026 16.561
4 0.0896 54.876 42.529 30.181 17.835
6 0.1280 78.394 60.755 43.116 25.480

Table 3.7. Maximum power output for a deployable solar array and power output losses due to
temperature gains for 1U — 6U CubeSats (n = 0.24).

STC +5°C STC +10°C | STC +15°C

CubeSat Total Cell | MPO (W) | Power (W) Power (W) Power (W)
Size (U) Area (m?)

1 0.0320 31.357 24.302 17.247 10.191

2 0.0576 56.444 43.744 31.049 18.344

3 0.0832 81.529 63.185 44.841 26.497

4 0.0896 87.801 68.046 48.290 28.535

6 0.1280 125.430 97.208 69.986 40.764

3.2.3 Solar Panel Cost Comparison

The cost-effectiveness of each solar array configuration for CubeSats ranging from 1U to 6U is
shown in Table 3.8. The cost-effectiveness values of each configuration were obtained by

47



dividing the MPO by the total cost. For the body-mounted configuration, the cost-effectiveness
of the solar panels does not vary across the various CubeSat sizes. This is because the maximum
number of irradiated faces remains three. For the deployable configuration, the 3U CubeSat
exhibited the most cost-effective solar array. As shown in Table 3.9, 92.9% of the cells are
irradiated for the 3U deployable solar array. Thus, this result indicates that CubeSats arranged in
a 1 x n form factor generate more power and are more cost-effective than CubeSats arranged in a
m x n form factor. This expectation is verified by Table 3.10. Subsequently, it is important to
determine whether the 21.43% and 25.00% wattage increase for 4U and 6U CubeSats is worth
any subsequent design changes and risks.

Table 3.8. Cost-Effectiveness for each CubeSat size based on the solar array configuration (n =

0.15).
Body-Mounted | Deployable
CubeSat Size (U) | Cost W1 Cost W1
1 5.04 2.14
2 5.04 1.98
3 5.04 1.92
4 5.04 2.04
6 5.04 1.96

Table 3.9. Cell area characteristics for solar panels within the body-mounted and deployable
solar array configurations.

Body-Mounted

Deployable

CubeSat | Solar | TCA | MISP | ICA (m?) | Coverage | MISP | ICA (m?) | Coverage
Size (U) | Panels | (m?)

1 6 0.0384 | 3 0.0192 50% 5 0.032 83.3%

2 10 0.0640 | 5 0.0320 50% 9 0.0576 90.0%

3 14 0.0896 | 7 0.0448 50% 13 0.0832 92.9%

4 16 0.1024 | 8 0.0512 50% 14 0.0896 87.5%

6 22 0.1408 | 11 0.0704 50% 20 0.1280 90.9%
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Table 3.10. Power performance comparison for the deployable solar arrays arranged in the m x n
and 1 x n configurations (n = 0.15).

mxn Ixn
CubeSat | TCA ICA Coverage | MPO | Cost | ICA Coverage | MPO | Cost
Size (U) (m?) (W) W1 | (m?) (W) w1
1 0.0384 | 0.0320 | 83.3% 19.584 | 2.14 | 0.0320 | 83.3% 19.584 | 2.14
2 0.0640 | 0.0576 | 90.0% 35.277 | 1.98 | 0.0576 | 90.0% 35.277 | 1.98
3 0.0896 | 0.0832 |92.9% 50.956 | 1.92 | 0.0832 | 92.9% 50.956 | 1.92
4 0.1024, | 0.0896, | 87.5% 54.876 | 2.04 | 0.1088 | 94.4% 66.635 | 1.68
0.1152 | 0.1088
6 0.1408, | 0.1280, | 90.9% 78.394 | 1.96 | 0.1600 | 96.2% 97.992 | 1.57
0.1664 | 0.1600
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4. Deployment Architecture

4.1 Deployment Mechanism
4.1.1 Retention and Release Mechanism

A burn wire system has been selected as the R&R mechanism due to its simplicity and space
heritage. Table 4.1 shows the various materials that could retain the solar panels in the stowed
state. Ideally, the selected thread material should have a low melting point and a high tensile
strength. Initially, the Vectran, Dyneema, and Kevlar fibers were examined. However, these
fibers were excluded because their equivalent thread data was unknown. Based on the available
options, polypropylene and nylon 6 have the lowest melting points. For tensile strength, the best
options are nylon 6/6, nylon 6, and polyester. By minimizing the melting point while maximizing
the tensile strength, nylon 6 is the optimal option for the retention system. It is important to note
that Table 4.1 lists the tensile strength of the fiber rather than the thread; this allows the
comparison between each material to be consistent. The materials were not compared in thread
form because not all of the tensile strength data for each material is available for a particular size.

Table 4.1. Melting point and general tensile strengths of various fibers [61-63].

Fiber Melting Point Tensile Strength
C) (MPa)

Nylon 6 220 62

Monofilament

Nylon 6/6 260 77

Monofilament

Polyester 250 65.6

Polypropylene 164 33

PTFE (Teflon) 330 10-43

By applying Newton’s 2™ law, the force exerted on the solar panel during the launch phase could
be determined. Since g = 9.81 m s~2, m = 0.02268 kg, and assuming a launch load of 15 g, the
force exerted on the solar panel is 3.3374 N. With a safety factor of three applied, the selected
nylon 6 thread should withstand at least 10.0121 N of force. A COTS nylon monofilament with a
line diameter of 0.18 mm and break strength of 17.793 N was selected; COTS with smaller line
diameters were considered the ideal option due to the volumetric constraints of the CubeSat. A
knot is used to secure the primary solar panels to the CubeSat. The energy required to cut the
nylon 6 monofilament thread was calculated by applying equation 4.1. The energy required to
reach the melting point of the thread is given by equation 4.2 and the energy required to melt the
thread at its melting point is given by equation 4.3.

Qtotal = Qneat + Omeir 4.2)
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Qnear = meAT (4.1)
Qmett = me 4.2)

However, since the mass of the thread is unknown and that experimental measurements would
not be precise, Qpear and Qmer Were expressed in terms of volume and density (equations 4.4 —
4.5). The values of p, Hg, and C, were considered to be 1.15 g cm™ [64] and 230 ] g~ [65], and
1.7 J g=1 K1 respectively. With a resistor diameter of 2.3 mm, Ly.e Was calculated to be 7.2257
mm. Assuming that the CubeSat is deployed a few minutes after LEO, the internal temperature is
assumed to be 25°C; this results in a AT value of 195°C. By substituting all relevant values into
equation (4.4, Qpeat and Qe Was calculated to be 0.0701 J and 0.0486 J. Subsequently, 0.1187
J of energy is required to thermally cut the retention mechanism.

Qnear = pALwireCpAT =p nrszireCpAT (4.3)
Qmerr = pALwireCpAT =p T[rszirer 4.4)

Equation 4.6 shows the power dissipated by a resistor. For a burn-wire circuit, greater power
dissipation causes the resistor to experience greater heating. Thus, it is evident that a low-
resistance resistor should be selected. With a power supply of 12V and a resistor with 10, the
power dissipated by the resistor is 144W; the voltage is held constant. By applying equation 4.7,
the time to burn the retention mechanism is 0.825 ms. During this process, 118.730 J of heat is
generated by the resistor (equation 4.8). It is important to obtain an experimental burn time
because each manufacturer uses different techniques during the construction of the nylon 6
monofilament wire. For this reason, the values of H¢ and C,, are most likely to vary between

each manufacturer.

P =VI = V2?R! 4.5)
thurn = Qn;elt (4.6)
Qresistor = I’Rt =V?R™'t 4.7)

4.1.2 Hinge Mechanism and Torsion Spring

After the R&R mechanism has released the solar panel, a hinge is necessary to rotate the solar
panel from the stowed state to the deployed state. Two torsion springs were selected to deploy
the solar panel. The legs of the torsion spring are inserted within the solar panel supporting
structure. Data for available COTS 90° torsion spring designs are aggregated in Table F.1. The
primary driver during the selection process was that the torsion spring should have a minimal
outer diameter and that its spring index should be within the interval of (4, 12) to ease the
manufacturing process of the torsion spring. Specifications of the selected torsion spring are
listed in the following table.
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Table 4.2. Primary hinge torsion spring specifications. *Since the value of E is unknown, the
common E value for stainless steel was used.

Material Stainless steel
E (GPa)* 195

gy (MPa) 250

n 9

dyire (Mm) 0.5

dipmer (mm) | 3.5

douter (mm) | 4.5

Dmean (mm) 4

Lieg (mm) 34
Hspring (O) 90
Width (mm) | 5.5

The hinge system is composed of hinges driven by 90° and 180° torsion springs. The 90° torsion
springs are used to deploy the primary solar panels, whereas the latter is used to deploy the
tertiary solar panels. The 90° hinges are attached directly to the CubeSat, whereas the latter is
connected to each subsequent solar panel. For 1U CubeSats, only 90° torsion springs are used.
For 2U and larger CubeSats, 90° and 180° torsion springs are used. The hinge mechanism
(Figure 4.1) was sized based on the specifications from Table 4.2. The material and mass of each
part of the hinge mechanism are shown in Table 4.3; the mass of the hinge mechanism is 4.89 g.
Although the 90° and 180° torsion springs are expected to deploy the solar panel at the
corresponding deflection angle, there is a possibility that the torsion springs will overshoot. The
blocking element prevents unintended rotation from occurring.
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M3 Hole
Blocking Element

Torsion Spring Placement

Elevated Section

Secondary Hinge

Hex Nut Placement

Figure 4.1. Hinge mechanism.

Table 4.3. Part material and mass characteristics of the hinge mechanism.

Part Material Total Mass (g)
Hex Nut AISI 304 2.52
Pin PA Type 6 0.48

Primary Hinge PA Type 6 0.65
Secondary Hinge | PA Type 6 0.88
Torsion Spring AISI 304 0.3

Washers Nylon 6/10 0.06

A COTS 180° torsion spring with an inner diameter of 3.5 mm was selected to maintain
capability with the primary hinge mechanism. The selected torsion spring has all the
characteristics in Table 4.2 aside from the deflection angle. Since all the geometric characteristics
are the same, only the starting position of the secondary hinge is affected (Figure 4.2). Although
the starting positions are different, the final positions are the same (Figure 4.3). The elevated
section ensures that the solar panels are deployed on the same plane.
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Figure 4.2. Hinge stowed position for the primary (left) and secondary solar panel (right).

Solar Panel

Solar Panel Backplate
Secondary Hinge

Figure 4.3. Hinge positions for a deployed solar panel.

To deploy a solar panel to 90°, and assuming friction is negligible in the hinge within LEO, the
following torque equation was applied.

Tspring = kgspring (4.8)

For circular springs k is defined as follows.

k = Edwire4 (4'9)
64D eqnn

However, the former equation is applied in systems where the deflection of the spring is purely
torsional. By considering friction, spring curvature, and spring bending, the helical spring
equation provides a more accurate definition of k.
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Ed,.t (4.10)

f=——wre
10.8D,ppqnlt

Equations 4.12 — 4.14 are correction factors that consider the non-ideal curvature effect of a
helical spring [66]. Equation 4.12 only considers curvature effects due to bending stress, whereas
equations 4.13 and 4.14 consider bending stress and shear stress.

C= Dinean 4.11)
dwire
4C%-Cc-1 (4.12)
Ks = Zcc—D
K = g 258 .
4C + 2 (4.14)
KBerg = 4C — 3

By applying equations 4.8, 4.10, and 4.11, the respective values were calculated as T = 1.202
Nm, k =0.7641 Nm rad~! and C = 8.1667. The bending stress and shear stress of the torsion
spring are given by the following equations.

32TDCp (4.15)
Op = 3
TTdyire
. 16TDCr (4.16)
ndwire3

By substituting the values from Table 4.2 into equations 4.8 — 4.16, the bending stress, and shear
stress for each method were calculated (Table 4.4). The ultimate shear strength of stainless steel
was assumed to be 0.57 of its yield strength; this value was calculated to be 122.55 MPa. The
safety factor for shear stress and bending stress of the material is given by the following
respective equations.

SE. = T?y (4.17)
o
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Table 4.4. Shear and bending stress of the torsion spring for each correction factor applied.

Kg Kwani Kgerg
oy (Pa) 2.730*107 | 2.850*107 2.823*107
T (Pa) 2.730%107 1.425%107 1.412*107
SF; 7.876 7.543 7.617
SE; 8.979 8.599 8.684

Based on Table 4.4 the torsion spring exhibits the greatest bending stress and shear values when
the Wahl correction factor is applied. The respective safety factors for o and 7 are 7.543 and
8.599. Since the safety factors are greater than 1.5, this indicates that the selected torsion spring
could deploy a solar panel to 90° without failing. By modeling the motion of the spring-panel
system as simple harmonic motion, the governing equation, period, MOI of the solar panel, and
natural frequency of the system are listed as follows.

0(t) = Ospringsin(wt) (4.19)
2
s 2 (4.20)
w
e (4.21)
“= |7
1
= §mL2 (4.22)

0(t) = Ospring = 90° once the solar panel is fully deployed. The statement sin(wt) = 1 is true
when wt = 0. By isolating for t, the deployment time equation is obtained.

f= (4.23)
20

The time for the solar panel to reach any given angular position was determined by applying the
energy conservation principle (equation (4.26 ). The potential energy of the spring and rotational
kinetic energy of the solar panel is given by equations 4.24 and 4.25. By rearranging equation
4.26 and evaluating the integral with respect to df, equation 4.19 was obtained; in this instance
Bspring 18 @ constant.

(4.24)
USpring = Ekespring2
1 (A0epring\’ (4.25)
KEpanet = 51\ =5
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(4.26)

AOspring
k95pring2 = k0% +1 (_ﬁ;mg)

t I ( 0 ) 4.27)
= —Sin
k espring

By substituting the appropriate terms into equation 4.23 or 4.27, the deployment time was
calculated to be 0.0630 seconds. This quick deployment time is problematic because the high
angular velocity of the solar panels deploying could cause rotational instability with the CubeSat
or cause strain to occur to the CubeSat’s ADCS. An alternative torsion spring design—where
dyire = 0.5 mm, d,,ter = 6, and n = 9—from Table F.1 allows the solar panel to be deployed in
0.090 s. To decrease the deployment time, the MOI of the solar panel could be increased, or a
custom torsion spring could be manufactured by applying equations 4.21 — 4.23 and equations
4.10 — 4.18 for a specific target deployment time. Equation 4.10 could be expressed in terms of C
as shown by equation 4.28. In this equation, n should be selected rather than solved because n
could result in fractional values if otherwise. Due to manufacturing and monetary limitations,
COTS torsion springs will be used, and the MOI of the solar panel will be increased by
increasing its mass.

_ 1Edyire” (4.28)
n 10.8C

4.2 2-Axis SADM Design

To create a deployable solar array with 2-axis controllability, this project uses a system of
motors, rotary disks, yokes, and gears. Figure 4.4 shows a 1U CubeSat skeleton. A motor could
be attached to a yoke to rotate a solar array about any axis of the CubeSat as shown in Figure 4.5.
For example, to rotate a solar array about the x-axis, the motor-yoke configuration is aligned
with the same axis; ideally, this configuration would be placed at the top or bottom external
surfaces of the CubeSat to optimize space within the CubeSat.

Figure 4.4. 1U CubeSat.
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Yoke

Motor Shaft \
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2 = s Motor
¥ Yoke

4 Solar Panel

Figure 4.5. Motor-yoke configuration in the stowed position (left) and deployed position (right);
rotation occurs about the y-axis.

A similar process is used for 2-axis controllability, except that a rotary disk is necessary. As
shown in Figure 4.6, the motor-yoke configuration is mounted on top of a rotary disk. The yoke
motor is used to deploy the solar array, and the rotary motor is used to rotate the solar array with
respect to a normal axis of the CubeSat. For example, to deploy a solar array about the x-axis,
the previous motor-yoke configuration is followed. To rotate the solar array about the y-axis, the
rotary disk and motor are aligned with the same axis.

|

Solar Panel Solar Panel
Yoke Motor Motor Shaft Yoke
\ \ Motor Shaft
o Yoke Motor
= Rotary Disk =y otary
, _______——-t____! Rotary Motor
¥ Rotary Motor

~A

X

Figure 4.6. Motor-yoke-disk configuration in the stowed position (left) and deployed position
(right)

4.1.1 Prototype SADM
4.1.1.1 Motor-Yoke Configuration

As previously discussed, NEMA 17 motors (42 mm x 42 mm x 23 mm) have been selected to
drive the SADA. To implement the deployment process as shown in Figure 4.5, the motor must
be mounted vertically within the CubeSat; it is not possible to place the motor outside the
CubeSat due to its size. The motor is secured to CubeSat via mounting brackets and M3 x 6 mm
screws (Figure 4.7).

58



Figure 4.7. Vertical front mounting bracket (left), rear mounting bracket (middle), and motor-
bracket assembly (right)

The yoke shaft is attached to the motor shaft via a transition fit and is used to support the
installation of a solar panel (Figure 4.8); M2 x 6 mm screws are used. Originally the yoke shaft
had a length of 42 mm, and the yoke arm had a width of 10 mm. The yoke shaft was set to this
length to allow it to be connected to a bearing for additional support. However, due to volume
limitations within the CubeSat, the yoke shaft and arm were reduced to a length and width of 10
mm, respectively. The yoke’s arm has a length of 32.8 mm to ensure that the solar panel does not
touch the motors. The motor-yoke configuration is shown in Figure 4.9.

Figure 4.8. SADA yoke.
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Figure 4.9. Stowed solar panel (left) and deployed solar panel (right) based on the motor-yoke
configuration.

4.2.2 Motor-Yoke-Disk Configuration

The previous motor-yoke configuration could still be used to deploy the solar array. However, a
rotary disk and horizontal mounting bracket are necessary to permit rotational controllability of
the solar array; the motor shaft is aligned normal to each CubeSat surface. Figure 4.10 shows a
horizontal mounting bracket, which could be used to secure the motor-yoke-disk configuration
directly to the surface of a chassis wall. Although the vertical mounting bracket could be attached
to the rotary disk to secure the system, the base of the mounting brackets would need to be
enlarged to prevent the rotary disk from contacting the CubeSat surfaces. Such an adjustment
would require an extrusion of at least 13 mm. This would require the use of M3 x 16 mm screws,
which would increase the mass of the system. Alternatively, the vertical mounting bracket could
be attached to the mounting plate. This mounting plate would have an extruded cut to permit
clearance and would be secured in place via spacers and hex nuts. However, this process
introduces unnecessary mass within the system. For these reasons, the horizontal mounting plate
was determined to be optimal.
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Figure 4.10. Horizontal mounting bracket (left) and motor bracket assembly (right).

The rotary disk is a cylinder secured to the rotary motor shaft via a transition fit. The top surface
contains four M3 holes with a depth of 3 mm and contains a central hole for the motor shaft. On
the bottom surface, an extrusion is present to permit clearance between the rotary disk and the
M3 screws present on the horizontal mounting bracket.

Figure 4.11. Rotary disk.

By integrating the rotary disk and the horizontal motors into the motor-yoke configuration, the
motor-yoke-disk configuration is obtained in the following figure. This configuration allows the
solar panels to deploy about each CubeSat surface and to rotate normally to each CubeSat
surface.
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Figure 4.12. Stowed solar panel (left) and deployed solar panel (right).

4.1.2 2nd Iteration SADM

Figure 4.13 shows that the horizontal mount, rotary disk, vertical mount, and motors fit within
the 1U CubeSat. However, due to volume constraints, it is evident that the yoke arm and yoke
mounting plate do not fit within the CubeSat. Additionally, due to the size of the motor-yoke-disk
configuration, only one configuration could be integrated within the CubeSat. Subsequently, an
R&R mechanism will need to be developed for the deployment of the solar arrays.

Figure 4.13. Yoke SADM isometric perspective (left) and right perspective (right).
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A remedy to the volume issue is to use smaller stepper motors. Although smaller stepper motors
do exist—these motors could be placed externally—, such motors are outside of the project’s
budget. Initially, spur gears were considered to deploy the solar array, in which they would be
secured to the motor shaft and support shafts via transition fits. However, using spur gears would
increase the mass of the system due to the presence of support shafts to keep the gears in place.
Additionally, the presence of the avionics rod’s mounting pads obstruct the placement of the
gears.

Figure 4.14. Spur gear.

A linkage-based rail-block system was then considered to deploy the solar panels. This system
involves a rotary disk (Figure 4.15) attached to the deployment motor—which was formerly the
yoke motor—, a rail-block system (Figure 4.16), and a linkage (Figure 4.17). This linkage forms
a connection based on a pin on the rotary disk and a pin on the rail-block system. The linkage
would then be secured to each pin via a transition fit. As the vertical motor rotates, the linkage
rotates causing the rail’s block to push the solar array into the deployed position. As shown in
Figure 4.18, the linkage SADM system is compact and fits within the CubeSat.

Figure 4.15. Rotary disk rear surface (left) and front surface (right).
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Figure 4.16. Rail housing (left) and rail block (right).

Figure 4.17. Linkage.

Figure 4.18. Linkage SADM front perspective (left) and right perspective).

The linkage rail-block permits rotation with respect to the axis parallel to each chassis wall. This
resolve the volumetric issues of the initial prototype. However, considering that the linkage and
rail system are fixed, rotation with respect to the solar panel longitudinal axis is not possible.
This lead to
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5. SADM Assembly

5.1 Structural Subsystem Assembly
5.1.1 CubeSat Assembly

A 2U CubeSat was chosen as the initial candidate for assembly. The structural components from
Chapter 2 and Chapter 4 were 3D printed using PETG HF; all structural components with their
3D printing specifications are listed in Table 5.1. PETG HF was specifically chosen over PLA
due to its greater strength, flexibility, and temperature capacity.

Table 5.1. Structural components involving filament usage and print time.

Structural Amount | Unit Filament | Total Filament | Unit Print
Component (g) (g2) Time
Baseplate 4 27.93 55.86 0:45:47
Chassis Wall 4 16.43 65.72 0:30:55
Chassis Wall 2 14.41 57.64 0:28:28
Modified

Solar Panel 4 19.34 77.36 0:32:19
Backplate

Connector 1 56.26 56.25 1:15:0
Baseplate

Pin 4 0.5 2 0:8:30
Secondary 4 1.12 4.48 0:13:13
Hinge

Primary Hinge | 4 1.25 5 0:13:54

As can be observed in Figure 2.3, the baseplate—the component the chassis walls are attached
to—was designed with a rail at its base. However, the 3D printer slicer software indicated that
the baseplate contained a floating cantilever beam. Although the baseplate could still be printed
with support filament material, filament usage would have doubled, and its print time would
have increased to over three hours. The rail was removed to conserve filament and expediate the
prototyping process. The connector baseplate (Figure 2.6), which is necessary to connect each
CubeSat unit, suffers from the cantilever beam issue. However, unlike before none of the
baseplate sections could be removed. Initially, the baseplate was sent to the slicer with no
support material. Under close observation, the 3D printer was unable to print the central plate;
spaghettification occurred during this phase. Support material was then applied; this increased
filament usage to 56.27g and the print time to 3:15:0. It is important to note that 3D printed
objects should not be taken off the plate until it has cooled. The object could experience bending
if otherwise; the hot material sticks to the plate and any applied moments could apply to bending
deformation.

Generally, when holes are 3D printed in a material, there is a possibility that the hole would be
over-extruded or thermally wrapped. Thus, heat-set inserts of M2 x 2 mm and M2 x 4 mm were
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thermally fitted for all relevant structural components. An alternative to heat-set inserts are press-
fit inserts. However, heat-set inserts were selected due to the restrictive locations of the holes and
small material thickness around the holes; there was a possibility that hammering in the inserts
would crack the 3D printed components. Upon examination of the 3D printed components, the
holes contained sections of over extrusion as expected. The M2 inserts were thermally inserted
via a 60W soldering iron despite the over extrusion. M2 x 2 mm inserts were used for each
chassis wall and the baseplate’s outer region, whereas M2 x 4 mm inserts were used within the
baseplate’s inner region. The inserts were initially hand placed into position and then inserted via
the soldering iron’s tip. Although touching the inserts with the soldering iron’s side would allow
greater contact, this process resulted in lesser insertion guidance and greater time usage.

Table 5.2. Heat-set insert installation issues and mitigations/solutions

Issue

Mitigations/Solution

The soldering iron would stick to the
soldering iron’s tip during. This caused the
insert to become misoriented and enlarge the
hole.

The soldering iron was quickly removed to
minimize damage. A different insert was
hand-placed into position and the sides of the
soldering iron were used.

The connector baseplate used through holes
rather than blind holes. Subsequently when
the insert was misoriented, there was no
method to reorient the inserts.

Extra attention to ensuring that the inserts
were perfectly aligned prior to fitting was
taken. Revisions to the connector baseplate
could incorporate blind holes.

The threaded inserts would bubble out of the
hole if the soldering iron was left attached to
the surface for too long. This caused the hole

The soldering iron was not left attached to a
surface for more than two seconds. Melted
plastic was removed by using a M2 Allen

to be enlarged and melted plastic to fall into wrench.
the hole.
The insert would become skewed despite

prior guidance.

The sides of the insert were tapped until
realignment was achieved.

The assembly process of the CubeSat was quick and simple. First, the walls were attached to the
baseplate via M2 x 8 mm screws. For the second set, this process was repeated for the second
baseplate. Lastly, the walls of the second set were screwed onto the connector baseplate. The
modularity of the screw-based design allows any wall or baseplate for quick internal access. The
issues encountered during the insert installation (Table 5.2) lead to a cascading issue during the
assembly process. This issue was that the inserts between the baseplates and chassis walls were
not aligned. Either the insert was misaligned too far up or down. More specifically, three faces
were affected by the failures of five misaligned inserts. The misalignment issue was resolved for
one of the faces by flipping the orientation of the wall; the inner surface was swapped to face
outward. This solution did not work for the two misaligned inserts for the two affected faces.
After the chassis wall was 3D printed, the wall was removed when the plate was still hot.
Although substantial bending was present, this had caused no alignment issues. The connector
baseplate experienced bending—removed when the plate was cold—and under extrusion in some
areas. This caused no alignment issues.
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Figure 5.1. Chassis walls and baseplates thermal-screw assembly.

5.1.2 Hinge Assembly

Figure 4.1 shows each part of the hinge assembly that was designed around a 3.5 mm inner
diameter 90° torsion spring. The washers and hex nut were excluded because there was no
washer size that matched the M3.5 definition without its outer diameter being too large.
Secondly, there were no available M3.5 hex nuts. Lastly, the M3 holes were downsized to M2 to
allow streamline integration with other components. Initially the pin and hinge components were
designed that they would be connected via an interference fit. When each hinge component was
printed, the pin transition fit was insufficient. This is because the pin could not be forced into the
hinges. The pin was sanded down and forcefully inserted via a twisting motion. When this pin
was applied to other hinges during testing, the blocking element and central region of the
primary hinge were fractured. This was remedied by thickening the central region and the
blocker elements. Three additional pins were printed, but they all fractured during the sanding
the process. Considering the tolerancing of the holes, three additional pins sizes were tested: 3.3
mm, 3.2 mm, and 3.15 mm. The 3.2 mm and 3.15 mm pins were able to fit in the holes without
any sanding. The 3.2 mm pin required a moderate amount of force and twisting to be inserted;
this eventually led to the fracturing of some of the hinges. The 3.15 mm pin required a minimal
amount of force to be inserted and continued testing showed no structural pin or hinge failures.
The 3.15 mm pin was sanded to allow easier fits. It is important to note that one of the pins was
over sanded during testing. More specifically, when the pin’s longitudinal axis was aligned with
the ground, the pin would slide out of the hinge.

An issue during the insert installation was that one of the blocking elements thermally deformed
downward. This was mitigated by quickly readjusting the blocking element while it was
relatively still warm. During blocking element testing the deformed blocker still successfully
prevented the overextension of the solar panel backplate. There were no misalignment issues for
the hinge assembly.

Assembling the hinge was a straightforward process (Figure 5.2). After inserting the pin through
one of the holes of the secondary hinge, the first torsion spring is inserted. The primary hinge
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must be inserted in a specific orientation in which one of the torsion spring legs rests on the
primary hinge’s central plate. The second leg is pointed downward such that it would rest upon
the CubeSat’s wall during integration. By extending the pin and slightly bending it, the final
torsion spring was inserted.

Figure 5.2. Hinge assembly process.

The solar panel backplate was attached to the holes of the primary hinge via M2 x 8§ mm screws.
In the stowed configuration, the torsion spring legs are compressed by the solar panel backplate
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Figure 5.3. Single-set torsion spring hinge and solar panel assembly top and bottom surface,
respectively.

The torsion spring hinge assembly successfully deflects the solar panel upwards when the
applied load is released (Figure 5.5). The achieved deflection seemed to be low as if the solar
array assembly’s mass was too large. A double-set torsion spring hinge was created to improve
performance. The original primary hinge CAD file was modified to accommodate these
additional springs: the central plate was reduced by six mm in both directions. The assembly
process (Figure 5.4) was identical to the single-set torsion spring design. Once assembled, the
double-set torsion spring achieved maximum deflection; the blockers prevented the backplate
from overextending. Figure 5.5 shows the maximum deflection and deflection at rest for both

68



designs. The double-set design outperforms the single-set design in terms of deflection achieved
and redundancy. In space torsion springs only experience friction forces as a counter moment. It
is probable that a solar array with the single-set design will still reach full deployment. The
double-set design would then nearly guarantee full deployment capabilities—maximum
deflection was achieved under friction, air resistance, and gravity—in space. The only apparent
design is the additional mass by the torsion springs and the possibility of the torsion springs
breaking the blocking elements.

Figure 5.4. Double-set torsion spring hinge and solar panel assembly top and bottom surface,
respectively.
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Figure 5.5. Single-set (top) and doublet-set (bottom) torsion springs. Maximum deflection (left)
and deflection at rest (right).

With the torsion spring deployment test successful, the hinge was modified to allow attachment
to a rotary disk via a M2 x 8 mm screw (Figure 5.6). Testing showed that the torsion spring legs
would lose contact as the rotary disk spun. Subsequently, a fixed backplate was added to the
secondary hinge to ensure that the torsion springs do not get stuck and that maximum torque
would be generated (Figure 5.7). For prototyping purposes, the legs of the torsion spring were
secured to the backplate with tape.

Figure 5.6. Rotary disk and secondary hinge part.
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Figure 5.7. Finalized hinge design (left) and solar array attachment (right).
5.1.3 Motor Assembly

NEMA 17 motors were initially selected

Figure 5.8. NEMA 11 stepper motor bracket.

5.1.4 Integration-Level Assembly

Figure 5.9 shows the entire structural assembly with no attached electronics. The baseplate was
initially designed with no holes for screw insertion. The dimensions of the primary hinge were
obtained and marked on tape attached to the baseplate’s surface. Dots were used to indicate the
location of the hinge’s holes. A drill bit smaller than that of M2 was used to create eight through
all holes for ease of complexity. Only one of the hinges perfectly aligned with the baseplate
inserts. M2 x 10 mm screws were applied to the set aligned with the inserts. These screws were
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applied to one of the holes for each of the misaligned hinges. Since this is a prototype, hot glue
was applied to the bottom surface of the misaligned primary hinges. This process ensured that
the hinges were not slanted off of the baseplate. The solar panels were attached to the top
baseplate and solar panel backplates via hot glue (Figure 5.10). All wires that were supplied with
each solar panel disconnected during component-level and integration testing, which lead to
additional wires being resoldered.

Figure 5.9. Deployed solar panel backplates.

Figure 5.10. One stowed solar panel and deployed solar panels.

Fishing string was used to secure the solar panel array in the stowed state. Each end of the
fishing string was inserted into the M2 hole of the solar panel backplate (Figure 5.11). On the
other side of the backplate, each line was wrapped around the X-cross section of the chassis wall
and back outside. The thread that started on the right is now resting on the left side of the solar
panel backplate (Figure 5.12). After the fishing line is crossed (Figure 5.12), the line that is under
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the other line goes top bottom into the hole. Similarly, the line that is above the other line is
brought bottom top. By pulling the lines in opposite directions, the knot shown in Figure 5.10
and Figure 5.12 was obtained. The burn resistor was wrapped the two bottom fishing string. It is
important to note that only two of the three fishing string lines are responsible for retention.
These two lines are the ones obtained at the point where the fishing string is crossed (Figure
5.12). The points past this are solely for tensioning the retention lines.

Figure 5.11. Initial fishing line insertion (left) and X-cross section wrapping (right).

Figure 5.12. Fishing line crossing (left) and end result (right).
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Figure 5.13. Rotatable solar array.

5.2 Electrical Subsystem Assembly
5.2.1 Component-Level Testing

The purpose of component-level testing is to identify any sensors that are faulty due to improper
soldering or software issues. Component-level testing was applied to every light sensor
(TEMT6000), motor encoder (AS5600), and the voltage and current sensor (INA219). This
process is crucial to prevent any single-point failures and to minimize performance loss in the
stepper motor PID control system. Initially component-level testing was performed within the
Arduino IDE. Once each component was verified, the Arduino code for each component was
rewritten in MATLAB for data logging purposes.

5.2.1.1 Light Sensor (TEMT6000)

Each TEMT6000 sensor was verified to be functional by applying all the wire connections
shown in Figure 5.14 and observing the light value outputted by the Arduino serial monitor.
Under ambient light conditions, the light sensor outputted an average ADC value of 50. When
the light sensor was covered the light sensor outputted an average ADC value of 10. Once the
light sensor was uncovered, the light sensor outputted similar ADC values that were obtained
initially. By shining a flashlight, an average ADC value of 1000 was obtained. Thus, this test
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indicates that each TEMT6000 sensor was verified to be fully functional under all light
conditions.

Figure 5.14. TEMT6000 component test.

The component test was recreated in MATLAB for further data analysis. Figure 5.15 shows the
ADC readings—1920 datapoints were taken—of the TEMT6000 under ambient, covered, and
light-exposed states. By examining the long-term behavior, it is evident that TEMT6000
experiences substantial noise and spikes in its readings; Figure 5.16 shows these observations
more prominently.

TEMT6000 Unit Test (Raw Sampling)
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Figure 5.15. TEM6000 component test under ambient, covered, and light-exposed conditions.
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Figure 5.16. TEM6000 readings under ambient light conditions.

The TEMT6000’s performance was improved by averaging 50 raw sampling values over a 1.9
second interval to reduce noise. Prior to averaging, the minimum and maximum values were
omitted to mitigate the influence of data outliers. Based on Figure 5.18, it is evident that this
methodology reduced and eliminated TEMT6000 ADC value noise and spikes, respectively. All
averaged ADC values were within + 5 of each other (Figure 5.17). Figure 5.19 shows the long-
term TEMT6000 response under ambient, covered, and light-exposed conditions. At the
transition phases—such as ambient to covered and covered to ambient—it takes the sensor a
maximum of 1.9 seconds to update to the appropriate light environment (Figure 5.19).
Considering that the position of the sun will not drastically change the time it takes to reach
steady-state conditions is not of great importance. Subsequently, the sampling time interval could
be increased to further reduce noise.

TEMT6000 Light Sensor (Averaged Data)
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Figure 5.17. TEMT6000 averaged readings under ambient light conditions.
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Figure 5.18. Raw and averaged TEMT6000 readings under ambient light conditions.
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Figure 5.19. Raw and averaged TEMT6000 readings of the component test.
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5.2.1.2 Motor Encoder (AS5600)

The motor encoder was verified by using an example Arduino library and rotating the magnet
above the chip. Figure 5.21 shows the stepper motor position and angular position (°) of the
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AS5600. By rotating the magnet clockwise, the angular position increased. The converse
occurred when the magnet was rotated counterclockwise. Component testing successfully
showed that the encoder could detect the presence of the magnet and its current angular position.

Figure 5.21. Stepper motor position (left) and angular position (°) (right).

5.2.1.3 Voltage and Current Sensor (INA219)

The INA219 sensor was verified by using an example Arduino library and changing the ambient
light delivered to the solar panel. The relevant wire connections are provided by Figure D.2.
Initially, the sensor outputted OV when a flashlight was shown on the solar panel. This should not
be the case because the voltage measured by a multimeter was 1.321V. Decreasing the load had
no influence on the sensors output. When the load resistor was increased to 2.3 k€, the sensor
outputted a bus voltage of 40 mV. When increased to 10 kQ, the bus voltage increased to 70 mV.
In an open circuit—the load resistor was disconnected—the sensor outputted a voltage of 1.321
V as expected. When the flashlight was shone on the solar panel, the voltage reading matched the
2.942 V of the multimeter. In complete darkness, however, the bus voltage reading was 600 mV.
This is greatly above the threshold for electrical noise or imprecise measurements; the cause for
this is unknown. Figure 5.23 shows a snippet of the results from testing.
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Figure 5.22. INA219 component test.

Bus Voltage: 0.0000 mV Bu= Voltage: 1052.0000 mV

Shunt Voltage: -0.0500 mv |Shunt Voltage: —0.0500 mV
Load Voltage: -0.0500 m¥ Load Voltage: 1051.9501 mV

Current: —0.4000 ma |Current: —0.3000 mA

Power: 0.0000 mW Power: 0.0000 mW

Figure 5.23. Load resistor applied (left) and load resistor removed (right).

5.2.2 Integration-Level Testing

Integration-level testing is performed after each component was verified to operate successfully.
This level ensures that each component can successfully function together and to identify any
uncalibrated or skewed sensors.

5.2.2.1 Light Sensor Array

Five light sensors were connected to the analog multiplexer. By setting the bits of each channel
of the multiplexer to high or low, the multiplexer could select a particular light sensor and read
its value. This is achieved via a sequential process. Figure 5.25 shows the light sensor readings
relative to V... As shown by the results on the left side, there is no major discrepancy between
each light sensor. The discrepancies could be explained by the jumper wires partially obscuring
the light sensors. After continued monitoring, a few anomalies have appeared. For the results
right of Figure 5.25, one of the light sensors have experience an intensity drop compared to the
other sensors. Thus, it is necessary to sample the sensor hundreds of times—this is achieved
within milliseconds—and to take the average of a particular sensor. By repeating the component-
level methodology, the light sensor arrays outputted accurate results.
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Figure 5.24. TEMT6000 array and CD74HC4067 integration test.
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Figure 5.25. Nominal (left) and anomalies (right) light sensor readings relative to V..

5.2.2.2 Motor and Motor Driver

The DRV8825 motor driver was tuned to ensure that the motor does not draw more than 0.8 A.
This was done by setting the reference voltage of the DRV8825 to 0.4 V by varying the onboard
potentiometer. The motor successfully moved clockwise and counterclockwise via Arduino

commands.
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Figure 5.26. DRV8825 and NEMA 11 stepper motor integration test.

5.2.2.3 Voltage Sensor Array

Similar to that of the analog multiplexers, the digital multiplexers uses I2C to obtain the voltage
readings of each sensor. Since there are two multiplexers, the first multiplexer was set to an 12C
address of 0x70 and the second to 0x71 by varying the states of A0 — A2 of each multiplexer. A
program was written to ensure that the Arduino could successfully select both of the multiplexers
and that the multiplexers could reach each of its channels. The voltage sensor array was
successful.

Figure 5.27. Solar panel array, INA 219, PCA9548A, and CD74HC4067 integration test.
5.2.3 System Level Test

System level testing of the light sensor array, NEMA 11 motors, and current sensors showed that
each component successfully operated together.
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Figure 5.28. System level test wiring.

5.2.4 Burn-Wire Assembly

A burn-wire system was designed and built to cut through the fishing string to deploy the solar
panels. A 10 V power and 10 Q resistor would result in 1 A being delivered to the resistor; this is
sufficient to melt through the fishing string. When designing a burn-wire system, the resistor
should last long enough to cut through the wire before it thermally fails. Figure 5.29 shows the
solar panel retained by the fishing string and the solar panel being deployed by the burn-wire
system. Figure 5.29 - Figure 5.34 shows the burn wire process from burn-wire initiation to solar
panel deployment and burn resistor blowing out. One second after power supply activation the
resistor starts heating up (Figure 5.30). At 1.074 A, the first retention wire is burned (Figure
5.31). A moment later the support wire is burned (Figure 5.32). As previously discussed, the
support wire provides tensioning to the retention lines to aid in the stowage of the solar panels.
All retention wires are burned (Figure 5.32) before the burn resistor blows out a few seconds
later (Figure 5.34). This process shows that the retention system is sufficient in keeping the solar
panels stowed and that the burn-wire could sufficiently burn through the fishing string. In total,
five burn tests were conducted. Two of these tests contained different designs than the one
showed in Figure 5.12. Both of these tests failed—Figure 5.35 shows one of these failures—due
the resistor unwrapping from the fishing string and the resistor burning one side of the support
line. Three burn-wire tests were conducted based on the knot shown in Figure 5.12. Out of these
three tests, one failed due to cutting the support line. By securing the burn resistor to the solar
panel and using two burn resistors for redundancy, the success rate would increase.
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Figure 5.30. Burn wire process initiated.
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Figure 5.32. Support wire burned.
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Figure 5.34. Blown resistor.
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Figure 5.35. Failed burn-wire test.
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6. Solar Panel Data

6.1 Methodology

6.1.1 Test Environment

Three solar panel configurations were tested: body-mounted, partially deployed, and fully
deployed for the single-hinge configuration. The double-hinge and multi-hinge configurations
were not tested due to limited project resources. Testing was conducted within an indoor test
environment to ensure that the results remain consistent between each tested configuration.
Testing was conducted at 10:00 PM to ensure that the ambient light level remains constant. For
each test, the CubeSat remained in the same approximate position: 10 ft below and 2 ft away
from a ceiling light source.

6.1.2 Data Collection

Although the Arduino IDE stores data in the serial monitor, this data is not persistent; old data
will be erased after a certain amount of lines. Coolterm was used to capture and store the serial
monitor data within a text file. Within the “Connection Options” window, the port was set to
COM3 and the baudrate was set to 9600 (Figure 6.1). These selections reflect the port that the
Arduino is connected to and its data transmission rate. Data was stored in a text file by selecting
Connection > File Capture > Start (Figure 6.2). Selecting “Connect” begins the data collection
process (Figure 6.3). After one hour of data collection, “Disconnect” was selected to end the data
collection process. 8,731, 9,315, and 9,423 data points were collected for the stowed, partially
deployed, and fully deployed solar arrays. The first 8,731 data points for the deployed
configurations were compared with the stowed configuration data to maintain consistency. These
data files were read and parsed in MATLAB. The data files were modified to ensure that the
starting multiplexer and channel is M1CO0. Additionally, the elapsed time was modified to ensure
that each data set has the same start time.
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Figure 6.2. Stores data in a text file.
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Figure 6.3. Data monitoring window.

6.2 Results

As previously discussed, there were not enough SCL and SDA pins for the INA219 current and
voltage sensors. This required the INA219 sensors to be connected to the PCA9548A digital
multiplexer. The MCU sequentially read each INA219 sensor connected to the PCA9548A with a
0.3 second delay between each channel. It took the multiplexer 3.76 seconds to loop back to the
starting channel. In MATLAB, the data was categorized into stowed, partially deployed, and
fully deployed sets. These sets were further subcategorized into individual channels. These
channels represent the data of each individual solar panel. Figure 6.4 shows the multiplexer and
channel classification of each solar panel. Figure 6.6 - Figure 6.10 shows the voltage generated
of each solar array. It is important to note that a moving average was applied every three points
to smooth out the noise and eliminate voltage spikes. There was minimal difference between the
raw and averaged data sets (Figure 6.5). Lastly, the difference between the “Deployed Panel” and
“Fully Deployed Panel” is characterized by Figure 5.9 and Figure 2.11. In which the former
refers to a partially deployed panel under Earth’s gravity and the latter refers to a simulated fully
deployed panel; the latter maintains the maximum deflection angle.

Figure 6.6 shows that the voltage generated by the stowed and deployed array are similar in
magnitude; generally, the deployed array generated a greater voltage. Towards the end of the test
the deployed array generated less voltage. This voltage drop should be ignored because the array
was momentarily obscured during testing. The cause of the voltage drop between 1,000 — 1,500
seconds is unknown. Considering that solar array 1 was oriented away from the light source,
these results meet expectations. Although the array was deflected by 20°, this deflection was not
substantial enough for there to be a significant increase. However, once the solar array was
deflected to 90° in the fully deployed configuration, the solar array generated an additional 0.4 V.
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Figure 6.8 and Figure 6.7 shows that there is a substantial voltage difference between the stowed
and deployed configurations. On average, the deployed configuration generated an additional 0.1
V. There were instances where the deployed configuration generated an additional 0.2 — 0.3 V. As
for the fully deployed configuration, it is evident that this configuration generated 0.2 V less than
the stowed configuration, which should not be the case. After the stowed and deployed tests were
completed, the rotary disks and modified hinges were developed and assembled. During
integration to the CubeSat and during system testing, a few of the solar panel wires were
disconnected. Consequently, it is possible that too much heat was applied to the solar panel
during the soldering process. Therefore, the fully deployed data set should be ignored.

Figure 6.9 fulfills all solar array expectations. The stowed, deployed, and fully deployed
configurations of solar panel 5 generated 0.7 V, 0.75 V, and 1.05 V, respectively. Similarly, solar
panel 6 generated 0.63 V, 0.69 V, and 0.95 V, respectively. Expectations were fulfilled because
larger solar array deflections should generate more voltage. Furthermore, because solar panel 6’s
incidence angle was greater than solar panel 5, more voltage should be generated. Figure 6.7
fulfills these expectations for the first 3,000 seconds. The cause of the voltage drop experienced
by solar panel 1 in the deployed configuration is unknown.
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Figure 6.4. Multiplexer channel classifications for each solar panel.
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Voltage Generated by Solar Array 5
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Figure 6.5. Raw and averaged data comparison for the voltage generated by solar array 5.
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Figure 6.6. Voltage generated by solar array 1.

91



1 Voltage Generated by Solar Array 2
. T T T
‘ , \ w‘\ ‘ ‘
; M‘ HI‘ il if ‘ ‘”\ gl“’y h\ fl ‘,‘Hw w"\l‘\
1 H”HN ‘Hi\h “ I \“w“ f}l.“’“ ‘\“\ »Jl‘\""l | “ l‘\ VIIIM\FDH\UI \ | IW .\H“““ ‘\u ! “'h .-""l‘ luw'f‘ m‘ ‘h \ \“”L‘“‘J“,‘ ‘\M‘ J{ u‘\H’ HW i WMF ‘};”Nﬁ w ‘
\ fliw i ” ‘ I ( \‘ l ‘ fl ‘\ u\"\ ” | ! |‘ I “ ‘ ‘ h ” U] | ’ | “ | ”) J ‘| \ lluy‘\
ﬁ‘, I W‘ ALY LRI 3 ! » AVt B i
JHW J‘ “‘I\ “\“ ,“ I H.. ﬁ‘ ‘rl "'“l; | 1! \ Ll ‘ | ) ‘\‘\ Wl ‘:, ( "J‘ ‘J | ,‘_w ‘\“:N‘f"‘-‘ f | L "r\‘\" ‘””"H:\‘
| R e A AL
s
;8“"0.8 —
S
‘ , N T i T ﬁ \
I ‘Mw "’"L. uﬁ h 'MW .\“l“ w‘\"\ i ‘M |JH \w W“\' "‘W I‘U‘f\\ fl, “J\ r‘u “‘r‘.‘“ﬂ ‘w!w\.‘\m "l\w\‘gf‘*" /! “‘"“‘\‘"I'\lh”' .‘“”\“JJ”“"“' "“‘#*‘l’i'lu”\‘ww‘
07 “4 i MI”M'I N [ h ‘\ ‘
\v,‘\ I, \ ‘HMM. W\ ‘L
A A W
06 MM/’M Wb M MV ‘ h W M\/JWPMJ\ ﬁ”‘ \ MWW \ML~P Mv‘ﬂ\m}’\
05 \ \ \ \ \ \ \
0 500 1000 1500 2000 2500 3000 3500
Time (s)

4000

Stowed Panel (SP1)

Deployed Panel (SP1) Fully Deployed Panel (SP1) Stowed Panel (SP2) Deployed Panel (SP2)

Fully Deployed Panel (SP2) ‘

09—

08

Voltage (V)
o

=4
=

Figure 6.7. Voltage generated by solar array 2.
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7. Conclusion and Recommendations

The underlying objective of this project was to design and develop a low-cost SADM with sun-
tracking capabilities and axis controllability by utilizing a system of motors. An array of
TEMT6000 ambient light sensors was used to enable light tracking capabilities. These sensors
were placed on the side surfaces of the CubeSat, with an additional one being placed at the top
surface. Since it was assumed that attitude control would be enabled by an external ADCS
system, it was assumed that the bottom surface of the CubeSat faces Earth. During trade studies,
NEMA 11, 14, and 17 stepper motors were considered. Although the NEMA 17 stepper motor
offers the greatest torque capabilities, its downside is that it is the largest out of the three. To
maximize the available internal volume of the CubeSat, four $18 NEMA 11 motors were
selected. Implementing an encoder in the control system was deemed essential to create a closed-
loop control system. However,

Initially, a system of two NEMA 17 stepper motors was considered, where one motor is
responsible for the initial deployment of the solar array and the second is responsible for
providing one-axis controllability. As depicted by the preliminary sketch of Figure 1.6 and the
prototype SADM of 4.13, one motor is attached to a rotary disk. This motor controls solar array
rotation about the axis normal to a chassis wall. The second motor, which is mounted on top of
this rotary disk, controls initial deployment. No retention mechanism is necessary because the
holding torque of the motors would keep each solar array in the desired orientation. An issue
with this design, however, is that only one solar cell could be controlled due to the size of the
motors, motor mounts, and rotary disks. Furthermore, the lever arm did not have sufficient
volume to fully deploy the solar array. This eventually led to the consideration of a spur-gear and
rail-block deployment system. However, these systems too suffered from volume and lever-arm
limitations. This issue could be resolved by using smaller motors attached to each hinge.
Although these motors exist, the availability of these motors is limited, and their costs are out of
the project’s budget. Consequently, a two-axis motor control SADM is not possible due to these
limitations.

Instead of using an entirely motorized SADM, the SADM was downsized to permit
controllability about the axis normal to each chassis wall surface. Rather than use motors for the
initial solar array deployment, hinges driven by torsion springs were considered and developed.
Hinges driven by a single and double set of torsion springs were tested; thermal analysis of
torsion spring exposure within the environment should be conducted primarily on the possibility
of thermal deformation or thermal failure points. The single set design deflected the solar arrays
45°, whereas the double set ensign deflected the solar arrays 90° under the influence of Earth’s
gravity and air resistance. The design of the hinge assembly prevented the solar array from
deflecting past 90°. In the space environment, the single-set design will likely achieve full
deflection because the dominating forces are primarily the friction forces between the pin and
parts of the hinge. Although the blockers prevented the solar array from overextending, a future
FEA analysis should be conducted to evaluate whether the blockers will fracture during contact.
In this system, the solar array is stowed by fishing string and is released by a burn-resistor
system. With burn-resistor tests successful, the rotary disk for the NEMA 11 motors was
developed. By attaching the hinge and backplate to the rotary disk, the NEMA 11 motor permits
rotation to occur about the axis normal to each chassis wall surface. However, during
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experimental testing, it was discovered that the NEMA 11 does not have sufficient torque to fully
rotate the solar array past 15° either CW or CCW.

Ultimately, a low-cost SADM was developed for $625. Considering that CubeSats developed
with COTS components and manufacturing could cost around $10,000, the project objective was
fulfilled. A major issue during breadboard prototyping and testing was that wire disconnections
were frequent. Furthermore, there were many instances where the pins of the wires themselves
failed. Thus, although the SADM breadboard prototype was successful, the design should be
shifted to a PCB-based design with an integrated burn-wire circuit. Furthermore, rather than
using an external 12V power supply, the EPS could be redesigned to support energy storage via
onboard batteries and incorporate boost converters, buck converters, and switches where
appropriate.
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Appendix A: Stepper Motors

Table A.1 Stepper motor specifications acquired from [67].

OTR Cost
Stepper Motor (°C) (%)
5014-020 NEMA 14 Stepper Motor -20to 50 | 31
5014-020D NEMA 14 Stepper Motor w/ double shaft -20to 50 | 41
5014-042 NEMA 14 Stepper Motor -20to 50 | 52
5014-042D NEMA 14 Stepper Motor w/ double shaft -20to 50 | 52
5014-897 NEMA 14 Stepper Motor, 0.9 Degree -20to 50 | 46
5014-897D NEMA 14 Stepper Motor, 0.9 Degree w/ double shaft -20to 50 | 26
HH17-101 Hollow Shaft, NEMA 17 High Torque Stepper Motor -20to 50 | 72
HH17-103 Hollow Shaft, NEMA 17 High Torque Stepper Motor -20to 50 | 79
HH17-105 Hollow Shaft, NEMA 17 High Torque Stepper Motor -20t0 50 | 116
HH23-101 Hollow Shaft, NEMA 23 High Torque Stepper Motor -20 to 50 | 107
HH23-103 Hollow Shaft, NEMA 23 High Torque Stepper Motor -20to 50 | 136
HTO08-230 NEMA 8 High Torque Stepper Motor -20to 50 | 53
HTO08-230D NEMA 8 High Torque Stepper Motor w/ double shaft -20to 50 | 53
HTO08-231 NEMA 8 High Torque Stepper Motor -20to 50 | 67
HTO08-231D NEMA 8 High Torque Stepper Motor w/ double shaft -20to 50 | 67
HT11-020 NEMA 11 High Torque Stepper Motor -20to 50 | 58
HT11-020D NEMA 11 High Torque Stepper Motor w/ double shaft -20to 50 | 58
HT11-021 NEMA 11 High Torque Stepper Motor -20to 50 | 73
HT11-021D NEMA 11 High Torque Stepper Motor w/ double shaft -20t0 50 | 73
HT17-221 NEMA 17 High Torque Stepper Motor, 0.9 Degree -20to 50 | 51
HT17-221D NEMA 17 High Torque Stepper Motor, 0.9 Degree w/ double
shaft -20to 50 | 51
HT17-222 NEMA 17 High Torque Stepper Motor, 0.9 Degree -20to 50 | 56
HT17-222D NEMA 17 High Torque Stepper Motor, 0.9 Degree w/ double
shaft -20to 50 | 56
HT17-268 NEMA 17 High Torque Stepper Motor -20to 50 | 48
HT17-268D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 48
HT17-268D-FBA NEMA 17 High Torque Stepper Motor with Double
Shaft and FBA encoder -20to 50 | 102
HT17-268D-WAA NEMA 17 High Torque Stepper Motor w/ WAA
encoder -20 to 50 | 228
HT17-269 NEMA 17 High Torque Stepper Motor -20to 50 | 58
HT17-269D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 58
HT17-270 NEMA 17 High Torque Stepper Motor -20to 50 | 58
HT17-270D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 58
HT17-271 NEMA 17 High Torque Stepper Motor -20to 50 | 53
HT17-271D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 53
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https://www.applied-motion.com/s/product/nema-14-step-motor5014020/01t5i000000xychAAA?name=5014-020-NEMA-14-Stepper-Motor
https://www.applied-motion.com/s/product/nema-14-step-motor5014020d/01t5i000000xz3iAAA?name=5014-020D-NEMA-14-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/nema-14-step-motor5014042/01t5i000000xzkLAAQ?name=5014-042-NEMA-14-Stepper-Motor
https://www.applied-motion.com/s/product/nema-14-step-motor5014042d/01t5i000000xyc6AAA?name=5014-042D-NEMA-14-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-9-degree5014897/01t5i000000xzTaAAI?name=5014-897-NEMA-14-Stepper-Motor-0.9-Degree
https://www.applied-motion.com/s/product/step-motor-9-degree5014897d/01t5i000000y0l6AAA?name=5014-897D-NEMA-14-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/step-motorhh17101/01t5i000000y0TgAAI?name=HH17-101-Hollow-Shaft-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhbms17hd6p420004/01t5i000000xzQDAAY?name=HH17-103-Hollow-Shaft-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhbms17hdbp420004/01t5i000000xzNiAAI?name=HH17-105-Hollow-Shaft-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhh23101/01t5i000000y01VAAQ?name=HH23-101-Hollow-Shaft-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhh23103/01t5i000000y0llAAA?name=HH23-103-Hollow-Shaft-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/nema-08-step-motorht08230/01t5i000000y0ZSAAY?name=HT08-230-NEMA-8-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/nema-08-step-motorht08230d/01t5i000000xz7QAAQ?name=HT08-230D-NEMA-8-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/nema-08-step-motorht08231/01t5i000000xz3hAAA?name=HT08-231-NEMA-8-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/nema-08-step-motorht08231d/01t5i000000y0KlAAI?name=HT08-231D-NEMA-8-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motorhb11hs141202/01t5i000000xyjcAAA?name=HT11-020-NEMA-11-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhb11hs141201/01t5i000000xyvNAAQ?name=HT11-020D-NEMA-11-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motorht11021/01t5i000000xzJFAAY?name=HT11-021-NEMA-11-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhb11hs540302/01t5i000000xypHAAQ?name=HT11-021D-NEMA-11-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-9-degreeht17221/01t5i000000xz6sAAA?name=HT17-221-NEMA-17-High-Torque-Stepper-Motor-0.9-Degree
https://www.applied-motion.com/s/product/step-motor-9-degreeht17221d/01t5i000000xzMcAAI?name=HT17-221D-NEMA-17-High-Torque-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-9-degreeht17221d/01t5i000000xzMcAAI?name=HT17-221D-NEMA-17-High-Torque-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/stepping-motorhb17ha740207/01t5i000000xzaAAAQ?name=HT17-222-NEMA-17-High-Torque-Stepper-Motor-0.9-Degree
https://www.applied-motion.com/s/product/step-motor-9-degreeht17222d/01t5i000000y0ElAAI?name=HT17-222D-NEMA-17-High-Torque-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-9-degreeht17222d/01t5i000000y0ElAAI?name=HT17-222D-NEMA-17-High-Torque-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/step-motorhbms17hd0l810a01/01t5i000000y0hWAAQ?name=HT17-268-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhbms17hd0l810a02/01t5i000000xz7cAAA?name=HT17-268D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht17268dfba/01t5i000007VmfFAAS?name=HT17-268D-FBA-NEMA-17-High-Torque-Stepper-Motor-with-Double-Shaft-and-FBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17268dfba/01t5i000007VmfFAAS?name=HT17-268D-FBA-NEMA-17-High-Torque-Stepper-Motor-with-Double-Shaft-and-FBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17268dwaa/01t5i000000xzteAAA?name=HT17-268D-WAA-NEMA-17-High-Torque-Stepper-Motor-w-WAA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17268dwaa/01t5i000000xzteAAA?name=HT17-268D-WAA-NEMA-17-High-Torque-Stepper-Motor-w-WAA-encoder
https://www.applied-motion.com/s/product/ht17269-step-motorht17269/01t5i000000xzRAAAY?name=HT17-269-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhb17hd480102n/01t5i000000y0ByAAI?name=HT17-269D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motorhbms17hd4l803a02/01t5i000000xym6AAA?name=HT17-270-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhbms17hd4l803a01/01t5i000000xzzFAAQ?name=HT17-270D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motorht17271/01t5i000000xzuQAAQ?name=HT17-271-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-ht17271d/01t5i000000xyrqAAA?name=HT17-271D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft

HT17-271D-FBA NEMA 17 High Torque Stepper Motor with Double

Shaft and FBA Encoder -20to 50 | 105
HT17-271D-WAA NEMA 17 High Torque Stepper Motor w/ WAA

encoder -20 to 50 | 233
HT17-272 NEMA 17 High Torque Stepper Motor -20to 50 | 65
HT17-272D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 65
HT17-273 NEMA 17 High Torque Stepper Motor -20to 50 | 65
HT17-273D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 65
HT17-274 NEMA 17 High Torque Stepper Motor -20to 50 | 65
HT17-274D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 65
HT17-275 NEMA 17 High Torque Stepper Motor -20to 50 | 70
HT17-275D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 70
HT17-275D-FBA NEMA 17 High Torque Stepper Motor with Double

Shaft and FBA encoder -20to 50 | 112
HT17-275D-WAA NEMA 17 High Torque Stepper Motor w/ WAA

encoder -20 to 50 | 250
HT17-276 NEMA 17 High Torque Stepper Motor -20to 50 | 77
HT17-276D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 77
HT17-277 NEMA 17 High Torque Stepper Motor -20to 50 | 77
HT17-277D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 77
HT17-278 NEMA 17 High Torque Stepper Motor -20t0 50 | 84
HT17-278D NEMA 17 High Torque Stepper Motor w/ double shaft -20to 50 | 84
HT17-278D-FBA NEMA 17 High Torque Stepper Motor with Double

Shaft and FBA encoder -20to 50 | 133
HT17-278D-WAA NEMA 17 High Torque Stepper Motor w/ WAA

encoder -20to 50 | 263
HT23-548 NEMA 23 High Torque Stepper Motor -20to 50 | 141
HT23-548D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 141
HT23-549 NEMA 23 High Torque Stepper Motor -20to 50 | 152
HT23-549D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 152
HT23-550 NEMA 23 High Torque Stepper Motor -20 to 50 | 200
HT23-550D NEMA 23 High Torque Stepper Motor w/ double shaft -20 to 50 | 200
HT23-552 NEMA 23 High Torque Stepper Motor -20to 50 | 125
HT23-552D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 125
HT23-552D-ZAA NEMA 23 High Torque Stepper Motor w/ ZAA Encoder | -20 to 50 | 304
HT23-552D-ZAC NEMA 23 High Torque Stepper Motor w/ Encoder and

Cover -20 to 50 | 462
HT23-553 NEMA 23 High Torque Stepper Motor -20to 50 | 135
HT23-553D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 135
HT23-553D-ZAA NEMA 23 High Torque Stepper Motor w/ ZAA Encoder | -20 to 50 | 315
HT23-553D-ZAC NEMA 23 High Torque Stepper Motor w/ Encoder and

Cover -20to 50 | 472
HT23-554 NEMA 23 High Torque Stepper Motor -20to 50 | 172
HT23-554D NEMA 23 High Torque Stepper Motor w/ double shaft -20t0 50 | 172
HT23-554D-ZAA NEMA 23 High Torque Stepper Motor w/ ZAA Encoder | -20 to 50 | 351
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https://www.applied-motion.com/s/product/step-motor-high-torqueht17271dfba/01t5i000007VmfYAAS?name=HT17-271D-FBA-NEMA-17-High-Torque-Stepper-Motor-with-Double-Shaft-and-FBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17271dfba/01t5i000007VmfYAAS?name=HT17-271D-FBA-NEMA-17-High-Torque-Stepper-Motor-with-Double-Shaft-and-FBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17271dwaa/01t5i000000xyrsAAA?name=HT17-271D-WAA-NEMA-17-High-Torque-Stepper-Motor-w-WAA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17271dwaa/01t5i000000xyrsAAA?name=HT17-271D-WAA-NEMA-17-High-Torque-Stepper-Motor-w-WAA-encoder
https://www.applied-motion.com/s/product/step-motorhb17hd280101n/01t5i000000xzLzAAI?name=HT17-272-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motorhb17hd280102n/01t5i000000y0lrAAA?name=HT17-272D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17273/01t5i000000xzMfAAI?name=HT17-273-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17273d/01t5i000000xylaAAA?name=HT17-273D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17274/01t5i000000y0ILAAY?name=HT17-274-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17274d/01t5i000000xybmAAA?name=HT17-274D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17275/01t5i000000y0LHAAY?name=HT17-275-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17275d/01t5i000000y02fAAA?name=HT17-275D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht17275dfba/01t5i000007VmfEAAS?name=HT17-275D-FBA-NEMA-17-High-Torque-Stepper-Motor-with-Double-Shaft-and-FBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17275dfba/01t5i000007VmfEAAS?name=HT17-275D-FBA-NEMA-17-High-Torque-Stepper-Motor-with-Double-Shaft-and-FBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17275dwaa/01t5i000000xzeIAAQ?name=HT17-275D-WAA-NEMA-17-High-Torque-Stepper-Motor-w-WAA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17275dwaa/01t5i000000xzeIAAQ?name=HT17-275D-WAA-NEMA-17-High-Torque-Stepper-Motor-w-WAA-encoder
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17276/01t5i000000xzsOAAQ?name=HT17-276-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17276d/01t5i000000xzN0AAI?name=HT17-276D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17277/01t5i000000xzULAAY?name=HT17-277-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17277d/01t5i000000xyeaAAA?name=HT17-277D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17278/01t5i000000y07KAAQ?name=HT17-278-NEMA-17-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht17278d/01t5i000000xycHAAQ?name=HT17-278D-NEMA-17-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht17278dfba/01t5i000007Vmf5AAC?name=HT17-278D-FBA-NEMA-17-High-Torque-Stepper-Motor-with-Double-Shaft-and-FBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17278dfba/01t5i000007Vmf5AAC?name=HT17-278D-FBA-NEMA-17-High-Torque-Stepper-Motor-with-Double-Shaft-and-FBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17278dwaa/01t5i000000y0LCAAY?name=HT17-278D-WAA-NEMA-17-High-Torque-Stepper-Motor-w-WAA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht17278dwaa/01t5i000000y0LCAAY?name=HT17-278D-WAA-NEMA-17-High-Torque-Stepper-Motor-w-WAA-encoder
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23548/01t5i000000y0I1AAI?name=HT23-548-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23548d/01t5i000000xyeoAAA?name=HT23-548D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23549/01t5i000000xzkSAAQ?name=HT23-549-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23549d/01t5i000000xzApAAI?name=HT23-549D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23550/01t5i000000xz0SAAQ?name=HT23-550-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23550d/01t5i000000xysEAAQ?name=HT23-550D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23552/01t5i000000xz5nAAA?name=HT23-552-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23552d/01t5i000000xz9LAAQ?name=HT23-552D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht23552dzaa/01t5i000000xzdVAAQ?name=HT23-552D-ZAA-NEMA-23-High-Torque-Stepper-Motor-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23552dzac/01t5i000000xyziAAA?name=HT23-552D-ZAC-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht23552dzac/01t5i000000xyziAAA?name=HT23-552D-ZAC-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23553/01t5i000000y0FPAAY?name=HT23-553-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23553d/01t5i000000y0GYAAY?name=HT23-553D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht23553dzaa/01t5i000000xyzvAAA?name=HT23-553D-ZAA-NEMA-23-High-Torque-Stepper-Motor-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23553dzac/01t5i000000xz33AAA?name=HT23-553D-ZAC-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht23553dzac/01t5i000000xz33AAA?name=HT23-553D-ZAC-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23554/01t5i000000y0GbAAI?name=HT23-554-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23554d/01t5i000000y0KnAAI?name=HT23-554D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht23554dzaa/01t5i000000xyj6AAA?name=HT23-554D-ZAA-NEMA-23-High-Torque-Stepper-Motor-w-ZAA-Encoder

HT23-554D-ZAC NEMA 23 High Torque Stepper Motor w/ Encoder and

Cover -20to 50 | 509
HT23-559 NEMA 23 High Torque Stepper Motor, 0.9 Degree -20to 50 | 70
HT23-559D NEMA 23 High Torque Stepper Motor, 0.9 Degree w/ double

shaft -20t0 50 | 70
HT23-560 NEMA 23 High Torque Stepper Motor, 0.9 Degree -20to 50 | 59
HT23-560D NEMA 23 High Torque Stepper Motor, 0.9 Degree w/ double

shaft -20to 50 | 59
HT23-593 NEMA 23 High Torque Stepper Motor -20t0 50 | 84
HT23-593D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 84
HT23-594 NEMA 23 High Torque Stepper Motor -20t0 50 | 84
HT23-594B NEMA 23 High Torque Stepper Motor w/ Brake -20to 50 | 277
HT23-594D NEMA 23 High Torque Stepper Motor w/ double shaft -20t0 50 | 84
HT23-594D-GBA NEMA 23 High Torque Stepper Motor with Double

Shaft and GBA Encoder -20to 50 | 118
HT23-594D-ZAA NEMA 23 High Torque Stepper Motor w/ ZAA Encoder | -20 to 50 | 263
HT23-595 NEMA 23 High Torque Stepper Motor -20to 50 | 64
HT23-595D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 64
HT23-596 NEMA 23 High Torque Stepper Motor -20to 50 | 91
HT23-596D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 91
HT23-597 NEMA 23 High Torque Stepper Motor -20to 50 |91
HT23-597D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 91
HT23-598 NEMA 23 High Torque Stepper Motor -20 to 50 | 81
HT23-598B NEMA 23 High Torque Stepper Motor w/ Brake -20to 50 | 295
HT23-598C NEMA 23 Stepper Motor with 10 Foot Shielded Cable -20to 50 | 133
HT23-598D NEMA 23 High Torque Stepper Motor w/ double shaft -20to 50 | 81
HT23-598DC NEMA 23 Stepper Motor with 10 Foot Shielded Cable w/

Double Shaft -20to 50 | 133
HT23-598DC-ZAA NEMA 23 Stepper Motor with 10 Foot Shielded Cable

w/ ZAA Encoder -20t0o 50 | 314
HT23-598DC-ZAC NEMA 23 Stepper Motor with 10 Foot Shielded Cable

w/ Encoder and Cover -20to 50 | 471
HT23-598D-GBA NEMA 23 High Torque Stepper Motor with Double

Shaft and GBA Encoder -20to 50 | 124
HT23-598D-ZAA NEMA 23 High Torque Stepper Motor w/ ZAA Encoder | -20 to 50 | 262
HT23-599 NEMA 23 High Torque Stepper Motor -20to 50 | 151
HT23-599D NEMA 23 High Torque Stepper Motor w/ Double Shaft -20to 50 | 151
HT23-600 NEMA 23 High Torque Stepper Motor -20to 50 | 151
HT23-600D NEMA 23 High Torque Stepper Motor w/ Double Shaft -20to 50 | 151
HT23-601 NEMA 23 High Torque Stepper Motor -20to 50 | 107
HT23-601B NEMA 23 High Torque Stepper Motor w/ Brake -20to 50 | 320
HT23-601C NEMA 23 Stepper Motor with 10 Foot Shielded Cable -20to 50 | 184
HT23-601D NEMA 23 High Torque Stepper Motor w/ Double Shaft -20to 50 | 107
HT23-601DC NEMA 23 Stepper Motor with 10 Foot Shielded Cable w/

Double Shaft -20to 50 | 184
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https://www.applied-motion.com/s/product/step-motor-high-torqueht23554dzac/01t5i000000y0LwAAI?name=HT23-554D-ZAC-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht23554dzac/01t5i000000y0LwAAI?name=HT23-554D-ZAC-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-9-degreeht23559/01t5i000000y0gAAAQ?name=HT23-559-NEMA-23-High-Torque-Stepper-Motor-0.9-Degree
https://www.applied-motion.com/s/product/step-motor-9-degreeht23559d/01t5i000000xzvgAAA?name=HT23-559D-NEMA-23-High-Torque-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-9-degreeht23559d/01t5i000000xzvgAAA?name=HT23-559D-NEMA-23-High-Torque-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-9-degreeht23560/01t5i000000y0EaAAI?name=HT23-560-NEMA-23-High-Torque-Stepper-Motor-0.9-Degree
https://www.applied-motion.com/s/product/step-motor-9-degreeht23560d/01t5i000000y082AAA?name=HT23-560D-NEMA-23-High-Torque-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-9-degreeht23560d/01t5i000000y082AAA?name=HT23-560D-NEMA-23-High-Torque-Stepper-Motor-0.9-Degree-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23593/01t5i000000xyylAAA?name=HT23-593-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23593d/01t5i000000xz8qAAA?name=HT23-593D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23594/01t5i000000xyj5AAA?name=HT23-594-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23594b/01t5i000000xzZhAAI?name=HT23-594B-NEMA-23-High-Torque-Stepper-Motor-w-Brake
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23594d/01t5i000000y0gBAAQ?name=HT23-594D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht23594dgba/01t5i000007VmfTAAS?name=HT23-594D-GBA-NEMA-23-High-Torque-Stepper-Motor-with-Double-Shaft-and-GBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23594dgba/01t5i000007VmfTAAS?name=HT23-594D-GBA-NEMA-23-High-Torque-Stepper-Motor-with-Double-Shaft-and-GBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23594dzaa/01t5i000000xzmRAAQ?name=HT23-594D-ZAA-NEMA-23-High-Torque-Stepper-Motor-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23595/01t5i000000xzHsAAI?name=HT23-595-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23595d/01t5i000000xzF6AAI?name=HT23-595D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23596/01t5i000000y0d7AAA?name=HT23-596-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23596d/01t5i000000xyzUAAQ?name=HT23-596D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23597/01t5i000000xyq1AAA?name=HT23-597-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23597d/01t5i000000xz9sAAA?name=HT23-597D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23598/01t5i000000xzwEAAQ?name=HT23-598-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23598b/01t5i000000xzZwAAI?name=HT23-598B-NEMA-23-High-Torque-Stepper-Motor-w-Brake
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23598c/01t5i000000y0UVAAY?name=HT23-598C-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23598d/01t5i000000y0FdAAI?name=HT23-598D-NEMA-23-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23598dc/01t5i000000y0c7AAA?name=HT23-598DC-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23598dc/01t5i000000y0c7AAA?name=HT23-598DC-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht23598dczaa/01t5i000000xyqWAAQ?name=HT23-598DC-ZAA-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23598dczaa/01t5i000000xyqWAAQ?name=HT23-598DC-ZAA-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23598dczac/01t5i000000xzHVAAY?name=HT23-598DC-ZAC-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht23598dczac/01t5i000000xzHVAAY?name=HT23-598DC-ZAC-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht23598dgba/01t5i000007VmfQAAS?name=HT23-598D-GBA-NEMA-23-High-Torque-Stepper-Motor-with-Double-Shaft-and-GBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23598dgba/01t5i000007VmfQAAS?name=HT23-598D-GBA-NEMA-23-High-Torque-Stepper-Motor-with-Double-Shaft-and-GBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23598dzaa/01t5i000000xyiDAAQ?name=HT23-598D-ZAA-NEMA-23-High-Torque-Stepper-Motor-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23599/01t5i000000xyvGAAQ?name=HT23-599-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/archive-step-motor-hi-torqueht23599d/01t5i000000y0TJAAY?name=HT23-599D-NEMA-23-High-Torque-Stepper-Motor-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23600/01t5i000000xzFPAAY?name=HT23-600-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23600d/01t5i000000xyvfAAA?name=HT23-600D-NEMA-23-High-Torque-Stepper-Motor-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht23601/01t5i000000xyx0AAA?name=HT23-601-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23601b/01t5i000000y0IZAAY?name=HT23-601B-NEMA-23-High-Torque-Stepper-Motor-w-Brake
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23601c/01t5i000000y0kwAAA?name=HT23-601C-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable
https://www.applied-motion.com/s/product/step-motor-high-torqueht23601d/01t5i000000xyk2AAA?name=HT23-601D-NEMA-23-High-Torque-Stepper-Motor-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23601dc/01t5i000000y0ggAAA?name=HT23-601DC-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23601dc/01t5i000000y0ggAAA?name=HT23-601DC-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Double-Shaft

HT23-601DC-ZAA NEMA 23 Stepper Motor with 10 Foot Shielded Cable

w/ ZAA Encoder -20to 50 | 363
HT23-601DC-ZAC NEMA 23 Stepper Motor with 10 Foot Shielded Cable

w/ Encoder and Cover -20 to 50 | 521
HT23-601D-GBA NEMA 23 High Torque Stepper Motor with Double

Shaft and GBA encoder -20to 50 | 161
HT23-601D-ZAA NEMA 23 High Torque Stepper Motor w/ ZAA Encoder | -20 to 50 | 286
HT23-603 NEMA 23 High Torque Stepper Motor, 354 0z-in -20to 50 | 171
HT23-603B NEMA 23 High Torque Stepper Motor, 354 oz-in w/ Brake -20 to 50 | 384
HT23-603D NEMA 23 High Torque Stepper Motor, 354 oz-in w/ Double

Shaft -20to 50 | 171
HT23-603D-GBA NEMA 23 High Torque Stepper Motor with Double

Shaft and GBA encoder -20 to 50 | 224
HT23-603D-ZAA NEMA 23 High Torque Stepper Motor, 354 oz-in w/

ZAA Encoder -20to 50 | 350
HT24-100 NEMA 24 High Torque Stepper Motor -20to 50 | 102
HT24-100D NEMA 24 High Torque Stepper Motor w/ Double Shaft -20to 50 | 102
HT24-105 NEMA 24 High Torque Stepper Motor -20to 50 | 114
HT24-105D NEMA 24 High Torque Stepper Motor w/ Double Shaft -20to 50 | 114
HT24-108 NEMA 24 High Torque Stepper Motor -20to 50 | 205
HT24-108D NEMA 24 High Torque Stepper Motor w/ Double Shaft -20to 50 | 205
HT34-504 NEMA 34 High Torque Stepper Motor -20to 50 | 155
HT34-504D NEMA 34 High Torque Stepper Motor w/ double shaft -20to 50 | 155
HT34-504D-HBA NEMA 34 High Torque Stepper Motor with Double

Shaft and HBA Encoder -20to 50 | 246
HT34-504D-YAA NEMA 34 High Torque Stepper Motor w/ YAA Encoder | -20to 50 | 334
HT34-505 NEMA 34 High Torque Stepper Motor -20to 50 | 212
HT34-505D NEMA 34 High Torque Stepper Motor w/ double shaft -20to 50 | 212
HT34-505D-HBA NEMA 34 High Torque Stepper Motor with Double

Shaft and HBA Encoder -20to 50 | 294
HT34-505D-YAA NEMA 34 High Torque Stepper Motor w/ YAA Encoder | -20 to 50 | 392
HT34-506 NEMA 34 High Torque Stepper Motor -20to 50 | 294
HT34-506C NEMA 34 Stepper Motor with 10 Foot Shielded Cable -20to 50 | 414
HT34-506D NEMA 34 High Torque Stepper Motor w/ double shaft -20to 50 | 294
HT34-506DC NEMA 34 Stepper Motor with 10 Foot Shielded Cable w/

double shaft -20t0o 50 | 414
HT34-506DC-YAA NEMA 34 Stepper Motor with 10 Foot Shielded Cable

w/ YAA Encoder -20to 50 | 593
HT34-506DC-YAC NEMA 34 Stepper Motor with 10 Foot Shielded Cable

w/ Encoder and Cover -20to 50 | 751
HT34-506D-HBA NEMA 34 High Torque Stepper Motor with Double

Shaft and HBA Encoder -20to 50 | 350
HT34-506D-YAA NEMA 34 High Torque Stepper Motor w/ YAA Encoder | -20 to 50 | 473
HT34-687 NEMA 34 High Torque Stepper Motor -20 to 50 | 403
HT34-687D NEMA 34 High Torque Stepper Motor w/ double shaft -20to 50 | 403

104



https://www.applied-motion.com/s/product/step-motor-high-torqueht23601dczaa/01t5i000000xzLLAAY?name=HT23-601DC-ZAA-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23601dczaa/01t5i000000xzLLAAY?name=HT23-601DC-ZAA-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23601dczac/01t5i000000xzXuAAI?name=HT23-601DC-ZAC-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23601dczac/01t5i000000xzXuAAI?name=HT23-601DC-ZAC-NEMA-23-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht23601dgba/01t5i000007Vmf6AAC?name=HT23-601D-GBA-NEMA-23-High-Torque-Stepper-Motor-with-Double-Shaft-and-GBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23601dgba/01t5i000007Vmf6AAC?name=HT23-601D-GBA-NEMA-23-High-Torque-Stepper-Motor-with-Double-Shaft-and-GBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23601dzaa/01t5i000000y07DAAQ?name=HT23-601D-ZAA-NEMA-23-High-Torque-Stepper-Motor-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23603/01t5i000000xz83AAA?name=HT23-603-NEMA-23-High-Torque-Stepper-Motor-354-oz-in
https://www.applied-motion.com/s/product/step-motor-hi-torqueht23603b/01t5i000000xzkxAAA?name=HT23-603B-NEMA-23-High-Torque-Stepper-Motor-354-oz-in-w-Brake
https://www.applied-motion.com/s/product/step-motor-high-torqueht23603d/01t5i000000xyxHAAQ?name=HT23-603D-NEMA-23-High-Torque-Stepper-Motor-354-oz-in-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht23603d/01t5i000000xyxHAAQ?name=HT23-603D-NEMA-23-High-Torque-Stepper-Motor-354-oz-in-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht23603dgba/01t5i000007VmfAAAS?name=HT23-603D-GBA-NEMA-23-High-Torque-Stepper-Motor-with-Double-Shaft-and-GBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23603dgba/01t5i000007VmfAAAS?name=HT23-603D-GBA-NEMA-23-High-Torque-Stepper-Motor-with-Double-Shaft-and-GBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23603dzaa/01t5i000000y0hSAAQ?name=HT23-603D-ZAA-NEMA-23-High-Torque-Stepper-Motor-354-oz-in-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht23603dzaa/01t5i000000y0hSAAQ?name=HT23-603D-ZAA-NEMA-23-High-Torque-Stepper-Motor-354-oz-in-w-ZAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht24100/01t5i000000xyzqAAA?name=HT24-100-NEMA-24-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht24100d/01t5i000000xyebAAA?name=HT24-100D-NEMA-24-High-Torque-Stepper-Motor-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht24105/01t5i000000xzFDAAY?name=HT24-105-NEMA-24-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-high-torqueht24105d/01t5i000000xzeEAAQ?name=HT24-105D-NEMA-24-High-Torque-Stepper-Motor-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht24108/01t5i000000xyxTAAQ?name=HT24-108-NEMA-24-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-high-torqueht24108d/01t5i000000y0acAAA?name=HT24-108D-NEMA-24-High-Torque-Stepper-Motor-w-Double-Shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht34504/01t5i000000xzslAAA?name=HT34-504-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-high-torqueht34504d/01t5i000000y0h8AAA?name=HT34-504D-NEMA-34-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht34504dhba/01t5i000007VmfRAAS?name=HT34-504D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34504dhba/01t5i000007VmfRAAS?name=HT34-504D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34504dyaa/01t5i000000y0PgAAI?name=HT34-504D-YAA-NEMA-34-High-Torque-Stepper-Motor-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motorhightorqueht34505/01t5i000000y0PXAAY?name=HT34-505-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-high-torqueht34505d/01t5i000000y0SHAAY?name=HT34-505D-NEMA-34-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht34505dhba/01t5i000007VmfZAAS?name=HT34-505D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34505dhba/01t5i000007VmfZAAS?name=HT34-505D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34505dyaa/01t5i000000y1b4AAA?name=HT34-505D-YAA-NEMA-34-High-Torque-Stepper-Motor-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506/01t5i000000y0EAAAY?name=HT34-506-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-hi-torqueht34506c/01t5i000000xyblAAA?name=HT34-506C-NEMA-34-Stepper-Motor-with-10-Foot-Shielded-Cable
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506d/01t5i000000y0IoAAI?name=HT34-506D-NEMA-34-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht34506dc/01t5i000000xyy9AAA?name=HT34-506DC-NEMA-34-Stepper-Motor-with-10-Foot-Shielded-Cable-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-hi-torqueht34506dc/01t5i000000xyy9AAA?name=HT34-506DC-NEMA-34-Stepper-Motor-with-10-Foot-Shielded-Cable-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506dcyaa/01t5i000000xzIuAAI?name=HT34-506DC-YAA-NEMA-34-Stepper-Motor-with-10-Foot-Shielded-Cable-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506dcyaa/01t5i000000xzIuAAI?name=HT34-506DC-YAA-NEMA-34-Stepper-Motor-with-10-Foot-Shielded-Cable-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506dcyac/01t5i000000xzmUAAQ?name=HT34-506DC-YAC-NEMA-34-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506dcyac/01t5i000000xzmUAAQ?name=HT34-506DC-YAC-NEMA-34-Stepper-Motor-with-10-Foot-Shielded-Cable-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506dhba/01t5i000007VmfSAAS?name=HT34-506D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506dhba/01t5i000007VmfSAAS?name=HT34-506D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34506dyaa/01t5i000000y1azAAA?name=HT34-506D-YAA-NEMA-34-High-Torque-Stepper-Motor-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34687/01t5i000000xzRIAAY?name=HT34-687-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-high-torqueht34687d/01t5i000000xzv6AAA?name=HT34-687D-NEMA-34-High-Torque-Stepper-Motor-w-double-shaft

HT34-687D-HBA NEMA 34 High Torque Stepper Motor with Double

Shaft and HBA encoder -20 to 50 | 485
HT34-687D-YAA NEMA 34 High Torque Stepper Motor w/ YAA Encoder | -20 to 50 | 583
HT34-687D-YAC NEMA 34 High Torque Stepper Motor w/ Encoder and

Cover -20to 50 | 740
HT34-695 NEMA 34 High Torque Stepper Motor -20to 50 | 398
HT34-695D NEMA 34 High Torque Stepper Motor w/ double shaft -20 to 50 | 398
HT34-695D-YAA NEMA 34 High Torque Stepper Motor w/ YAA Encoder | -20 to 50 | 578
HT34-695D-YAC NEMA 34 High Torque Stepper Motor w/ Encoder and

Cover -20to 50 | 735
HT34-696 NEMA 34 High Torque Stepper Motor -20 to 50 | 407
HT34-696D NEMA 34 High Torque Stepper Motor w/ double shaft -20to 50 | 407
HT34-696D-YAA NEMA 34 High Torque Stepper Motor w/ YAA Encoder | -20 to 50 | 586
HT34-696D-YAC NEMA 34 High Torque Stepper Motor w/ Encoder and

Cover -20to 50 | 745
HT34-697 NEMA 34 High Torque Stepper Motor -20to 50 | 415
HT34-697D NEMA 34 High Torque Stepper Motor w/ double shaft -20to 50 | 415
HT34-697D-HBA NEMA 34 High Torque Stepper Motor with Double

Shaft and HBA encoder -20 to 50 | 497
HT34-697D-YAA NEMA 34 High Torque Stepper Motor w/ YAA Encoder | -20 to 50 | 594
HT34-697D-YAC NEMA 34 High Torque Stepper Motor w/ Encoder and

Cover -20to 50 | 754
HW23-598 IP65 Rated, NEMA 23 High Torque Stepper Motor -20to 50 | 256
HW23-598D-ZAC IP65 Rated, NEMA 23 High Torque Stepper Motor w/

Encoder and Cover -20to 50 | 602
HW23-601 IP65 Rated, NEMA 23 High Torque Stepper Motor -20 to 50 | 331
HW23-601D-ZAC 1P65 Rated, NEMA 23 High Torque Stepper Motor w/

Encoder and Cover -20to 50 | 679
HW23-753 IP65 Rated, NEMA 23 High Torque Stepper Motor -20to 50 | 256
HW23-753D-ZAC P65 Rated, NEMA 23 High Torque Stepper Motor w/

Encoder and Cover -20to 50 | 602
HW23-754 1P65 Rated, NEMA 23 High Torque Stepper Motor -20to 50 | 331
HW23-754D-ZAC P65 Rated, NEMA 23 High Torque Stepper Motor w/

Encoder and Cover -20t0o 50 | 679
HW24-108 IP65 Rated, NEMA 24 High Torque Stepper Motor -20 to 50 | 350
HW24-108D-ZAC 1P65 Rated, NEMA 24 High Torque Stepper Motor w/

Encoder and Cover -20 to 50 | 696
HW34-506 IP65 Rated, NEMA 34 High Torque Stepper Motor -20to 50 | 590
HW34-506D-YAC 1P65 Rated, NEMA 34 High Torque Stepper Motor w/

Encoder and Cover -20to 50 | 934
HW34-696 IP65 Rated, NEMA 34 High Torque Stepper Motor -20to 50 | 575
HW34-696D-YAC IP65 Rated, NEMA 34 High Torque Stepper Motor w/

Encoder and Cover -20to 50 | 920
HX56-100 - Stepper Motor for Hazardous Locations UNK UNK
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https://www.applied-motion.com/s/product/step-motor-high-torqueht34687dhba/01t5i000007Vmf7AAC?name=HT34-687D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34687dhba/01t5i000007Vmf7AAC?name=HT34-687D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34687dyaa/01t5i000000xzETAAY?name=HT34-687D-YAA-NEMA-34-High-Torque-Stepper-Motor-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34687dyac/01t5i000000y0L2AAI?name=HT34-687D-YAC-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34687dyac/01t5i000000y0L2AAI?name=HT34-687D-YAC-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34695/01t5i000000y18EAAQ?name=HT34-695-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-high-torqueht34695d/01t5i000000y0ZeAAI?name=HT34-695D-NEMA-34-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht34695dyaa/01t5i000000xzvVAAQ?name=HT34-695D-YAA-NEMA-34-High-Torque-Stepper-Motor-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34695dyac/01t5i000000xzMOAAY?name=HT34-695D-YAC-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34695dyac/01t5i000000xzMOAAY?name=HT34-695D-YAC-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34696/01t5i000000xzVMAAY?name=HT34-696-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-high-torqueht34696d/01t5i000000y066AAA?name=HT34-696D-NEMA-34-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht34696dyaa/01t5i000000xz9NAAQ?name=HT34-696D-YAA-NEMA-34-High-Torque-Stepper-Motor-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34696dyac/01t5i000000xyzdAAA?name=HT34-696D-YAC-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34696dyac/01t5i000000xyzdAAA?name=HT34-696D-YAC-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34697/01t5i000000xz9yAAA?name=HT34-697-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-high-torqueht34697d/01t5i000000xzESAAY?name=HT34-697D-NEMA-34-High-Torque-Stepper-Motor-w-double-shaft
https://www.applied-motion.com/s/product/step-motor-high-torqueht34697dhba/01t5i000007VmfBAAS?name=HT34-697D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34697dhba/01t5i000007VmfBAAS?name=HT34-697D-HBA-NEMA-34-High-Torque-Stepper-Motor-with-Double-Shaft-and-HBA-encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34697dyaa/01t5i000000xywEAAQ?name=HT34-697D-YAA-NEMA-34-High-Torque-Stepper-Motor-w-YAA-Encoder
https://www.applied-motion.com/s/product/step-motor-high-torqueht34697dyac/01t5i000000xzhhAAA?name=HT34-697D-YAC-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-high-torqueht34697dyac/01t5i000000xzhhAAA?name=HT34-697D-YAC-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23598/01t5i000000xzusAAA?name=HW23-598-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23598dzac/01t5i000000xzEVAAY?name=HW23-598D-ZAC-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23598dzac/01t5i000000xzEVAAY?name=HW23-598D-ZAC-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23601/01t5i000000y0ZyAAI?name=HW23-601-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23601dzac/01t5i000000xyb3AAA?name=HW23-601D-ZAC-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23601dzac/01t5i000000xyb3AAA?name=HW23-601D-ZAC-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23753/01t5i000000y0L6AAI?name=HW23-753-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23753dzac/01t5i000000y0cKAAQ?name=HW23-753D-ZAC-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23753dzac/01t5i000000y0cKAAQ?name=HW23-753D-ZAC-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23754/01t5i000000xyq7AAA?name=HW23-754-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23754dzac/01t5i000000xz0cAAA?name=HW23-754D-ZAC-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw23754dzac/01t5i000000xz0cAAA?name=HW23-754D-ZAC-IP65-Rated-NEMA-23-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-ip65-ratedhw24108/01t5i000000y0bNAAQ?name=HW24-108-IP65-Rated-NEMA-24-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw24108dzac/01t5i000000xz3HAAQ?name=HW24-108D-ZAC-IP65-Rated-NEMA-24-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw24108dzac/01t5i000000xz3HAAQ?name=HW24-108D-ZAC-IP65-Rated-NEMA-24-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw34506/01t5i000000xzgbAAA?name=HW34-506-IP65-Rated-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw34506dyac/01t5i000000xzA7AAI?name=HW34-506D-YAC-IP65-Rated-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/ip65-rated-step-motorhw34506dyac/01t5i000000xzA7AAI?name=HW34-506D-YAC-IP65-Rated-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-ip65-ratedhw34696/01t5i000000y0OqAAI?name=HW34-696-IP65-Rated-NEMA-34-High-Torque-Stepper-Motor
https://www.applied-motion.com/s/product/step-motor-ip65-ratedhw34696dyac/01t5i000000xyyIAAQ?name=HW34-696D-YAC-IP65-Rated-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-ip65-ratedhw34696dyac/01t5i000000xyyIAAQ?name=HW34-696D-YAC-IP65-Rated-NEMA-34-High-Torque-Stepper-Motor-w-Encoder-and-Cover
https://www.applied-motion.com/s/product/step-motor-hazloc-blackexhx56100/01t5i000000y0HtAAI?name=HX56-100-Stepper-Motor-for-Hazardous-Locations

Table A.2 Stepper motors acquired from [68].

Stepper Motor OTR (°C) | Cost ($)
AM1524SB045004 -35t0 70 156.96
DM1220SB033030 -35t0 70 157.88
DM12202R033030 -35t0 70 172.01
AM15242R 045004 -35t0 70 174.48
AMO0820SB022500 -30 to 70 181.78
AM10202R025000 -35t0 70 187.51
AMI1524AE045004 -35t0 70 192.37
AM1524SB045006+16A 11.9:1+MGO1 | -35 to 70 192.79
AMO08202R 022500 -30 to 70 197.52
DM0620SB008011 -35t0 70 | 198.85
DM0620SB013011 -30to 70 | 198.85

AM1524SB045006+16A 22:1+MGO1 -35t0 70 199.55

AM1524SB045006+16A 41:1+MGO1 -35t0 70 | 199.55

AM1524SB045006+16A 141:1+MGO01 | -35t0 70 | 201.41

AM1524SB045070+15A 5.33:1+MGO03 | -35t0o 70 | 202.52

DM1220SB033038+12/4 4:1+MG09 -35t0 70 | 205.33

DM06202R008011 -35t0 70 | 206.36

AM1524SB045006+16A 485:1+MGO1 | -35t0o 70 | 206.36

AM1524SB045006+16A 262:1+MGO01 | -35t0 70 | 206.75

AM1524SB045070+15A 19:1+MGO03 -35t0 70 | 208.79

AM1524SB045070+15A 28:1+MGO03 -35t0 70 | 209.79

AM1524SB045070+15A 14:1+MGO03 -35t0 70 | 208.79

AM15242R045006+16A 11.9:1+MGO1 | -35t0 70 | 210.31

AM1524SB045006+16A 900:1+MGO1 | -35t0 70 | 210.97

AM1524SB045006+16A 1670:1+MGO1 | -35t0 70 | 210.97

AM1524SB045070+15A 52:1+MGO03 -35t0 70 | 211.75

AM1524SB045070+15A 69:1+MGO03 -35t0 70 | 211.75

AM1524SB045070+15A 52:1+MGO03 -35t0 70 | 211.75

AM1524SB045070+15A 152:1+MG03 | -35t0 70 | 211.75

AM1524SB045006+16A 5752:1+MGO1 | -35t0 70 | 215.63

AM1524SB045006+16A 3101:1+MGO1 | -35t0 70 | 215.63

AM1524SB045070+15A 369:1+MG03 | -35t0 70 | 2164

AM1524SB045070+15A 809:1+MGO03 | -35to 70 | 216.4

AM1524SB045070+15A 249:1+MG03 | -35t0 70 | 216.4

AM1524SB045070+15A 546:1+MGO03 | -35t0 70 | 216.4

DM1220SB033038+12/4 16:1+MG09 -35t0 70 | 216.49

AM1524SB045004+HEAM152412 -35t070 |216.82
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https://shop.faulhaber.com/am1524sb045004.html
https://shop.faulhaber.com/dm1220sb033030.html
https://shop.faulhaber.com/dm12202r033030.html
https://shop.faulhaber.com/am15242r045004.html
https://shop.faulhaber.com/am0820sb022500.html
https://shop.faulhaber.com/am10202r025000.html
https://shop.faulhaber.com/am1524ae045004.html
https://shop.faulhaber.com/am1524sb045006-16a-11-9-1-mg01.html
https://shop.faulhaber.com/am08202r022500.html
https://shop.faulhaber.com/dm0620sb008011.html
https://shop.faulhaber.com/dm0620sb013011.html
https://shop.faulhaber.com/am1524sb045006-16a-22-1-mg01.html
https://shop.faulhaber.com/am1524sb045006-16a-41-1-mg01.html
https://shop.faulhaber.com/am2224sb100010.html
https://shop.faulhaber.com/am1524sb045070-15a-5-33-1-mg03.html
https://shop.faulhaber.com/dm1220sb033038-12-4-4-1-mg09.html
https://shop.faulhaber.com/dm06202r008011.html
https://shop.faulhaber.com/am1524sb045006-16a-485-1-mg01.html
https://shop.faulhaber.com/am1524sb045006-16a-262-1-mg01.html
https://shop.faulhaber.com/am1524sb045070-15a-19-1-mg03.html
https://shop.faulhaber.com/am1524sb045070-15a-28-1-mg03.html
https://shop.faulhaber.com/am1524sb045070-15a-14-1-mg03.html
https://shop.faulhaber.com/am15242r045006-16a-11-9-1-mg01.html
https://shop.faulhaber.com/am1524sb045006-16a-900-1-mg01.html
https://shop.faulhaber.com/am1524sb045006-16a-1670-1-mg01.html
https://shop.faulhaber.com/am1524sb045070-15a-52-1-mg03.html
https://shop.faulhaber.com/am1524sb045070-15a-69-1-mg03.html
https://shop.faulhaber.com/am1524sb045070-15a-52-1-mg03.html
https://shop.faulhaber.com/am1524sb045070-15a-152-1-mg03.html
https://shop.faulhaber.com/am1524sb045006-16a-5752-1-mg01.html
https://shop.faulhaber.com/am1524sb045006-16a-3101-1-mg01.html
https://shop.faulhaber.com/am1524sb045070-15a-369-1-mg03.html
https://shop.faulhaber.com/am1524sb045070-15a-809-1-mg03.html
https://shop.faulhaber.com/am1524sb045070-15a-249-1-mg03.html
https://shop.faulhaber.com/am1524sb045070-15a-546-1-mg03.html
https://shop.faulhaber.com/dm1220sb033038-12-4-16-1-mg09.html
https://www.faulhaber.com/fileadmin/Import/Media/EN_AM1524_FPS.pdf

Appendix B: Solar Panels

The following tables show solar panel components candidates with the following text color
indication:

e Red text: Components that had dimensions less than 65 mm or greater than 100 mm.

e Yellow text: Components that exceeded 65 mm.

e Green text: Components that satisfied all primary driving factors and had at least one
dimension exceeded 80 mm.

Table B.1. Solar panel component specifications acquired from amazon.com.

Component Name Cost($) | L(mm) | W (mm) | H (mm)

Micro Solar Panels with Wire, 5SPCS 5V 200mA
Photovoltaic Solar Cells Kit 110mmx60mm /
4.33"x 2.36' 15.99 109.982 | 59.944 | 2.54

SUNYIMA 10pcs Mini Monocrystalline Solar
Cells Solar System Kit 50mm X 50mm/1.96" X
1.96" 2V 160MA for DIY Charge Solar Panels | 15.5 50.038 | 50.038 | 50.038

Retisee 30 Pcs Small Solar Panels Mini
Polycrystalline Solar Cells 5v 60ma Solar
Epoxy Plate Photovoltaic Cells Charger Module
with 10 cm Cable for Solar Battery Charger
DIY Solar System 68 x 37 mm 25.99 68.072 ]137.084 | UNK

100pcs 0.5V 400mA Micro Mini Solar Cell for
Solar Panels 52mmx 19mm/2¢°x0.75”

Polycrystalline Silicon Photovoltaic Solar Cells
Sun Power for DIY Cell Phone Charger 15.99 50.8 19.05 UNK

Sunnytech 0.5w 5v 100ma Mini Small Solar
Panel Module DIY Polysilicon Solar Epoxy
Cell Charger BO16 (GP80*80-10A100) 6.99 80.00 80.00 UNK

SUNYIMA 100pcs Mini Solar Cells 0.5V 0.4W
Micro Thin Polycrystalline Silicon Solar Panels
DIY 52 x 52mm/2x2inch 21.99 52.07 52.07 52.07

FellDen Micro Solar Panels Photovoltaic Cells,
10PCS 5V 200mA Epoxy Panel Kit

Polycrystalline Cells 110mmx60mm / 4.33"x

2.36" (5V200mA) 20.99 145.034 | 82.042 | 39.878
uxcell 2W 6V Small Solar Panel Module DIY
Polysilicon with 250mm Wire 5.35 109.982 | 3.048 UNK

Newpowa SW(Watts) 12V (Volts) SW
Monocrystalline Solar Panel Battery Maintainer
High-Efficiency PV Module Power for Battery

Charging of Boat RV Gate Opener Fences 20.49 225.044 | 195.072 | 18.034
SUNYIMA Mini Solar Panel, 5V 7W USB IBC
Solar Panel Charger with Built-in Voltage 16.99 329.946 | 1859.28 | 12.954

107


https://www.amazon.com/FellDen-Panels-5V-Photovoltaic-110mmx60mm/dp/B0BML3PR4Z/ref=sr_1_1_sspa?dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&hvadid=694233249743&hvdev=c&hvexpln=67&hvlocphy=9032151&hvnetw=g&hvocijid=17190316288682470690--&hvqmt=e&hvrand=17190316288682470690&hvtargid=kwd-379260132469&hydadcr=14908_13541505&keywords=solar%2Bcells%2Bamazon&qid=1728368626&sr=8-1-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGY&th=1
https://www.amazon.com/FellDen-Panels-5V-Photovoltaic-110mmx60mm/dp/B0BML3PR4Z/ref=sr_1_1_sspa?dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&hvadid=694233249743&hvdev=c&hvexpln=67&hvlocphy=9032151&hvnetw=g&hvocijid=17190316288682470690--&hvqmt=e&hvrand=17190316288682470690&hvtargid=kwd-379260132469&hydadcr=14908_13541505&keywords=solar%2Bcells%2Bamazon&qid=1728368626&sr=8-1-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGY&th=1
https://www.amazon.com/FellDen-Panels-5V-Photovoltaic-110mmx60mm/dp/B0BML3PR4Z/ref=sr_1_1_sspa?dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&hvadid=694233249743&hvdev=c&hvexpln=67&hvlocphy=9032151&hvnetw=g&hvocijid=17190316288682470690--&hvqmt=e&hvrand=17190316288682470690&hvtargid=kwd-379260132469&hydadcr=14908_13541505&keywords=solar%2Bcells%2Bamazon&qid=1728368626&sr=8-1-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGY&th=1
https://www.amazon.com/SUNYIMA-Polycrystalline-Panels-50x50MM-1-96inch/dp/B087TK7T7T/ref=sr_1_3?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-3
https://www.amazon.com/SUNYIMA-Polycrystalline-Panels-50x50MM-1-96inch/dp/B087TK7T7T/ref=sr_1_3?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-3
https://www.amazon.com/SUNYIMA-Polycrystalline-Panels-50x50MM-1-96inch/dp/B087TK7T7T/ref=sr_1_3?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-3
https://www.amazon.com/Retisee-Polycrystalline-Photovoltaic-Charger-Battery/dp/B0C8T85TKL/ref=sr_1_4?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-4
https://www.amazon.com/Retisee-Polycrystalline-Photovoltaic-Charger-Battery/dp/B0C8T85TKL/ref=sr_1_4?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-4
https://www.amazon.com/Retisee-Polycrystalline-Photovoltaic-Charger-Battery/dp/B0C8T85TKL/ref=sr_1_4?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-4
https://www.amazon.com/Retisee-Polycrystalline-Photovoltaic-Charger-Battery/dp/B0C8T85TKL/ref=sr_1_4?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-4
https://www.amazon.com/Retisee-Polycrystalline-Photovoltaic-Charger-Battery/dp/B0C8T85TKL/ref=sr_1_4?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-4
https://www.amazon.com/AOSHIKE-Polycrystalline-Silicon-Photovoltaic-Charger/dp/B01NCQRCQR/ref=sr_1_6?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-6
https://www.amazon.com/AOSHIKE-Polycrystalline-Silicon-Photovoltaic-Charger/dp/B01NCQRCQR/ref=sr_1_6?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-6
https://www.amazon.com/AOSHIKE-Polycrystalline-Silicon-Photovoltaic-Charger/dp/B01NCQRCQR/ref=sr_1_6?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-6
https://www.amazon.com/AOSHIKE-Polycrystalline-Silicon-Photovoltaic-Charger/dp/B01NCQRCQR/ref=sr_1_6?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-6
https://www.amazon.com/Sunnytech-100ma-Module-Polysilicon-Charger/dp/B008J9BZIA/ref=sr_1_8?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728368859&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-8&th=1
https://www.amazon.com/Sunnytech-100ma-Module-Polysilicon-Charger/dp/B008J9BZIA/ref=sr_1_8?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728368859&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-8&th=1
https://www.amazon.com/Sunnytech-100ma-Module-Polysilicon-Charger/dp/B008J9BZIA/ref=sr_1_8?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728368859&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-8&th=1
https://www.amazon.com/SUNYIMA-100pcs-Polycrystalline-Silicon-2x2inch/dp/B0895XHPKT/ref=sr_1_11?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-11
https://www.amazon.com/SUNYIMA-100pcs-Polycrystalline-Silicon-2x2inch/dp/B0895XHPKT/ref=sr_1_11?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-11
https://www.amazon.com/SUNYIMA-100pcs-Polycrystalline-Silicon-2x2inch/dp/B0895XHPKT/ref=sr_1_11?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar+cells+amazon&qid=1728368859&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-11
https://www.amazon.com/FellDen-Photovoltaic-Polycrystalline-110mmx60mm-5V200mA/dp/B0B51HZ9D9/ref=sr_1_13?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728368859&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-13&th=1
https://www.amazon.com/FellDen-Photovoltaic-Polycrystalline-110mmx60mm-5V200mA/dp/B0B51HZ9D9/ref=sr_1_13?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728368859&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-13&th=1
https://www.amazon.com/FellDen-Photovoltaic-Polycrystalline-110mmx60mm-5V200mA/dp/B0B51HZ9D9/ref=sr_1_13?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728368859&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-13&th=1
https://www.amazon.com/FellDen-Photovoltaic-Polycrystalline-110mmx60mm-5V200mA/dp/B0B51HZ9D9/ref=sr_1_13?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.SeA_2XGrKS5HnSSAVuRgS3rXh8ROwrRCtq0QcmbJnvDV-Np66dpNU0iD7k4s8UrL1iOeg2Q11DI8FL8ZSvfnrPdox_UpwbE5YA04IfeHTxMZ26oD4L9To7cWPAoFXt_MEU--sBJ_ssOohZJJpEhwO5uULA5LIQMybOy_ezZVUfdXZOhb24aK98yvtj9EDKrqC0C2AvZvIS6KqReez8tdCye1r-u8lfpgf5Ixkr_EkL0.5fcNF1PZh7PdmxgeBZ8a9kpqyjcwmID_F2VzQgU3lfk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728368859&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-13&th=1
file:///C:/Users/thefa/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/uxcell%202W%206V%20Small%20Solar%20Panel%20Module%20DIY%20Polysilicon%20with%20250mm%20Wire
file:///C:/Users/thefa/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/uxcell%202W%206V%20Small%20Solar%20Panel%20Module%20DIY%20Polysilicon%20with%20250mm%20Wire
https://www.amazon.com/Newpowa-Monocrystalline-High-Efficiency-Maintainer-Charging/dp/B00L60Y6Y4/ref=sr_1_17_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.puqyI5o-lOkuwcb0bT4cLgtnlJgtGHs3-c1rj0-TFtTGjHj071QN20LucGBJIEps.LOevlHO5mVRsWrdj3KGDHOSd6-5wymZ16A8v_nmGxNk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728369547&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-17-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGZfbmV4dA&th=1
https://www.amazon.com/Newpowa-Monocrystalline-High-Efficiency-Maintainer-Charging/dp/B00L60Y6Y4/ref=sr_1_17_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.puqyI5o-lOkuwcb0bT4cLgtnlJgtGHs3-c1rj0-TFtTGjHj071QN20LucGBJIEps.LOevlHO5mVRsWrdj3KGDHOSd6-5wymZ16A8v_nmGxNk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728369547&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-17-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGZfbmV4dA&th=1
https://www.amazon.com/Newpowa-Monocrystalline-High-Efficiency-Maintainer-Charging/dp/B00L60Y6Y4/ref=sr_1_17_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.puqyI5o-lOkuwcb0bT4cLgtnlJgtGHs3-c1rj0-TFtTGjHj071QN20LucGBJIEps.LOevlHO5mVRsWrdj3KGDHOSd6-5wymZ16A8v_nmGxNk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728369547&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-17-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGZfbmV4dA&th=1
https://www.amazon.com/Newpowa-Monocrystalline-High-Efficiency-Maintainer-Charging/dp/B00L60Y6Y4/ref=sr_1_17_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.puqyI5o-lOkuwcb0bT4cLgtnlJgtGHs3-c1rj0-TFtTGjHj071QN20LucGBJIEps.LOevlHO5mVRsWrdj3KGDHOSd6-5wymZ16A8v_nmGxNk&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728369547&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-17-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGZfbmV4dA&th=1
https://www.amazon.com/SUNYIMA-Charger-Voltage-Stabilization-Lanterns/dp/B0CHRN8VXS/ref=sr_1_18_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.puqyI5o-lOkuwcb0bT4cLgtnlJgtGHs3-c1rj0-TFtTGjHj071QN20LucGBJIEps.LOevlHO5mVRsWrdj3KGDHOSd6-5wymZ16A8v_nmGxNk&dib_tag=se&keywords=solar+cells+amazon&qid=1728369547&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-18-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGZfbmV4dA&psc=1
https://www.amazon.com/SUNYIMA-Charger-Voltage-Stabilization-Lanterns/dp/B0CHRN8VXS/ref=sr_1_18_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.puqyI5o-lOkuwcb0bT4cLgtnlJgtGHs3-c1rj0-TFtTGjHj071QN20LucGBJIEps.LOevlHO5mVRsWrdj3KGDHOSd6-5wymZ16A8v_nmGxNk&dib_tag=se&keywords=solar+cells+amazon&qid=1728369547&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-18-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGZfbmV4dA&psc=1

Stabilization System for Smart Phone, Camping
Lanterns, Small Fans Monitor

SUNYIMA 10Pcs 5V 60mA Epoxy Solar Panel
Polycrystalline Solar Cells for Solar Battery
Charger DIY Solar Syatem Kits 68mmx37mm /
2.67"x1.45" 5V Solar Cells

16.99

67.818

36.83

UNK

uxcell 5Pcs 0.6W 5.5V Small Solar Panel
Module DIY with 100mm Wire

18.99

66.04

66.04

UNK

MECCANIXITY Mini Solar Panel Cell 3V
90mA 0.27W 62mm x 36mm for DIY Electric
Power Project Pack of 5

12.49

61.976

36.068

UNK

Mini Solar Panel, Pack of 3 DC 6V 1W Solar
Panel Cell Power Module Polycrystalline
Silicon Solar Panel with 30cm Cable for
Making Solar Lawn Lights Solar Cell Phone
Charger

13.71

109.982

59.944

29.972

Cell Power Module, 3pcs Mini Solar Panel Set
DC 6V 1W Solar Cell Power Module,
Polysilicon Solar Cell Charger Module Solar
DIY System Kits with 11.8in Cable for Outdoor
Camping Hiking Travel

12.69

109.22

60.96

2.54

Jameco Valuepro G/S Solar Panel with Alligator
Clips, 6V, 150 mA, 0.9W

12.21

88.9

76.2

UNK

DMiotech 5 Pack 3V 110mA 60mm x 55mm
Mini Solar Panel Cell for DIY Electric Power
Project

8.49

59.944

55.118

UNK

DMiotech 5 Pack 0.5V 100mA 53mm x 18mm
Mini Solar Panel Cell for DIY Electrical Power
Project

7.99

53.086

18.034

UNK

DMiotech 5 Pack 2V 160mA 60mm x 60mm
Mini Solar Panel Cell for DIY Electric Power
Project

7.99

59.944

59.944

UNK

DMiotech 12V 1.5W 115mm x 90mm Mini
Solar Panel Cell for DIY Electric Power Project

9.49

115.062

115.062

89.916

DMiotech 5 Pack 5.5V 60mA 60mm x 60mm
Mini Solar Panel Cell for DIY Electric Power
Project

7.49

59.944

59.944

UNK

DMiotech 5 Pack 0.5V 100mA 53mm x 18mm
Mini Solar Panel Cell for DIY Electric Power
Project

5.49

53.086

18.034

UNK

DMiotech 18V 2.5W 194mm x 120mm Mini
Solar Panel Cell for DIY Electric Power Project

13.49

194.056

119.888

UNK

4Pcs 0.15W 3V Solar Panel Polysilicon Solar
Charging Module Accessory 40x30mm 4Pcs

0.15W 3V Solar Panel for Family

9.83

130.048

109.982

9.906
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https://www.amazon.com/SUNYIMA-Charger-Voltage-Stabilization-Lanterns/dp/B0CHRN8VXS/ref=sr_1_18_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.puqyI5o-lOkuwcb0bT4cLgtnlJgtGHs3-c1rj0-TFtTGjHj071QN20LucGBJIEps.LOevlHO5mVRsWrdj3KGDHOSd6-5wymZ16A8v_nmGxNk&dib_tag=se&keywords=solar+cells+amazon&qid=1728369547&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-18-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGZfbmV4dA&psc=1
https://www.amazon.com/SUNYIMA-Charger-Voltage-Stabilization-Lanterns/dp/B0CHRN8VXS/ref=sr_1_18_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.puqyI5o-lOkuwcb0bT4cLgtnlJgtGHs3-c1rj0-TFtTGjHj071QN20LucGBJIEps.LOevlHO5mVRsWrdj3KGDHOSd6-5wymZ16A8v_nmGxNk&dib_tag=se&keywords=solar+cells+amazon&qid=1728369547&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-18-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGZfbmV4dA&psc=1
https://www.amazon.com/AOSHIKE-Polycrystalline-Battery-Charger-2-67x1-45inch/dp/B0736W4HK1/ref=sr_1_19?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.WMlnXVD3yWNcodh0atTC6VX8paG8IhvPWLvIPArHG9Kq6h4Fr0tL5pV2EzP14vdsB_62KKHK8D3cndqLkug658IG9JUDwj3TbFZizPgUa3HCT3IFKR0rXF4hcL4VDwStSlAvUnXW8vWRFtFVz4adJxVido1RNaM-QXtV1pF0LDXEZms7-O6gsJicDJuF2Ys4.QINtACxZqmdmw4PPCkRXQzFDoXYL0hjUWcWHYAtpj_s&dib_tag=se&keywords=solar+cells+amazon&qid=1728369547&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-19
https://www.amazon.com/AOSHIKE-Polycrystalline-Battery-Charger-2-67x1-45inch/dp/B0736W4HK1/ref=sr_1_19?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.WMlnXVD3yWNcodh0atTC6VX8paG8IhvPWLvIPArHG9Kq6h4Fr0tL5pV2EzP14vdsB_62KKHK8D3cndqLkug658IG9JUDwj3TbFZizPgUa3HCT3IFKR0rXF4hcL4VDwStSlAvUnXW8vWRFtFVz4adJxVido1RNaM-QXtV1pF0LDXEZms7-O6gsJicDJuF2Ys4.QINtACxZqmdmw4PPCkRXQzFDoXYL0hjUWcWHYAtpj_s&dib_tag=se&keywords=solar+cells+amazon&qid=1728369547&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-19
https://www.amazon.com/AOSHIKE-Polycrystalline-Battery-Charger-2-67x1-45inch/dp/B0736W4HK1/ref=sr_1_19?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.WMlnXVD3yWNcodh0atTC6VX8paG8IhvPWLvIPArHG9Kq6h4Fr0tL5pV2EzP14vdsB_62KKHK8D3cndqLkug658IG9JUDwj3TbFZizPgUa3HCT3IFKR0rXF4hcL4VDwStSlAvUnXW8vWRFtFVz4adJxVido1RNaM-QXtV1pF0LDXEZms7-O6gsJicDJuF2Ys4.QINtACxZqmdmw4PPCkRXQzFDoXYL0hjUWcWHYAtpj_s&dib_tag=se&keywords=solar+cells+amazon&qid=1728369547&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-19
https://www.amazon.com/AOSHIKE-Polycrystalline-Battery-Charger-2-67x1-45inch/dp/B0736W4HK1/ref=sr_1_19?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.WMlnXVD3yWNcodh0atTC6VX8paG8IhvPWLvIPArHG9Kq6h4Fr0tL5pV2EzP14vdsB_62KKHK8D3cndqLkug658IG9JUDwj3TbFZizPgUa3HCT3IFKR0rXF4hcL4VDwStSlAvUnXW8vWRFtFVz4adJxVido1RNaM-QXtV1pF0LDXEZms7-O6gsJicDJuF2Ys4.QINtACxZqmdmw4PPCkRXQzFDoXYL0hjUWcWHYAtpj_s&dib_tag=se&keywords=solar+cells+amazon&qid=1728369547&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-19
https://www.amazon.com/uxcell-Small-Module-Polysilicon-Charger/dp/B07JLXW6SG/ref=sr_1_48_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.E3CxLcnQkqbquxD3nJg49xKsNjrXZ5jbaCgp1rjr3lil3mwNV1Oe1DGXI3So9wwofqO0RWMGJIjnmFvXI7HN20xKmB9KypGCaBc_smZz-6t0DTAvK2A4RYoXu569ch8lJiDxYV7dE4qgTNY5ucOLJSTYtjSBeEWWlbMKS4lXeIPsLbbTnB2fxDxF2D4W31y0.LxBOcve6_O9Jj8SpIHHDhXk0wSIhmuEc8xw1Dm9OJAw&dib_tag=se&keywords=solar+cells+amazon&qid=1728369848&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-48-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/uxcell-Small-Module-Polysilicon-Charger/dp/B07JLXW6SG/ref=sr_1_48_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.E3CxLcnQkqbquxD3nJg49xKsNjrXZ5jbaCgp1rjr3lil3mwNV1Oe1DGXI3So9wwofqO0RWMGJIjnmFvXI7HN20xKmB9KypGCaBc_smZz-6t0DTAvK2A4RYoXu569ch8lJiDxYV7dE4qgTNY5ucOLJSTYtjSBeEWWlbMKS4lXeIPsLbbTnB2fxDxF2D4W31y0.LxBOcve6_O9Jj8SpIHHDhXk0wSIhmuEc8xw1Dm9OJAw&dib_tag=se&keywords=solar+cells+amazon&qid=1728369848&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-48-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/MECCANIXITY-Solar-Panel-Electric-Project/dp/B0BDX3KB63/ref=sr_1_59_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-59-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/MECCANIXITY-Solar-Panel-Electric-Project/dp/B0BDX3KB63/ref=sr_1_59_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-59-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/MECCANIXITY-Solar-Panel-Electric-Project/dp/B0BDX3KB63/ref=sr_1_59_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-59-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/Module-Polycrystalline-Silicon-Making-Charger/dp/B0CTH1XM61/ref=sr_1_60_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-60-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/Module-Polycrystalline-Silicon-Making-Charger/dp/B0CTH1XM61/ref=sr_1_60_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-60-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/Module-Polycrystalline-Silicon-Making-Charger/dp/B0CTH1XM61/ref=sr_1_60_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-60-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/Module-Polycrystalline-Silicon-Making-Charger/dp/B0CTH1XM61/ref=sr_1_60_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-60-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/Module-Polycrystalline-Silicon-Making-Charger/dp/B0CTH1XM61/ref=sr_1_60_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-60-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/Solar-Module-Battery-Polycrystalline-Silicon/dp/B0C9FN3ZJ5/ref=sr_1_70_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-70-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/Solar-Module-Battery-Polycrystalline-Silicon/dp/B0C9FN3ZJ5/ref=sr_1_70_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-70-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/Solar-Module-Battery-Polycrystalline-Silicon/dp/B0C9FN3ZJ5/ref=sr_1_70_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-70-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/Solar-Module-Battery-Polycrystalline-Silicon/dp/B0C9FN3ZJ5/ref=sr_1_70_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-70-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/Solar-Module-Battery-Polycrystalline-Silicon/dp/B0C9FN3ZJ5/ref=sr_1_70_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.IjWMZXKZ2iQ3vfH4L_B1dKVklpuuLqfU-zqWMTUfQLqRjibbQ27rJN-vpFJJRZr6dKYYqClRmmWey8g5NPWaP91dkXwXfWuyYRlmhnMsN6GbHQFzbdlnjU_g-iRuUjahO0cohN-A2bGqDvh0qCZxLB1t5IPou78mnycf2nRJiaJnMAbKWp_ionqcAjmzeW5vOuJnvj14ciUl2nlwRIWHs2VXNGKmbDE2EBsYSspYCeM.uvOzj6HfpKRvUc0LNgVrLS5KFmaO1uT23tlwvJIhBFY&dib_tag=se&keywords=solar+cells+amazon&qid=1728369975&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-70-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/Jameco-Valuepro-Solar-Panel-Alligator/dp/B0160NROX6/ref=sr_1_83?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.v9WiOf_-1BsC2soGdyRJvokvtowQaPO2PZKVA_Bf1lTGjHj071QN20LucGBJIEps.NRI9DNQCHYCuG8pCbZ3f21AesQ57aZzT9tHhOZy33u0&dib_tag=se&keywords=solar+cells+amazon&qid=1728370230&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-83
https://www.amazon.com/Jameco-Valuepro-Solar-Panel-Alligator/dp/B0160NROX6/ref=sr_1_83?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.v9WiOf_-1BsC2soGdyRJvokvtowQaPO2PZKVA_Bf1lTGjHj071QN20LucGBJIEps.NRI9DNQCHYCuG8pCbZ3f21AesQ57aZzT9tHhOZy33u0&dib_tag=se&keywords=solar+cells+amazon&qid=1728370230&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-83
https://www.amazon.com/DMiotech-110mA-Solar-Electric-Project/dp/B0BCKP73QD/ref=sr_1_97_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.hdV0Iy27tn6iJSjycx3kBgfpjUnmXlfhtb6Vov4saW51ZtTtRoLv7PEte7WKGPjgYAc_o3zzEzlb2OwjVeUjyQR6LQEJJOXAdU27tSdrdtton7xcR2k_fhmsmzPMlhnAFhgFficj5P3iikJuK7WBD_oWKQmDA_hwbskzl7Q9pkzWF6dW41NDmKvvgxOWAn8_.eU3vn-32IHxq0wTdYf5QJkG4xhuZuudWN-S_Fm8upw4&dib_tag=se&keywords=solar+cells+amazon&qid=1728370230&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-97-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/DMiotech-110mA-Solar-Electric-Project/dp/B0BCKP73QD/ref=sr_1_97_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.hdV0Iy27tn6iJSjycx3kBgfpjUnmXlfhtb6Vov4saW51ZtTtRoLv7PEte7WKGPjgYAc_o3zzEzlb2OwjVeUjyQR6LQEJJOXAdU27tSdrdtton7xcR2k_fhmsmzPMlhnAFhgFficj5P3iikJuK7WBD_oWKQmDA_hwbskzl7Q9pkzWF6dW41NDmKvvgxOWAn8_.eU3vn-32IHxq0wTdYf5QJkG4xhuZuudWN-S_Fm8upw4&dib_tag=se&keywords=solar+cells+amazon&qid=1728370230&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-97-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/DMiotech-110mA-Solar-Electric-Project/dp/B0BCKP73QD/ref=sr_1_97_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.hdV0Iy27tn6iJSjycx3kBgfpjUnmXlfhtb6Vov4saW51ZtTtRoLv7PEte7WKGPjgYAc_o3zzEzlb2OwjVeUjyQR6LQEJJOXAdU27tSdrdtton7xcR2k_fhmsmzPMlhnAFhgFficj5P3iikJuK7WBD_oWKQmDA_hwbskzl7Q9pkzWF6dW41NDmKvvgxOWAn8_.eU3vn-32IHxq0wTdYf5QJkG4xhuZuudWN-S_Fm8upw4&dib_tag=se&keywords=solar+cells+amazon&qid=1728370230&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-97-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/DMiotech-100mA-Solar-Electrical-Project/dp/B0BCKZ4YWS/ref=sr_1_102_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.0x02iYk3CVY8BVMs-h7ZYTiY_XwC4TpVeMo5BXajPtqyXgOS33S46jXva_nJ9JX5pcqIuB_aOchRIklI1BeqkLxfAp_GkS_Kt6qF3fTegNxbSeOIrK9gmhLjy1wZSCu3uV83gF6T1LYtkKj6lGPzUz9hzWLf9ctiuzsAIZcSXYOzoN9nNIj0HlPBoTd43Nk8.h1iUIoaEcN_CbWvzgnC4QE6acnXPQTk_Wq8MKuL4sIw&dib_tag=se&keywords=solar+cells+amazon&qid=1728370334&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-102-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-100mA-Solar-Electrical-Project/dp/B0BCKZ4YWS/ref=sr_1_102_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.0x02iYk3CVY8BVMs-h7ZYTiY_XwC4TpVeMo5BXajPtqyXgOS33S46jXva_nJ9JX5pcqIuB_aOchRIklI1BeqkLxfAp_GkS_Kt6qF3fTegNxbSeOIrK9gmhLjy1wZSCu3uV83gF6T1LYtkKj6lGPzUz9hzWLf9ctiuzsAIZcSXYOzoN9nNIj0HlPBoTd43Nk8.h1iUIoaEcN_CbWvzgnC4QE6acnXPQTk_Wq8MKuL4sIw&dib_tag=se&keywords=solar+cells+amazon&qid=1728370334&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-102-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-100mA-Solar-Electrical-Project/dp/B0BCKZ4YWS/ref=sr_1_102_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.0x02iYk3CVY8BVMs-h7ZYTiY_XwC4TpVeMo5BXajPtqyXgOS33S46jXva_nJ9JX5pcqIuB_aOchRIklI1BeqkLxfAp_GkS_Kt6qF3fTegNxbSeOIrK9gmhLjy1wZSCu3uV83gF6T1LYtkKj6lGPzUz9hzWLf9ctiuzsAIZcSXYOzoN9nNIj0HlPBoTd43Nk8.h1iUIoaEcN_CbWvzgnC4QE6acnXPQTk_Wq8MKuL4sIw&dib_tag=se&keywords=solar+cells+amazon&qid=1728370334&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-102-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-160mA-Solar-Electric-Project/dp/B0BCKKVBXH/ref=sr_1_103_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.0x02iYk3CVY8BVMs-h7ZYTiY_XwC4TpVeMo5BXajPtqyXgOS33S46jXva_nJ9JX5pcqIuB_aOchRIklI1BeqkLxfAp_GkS_Kt6qF3fTegNxbSeOIrK9gmhLjy1wZSCu3uV83gF6T1LYtkKj6lGPzUz9hzWLf9ctiuzsAIZcSXYOzoN9nNIj0HlPBoTd43Nk8.h1iUIoaEcN_CbWvzgnC4QE6acnXPQTk_Wq8MKuL4sIw&dib_tag=se&keywords=solar+cells+amazon&qid=1728370334&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-103-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-160mA-Solar-Electric-Project/dp/B0BCKKVBXH/ref=sr_1_103_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.0x02iYk3CVY8BVMs-h7ZYTiY_XwC4TpVeMo5BXajPtqyXgOS33S46jXva_nJ9JX5pcqIuB_aOchRIklI1BeqkLxfAp_GkS_Kt6qF3fTegNxbSeOIrK9gmhLjy1wZSCu3uV83gF6T1LYtkKj6lGPzUz9hzWLf9ctiuzsAIZcSXYOzoN9nNIj0HlPBoTd43Nk8.h1iUIoaEcN_CbWvzgnC4QE6acnXPQTk_Wq8MKuL4sIw&dib_tag=se&keywords=solar+cells+amazon&qid=1728370334&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-103-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-160mA-Solar-Electric-Project/dp/B0BCKKVBXH/ref=sr_1_103_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.0x02iYk3CVY8BVMs-h7ZYTiY_XwC4TpVeMo5BXajPtqyXgOS33S46jXva_nJ9JX5pcqIuB_aOchRIklI1BeqkLxfAp_GkS_Kt6qF3fTegNxbSeOIrK9gmhLjy1wZSCu3uV83gF6T1LYtkKj6lGPzUz9hzWLf9ctiuzsAIZcSXYOzoN9nNIj0HlPBoTd43Nk8.h1iUIoaEcN_CbWvzgnC4QE6acnXPQTk_Wq8MKuL4sIw&dib_tag=se&keywords=solar+cells+amazon&qid=1728370334&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-103-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-115mm-Solar-Electric-Project/dp/B0BCKNTLYK/ref=sr_1_134_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.qVzcbEQ2P39ExoDAp1w2Z6rLfrd5o2-47cLk1bWzhJ4_6eXH5O6d2ih2DcHGNxZVtCqmEMQGY9vuW_cjc3OBkcvxhGfv5pZQiP9MwBRUgvMEZ8p1bN4xxn0nD7n3nt79bhmU4ET6A1UIWuz8pOSobxxWuzLKz0mjI4-_CYP1CdcKv6wlnOwZtShj8R117nje.XZtBSj0eJVUWXc_qMC2ogSr9hNUQK-J_hqAddVdQZlA&dib_tag=se&keywords=solar+cells+amazon&qid=1728370570&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-134-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-115mm-Solar-Electric-Project/dp/B0BCKNTLYK/ref=sr_1_134_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.qVzcbEQ2P39ExoDAp1w2Z6rLfrd5o2-47cLk1bWzhJ4_6eXH5O6d2ih2DcHGNxZVtCqmEMQGY9vuW_cjc3OBkcvxhGfv5pZQiP9MwBRUgvMEZ8p1bN4xxn0nD7n3nt79bhmU4ET6A1UIWuz8pOSobxxWuzLKz0mjI4-_CYP1CdcKv6wlnOwZtShj8R117nje.XZtBSj0eJVUWXc_qMC2ogSr9hNUQK-J_hqAddVdQZlA&dib_tag=se&keywords=solar+cells+amazon&qid=1728370570&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-134-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-Solar-Panel-Electric-Project/dp/B0BCKP5S85/ref=sr_1_135_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.qVzcbEQ2P39ExoDAp1w2Z6rLfrd5o2-47cLk1bWzhJ4_6eXH5O6d2ih2DcHGNxZVtCqmEMQGY9vuW_cjc3OBkcvxhGfv5pZQiP9MwBRUgvMEZ8p1bN4xxn0nD7n3nt79bhmU4ET6A1UIWuz8pOSobxxWuzLKz0mjI4-_CYP1CdcKv6wlnOwZtShj8R117nje.XZtBSj0eJVUWXc_qMC2ogSr9hNUQK-J_hqAddVdQZlA&dib_tag=se&keywords=solar+cells+amazon&qid=1728370570&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-135-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-Solar-Panel-Electric-Project/dp/B0BCKP5S85/ref=sr_1_135_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.qVzcbEQ2P39ExoDAp1w2Z6rLfrd5o2-47cLk1bWzhJ4_6eXH5O6d2ih2DcHGNxZVtCqmEMQGY9vuW_cjc3OBkcvxhGfv5pZQiP9MwBRUgvMEZ8p1bN4xxn0nD7n3nt79bhmU4ET6A1UIWuz8pOSobxxWuzLKz0mjI4-_CYP1CdcKv6wlnOwZtShj8R117nje.XZtBSj0eJVUWXc_qMC2ogSr9hNUQK-J_hqAddVdQZlA&dib_tag=se&keywords=solar+cells+amazon&qid=1728370570&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-135-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-Solar-Panel-Electric-Project/dp/B0BCKP5S85/ref=sr_1_135_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.qVzcbEQ2P39ExoDAp1w2Z6rLfrd5o2-47cLk1bWzhJ4_6eXH5O6d2ih2DcHGNxZVtCqmEMQGY9vuW_cjc3OBkcvxhGfv5pZQiP9MwBRUgvMEZ8p1bN4xxn0nD7n3nt79bhmU4ET6A1UIWuz8pOSobxxWuzLKz0mjI4-_CYP1CdcKv6wlnOwZtShj8R117nje.XZtBSj0eJVUWXc_qMC2ogSr9hNUQK-J_hqAddVdQZlA&dib_tag=se&keywords=solar+cells+amazon&qid=1728370570&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-135-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-100mA-Solar-Electric-Project/dp/B0BCKNPMF5/ref=sr_1_144_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.qVzcbEQ2P39ExoDAp1w2Z6rLfrd5o2-47cLk1bWzhJ4_6eXH5O6d2ih2DcHGNxZVtCqmEMQGY9vuW_cjc3OBkcvxhGfv5pZQiP9MwBRUgvMEZ8p1bN4xxn0nD7n3nt79bhmU4ET6A1UIWuz8pOSobxxWuzLKz0mjI4-_CYP1CdcKv6wlnOwZtShj8R117nje.XZtBSj0eJVUWXc_qMC2ogSr9hNUQK-J_hqAddVdQZlA&dib_tag=se&keywords=solar+cells+amazon&qid=1728370570&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-144-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/DMiotech-100mA-Solar-Electric-Project/dp/B0BCKNPMF5/ref=sr_1_144_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.qVzcbEQ2P39ExoDAp1w2Z6rLfrd5o2-47cLk1bWzhJ4_6eXH5O6d2ih2DcHGNxZVtCqmEMQGY9vuW_cjc3OBkcvxhGfv5pZQiP9MwBRUgvMEZ8p1bN4xxn0nD7n3nt79bhmU4ET6A1UIWuz8pOSobxxWuzLKz0mjI4-_CYP1CdcKv6wlnOwZtShj8R117nje.XZtBSj0eJVUWXc_qMC2ogSr9hNUQK-J_hqAddVdQZlA&dib_tag=se&keywords=solar+cells+amazon&qid=1728370570&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-144-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/DMiotech-100mA-Solar-Electric-Project/dp/B0BCKNPMF5/ref=sr_1_144_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.qVzcbEQ2P39ExoDAp1w2Z6rLfrd5o2-47cLk1bWzhJ4_6eXH5O6d2ih2DcHGNxZVtCqmEMQGY9vuW_cjc3OBkcvxhGfv5pZQiP9MwBRUgvMEZ8p1bN4xxn0nD7n3nt79bhmU4ET6A1UIWuz8pOSobxxWuzLKz0mjI4-_CYP1CdcKv6wlnOwZtShj8R117nje.XZtBSj0eJVUWXc_qMC2ogSr9hNUQK-J_hqAddVdQZlA&dib_tag=se&keywords=solar+cells+amazon&qid=1728370570&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-144-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/DMiotech-194mm-120mm-Electric-Project/dp/B0BCKLDMJ5/ref=sr_1_150_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.6PWXm-PysHvFLJ4y3ypRwVYFpAhAZvN8nk_Lic1ZoMoft0Y869LUCXLEr4ym4XKd1OZnd_pTIJUPBMzNJl3elYWNDC0FGNE4B4vHOuYDyrPP_Y91H5wrzFZCJUSo7tNhPpV6Hpzmym2u-UC24d7FZVRtvdTUVT2du0PappbDlHY1j6IGCISjG9ovjGUxVm3J.1nqE60PYDQ1Or-H7aM0JClfL7LQGaJV5Qum6SV5Wyf0&dib_tag=se&keywords=solar+cells+amazon&qid=1728370705&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-150-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-194mm-120mm-Electric-Project/dp/B0BCKLDMJ5/ref=sr_1_150_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.6PWXm-PysHvFLJ4y3ypRwVYFpAhAZvN8nk_Lic1ZoMoft0Y869LUCXLEr4ym4XKd1OZnd_pTIJUPBMzNJl3elYWNDC0FGNE4B4vHOuYDyrPP_Y91H5wrzFZCJUSo7tNhPpV6Hpzmym2u-UC24d7FZVRtvdTUVT2du0PappbDlHY1j6IGCISjG9ovjGUxVm3J.1nqE60PYDQ1Or-H7aM0JClfL7LQGaJV5Qum6SV5Wyf0&dib_tag=se&keywords=solar+cells+amazon&qid=1728370705&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-150-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/Polysilicon-Charging-Module-Accessory-40x30mm/dp/B0CLP9T3MQ/ref=sr_1_175_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.AcSDTumGt86-sajeHZLC_OusxjtrUaTGiGqaEOHkXIINu5So4uZOorRXrJwIHXSpP46l6iWhhNGFPi776fvjaoPwgg2p1_f1oSdXUh--pcjZjSUPIRyMKNnFiR7inVgKN4hFY4vGiiop9hsDgdCqnAwUcpCewqwg3QgsSm2iukzS77571QjlXGMdIbVIVSr5.AiUaF3GJAdPovwxdZmb0RUYMYyMLzkkRXO-MfjsFqU8&dib_tag=se&keywords=solar+cells+amazon&qid=1728370749&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-175-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/Polysilicon-Charging-Module-Accessory-40x30mm/dp/B0CLP9T3MQ/ref=sr_1_175_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.AcSDTumGt86-sajeHZLC_OusxjtrUaTGiGqaEOHkXIINu5So4uZOorRXrJwIHXSpP46l6iWhhNGFPi776fvjaoPwgg2p1_f1oSdXUh--pcjZjSUPIRyMKNnFiR7inVgKN4hFY4vGiiop9hsDgdCqnAwUcpCewqwg3QgsSm2iukzS77571QjlXGMdIbVIVSr5.AiUaF3GJAdPovwxdZmb0RUYMYyMLzkkRXO-MfjsFqU8&dib_tag=se&keywords=solar+cells+amazon&qid=1728370749&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-175-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1
https://www.amazon.com/Polysilicon-Charging-Module-Accessory-40x30mm/dp/B0CLP9T3MQ/ref=sr_1_175_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.AcSDTumGt86-sajeHZLC_OusxjtrUaTGiGqaEOHkXIINu5So4uZOorRXrJwIHXSpP46l6iWhhNGFPi776fvjaoPwgg2p1_f1oSdXUh--pcjZjSUPIRyMKNnFiR7inVgKN4hFY4vGiiop9hsDgdCqnAwUcpCewqwg3QgsSm2iukzS77571QjlXGMdIbVIVSr5.AiUaF3GJAdPovwxdZmb0RUYMYyMLzkkRXO-MfjsFqU8&dib_tag=se&keywords=solar+cells+amazon&qid=1728370749&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-175-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9idGY&psc=1

DMiotech 6V 3W 145mm x 145mm Mini Solar
Panel Cell for DIY Electric Power Project

13.99

145.034

145.034

UNK

2W 12V Solar Panel DIY Battery Solar Charger
Board + Tiger Clip- Perfect for Outdoor
Charging Batteries and Low-Power Electronic
Products

9.99
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13

UNK

20 Watt Solar Panel High Efficiency
Monocrystalline Photovoltaic Modules

22.99

350.52

17.018

495.3

RANIT 65mm x 65mm 5.5V 110mA Poly Mini
Solar Cell Panel Module with 30cm Cable DIY
for Charger

11.65

65

65

UNK

3.5W 6V 600ma Mini Solar Panel Module
Solar System Cell Outdoor Camping Battery
Charger DIY Parts

7.59

165.1

134.874

2.032

2W 12V 160ma Mini Solar Panel Module Solar
System Cell Outdoor Camping Battery Charger
DIY Parts

6.99

135.89

109.982

2.032

3W 12V 250ma Mini Solar Panel Module Solar
System Cell Outdoor Camping Battery Charger
DIY Parts

7.99

145.034

145.034

2.032

Ejoyous Mini Solar Panel, 3Pcs DC 6V Solar
Cells Charger Power Module Polycrystalline
Silicon Solar Panel with 30cm Cable for
Outdoor Camping Hiking Travel

13.56

109.22

60.96

UNK

Flexible Solar Panel Mini Thin Film Solar Cell
Battery Charger Solar Energy Charging Home
Science Projects 2V 0.5W

8.99

195.072

57.912

1.016

Flexible Solar Panel Mini Thin Film Solar Cell
Battery Charger Solar Energy Charging Home
Science DIY Projects 1.5V 0.7W | 270mm x
S5mm

11.99

270.002

55.118

1.016

Velleman SOL3-VP Solar Cell, 1V, 200 mA,

1.8" x 3.0" x 0.2" Size, Red/Black

6.95

45.72

71.12

0.508

Table B.2. Solar panel specifications acquired from voltaicsystems.com

Component Name Cost($) | L(mm) | W (mm) | H(mm)
0.4 Watt 2.5 Volt Mini Solar Panel - ETFE 5.5 32.5 94 2.6

0.3 Watt 2 Volt Mini Solar Panel - ETFE 5.5 52 52 2.6

0.3 Watt 6 Volt Mini Solar Panel - ETFE 6 52 52 2.6

0.6 Watt 6 Volt Small Solar Panel - ETFE 9 66 66 2.6

1.2 Watt 6 Volt Small Solar Panel - ETFE 14 66 113 2.6

2 Watt 6 Volt Small Solar Panel - ETFE 21 112 136 2.7

5 Watt 6 Volt Solar Panel - ETFE 35 148 223 4

9 Watt 18 Volt Solar Panel - ETFE 45 223 274 4
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https://www.amazon.com/DMiotech-145mm-Solar-Electric-Project/dp/B0BCKNNZSS/ref=sr_1_182_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.ou8IhtZTvVO3nBwWV2cRNQxrkbnqg3NPfcYxk-QTzJO9S6YVU-HEYqn6AxUezprnwWwEiQTgRkcj_4hoN0Tj8JGi6ldZVmzT3dYAAW58C0WyZlpyolkwtkLZPQXQO6DbLUW5kVWayHsFTpZMOvhLA-sjiWFDl1X6CQPELUh9oVxow2--owwIhu6DXlfnN5Bs.rtk8c8BwLknHkbDZk-PT3MHj_iGqGWs6w6T2nOmuf0I&dib_tag=se&keywords=solar+cells+amazon&qid=1728370792&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-182-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/DMiotech-145mm-Solar-Electric-Project/dp/B0BCKNNZSS/ref=sr_1_182_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.ou8IhtZTvVO3nBwWV2cRNQxrkbnqg3NPfcYxk-QTzJO9S6YVU-HEYqn6AxUezprnwWwEiQTgRkcj_4hoN0Tj8JGi6ldZVmzT3dYAAW58C0WyZlpyolkwtkLZPQXQO6DbLUW5kVWayHsFTpZMOvhLA-sjiWFDl1X6CQPELUh9oVxow2--owwIhu6DXlfnN5Bs.rtk8c8BwLknHkbDZk-PT3MHj_iGqGWs6w6T2nOmuf0I&dib_tag=se&keywords=solar+cells+amazon&qid=1728370792&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-182-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&psc=1
https://www.amazon.com/Folgtek-Charging-Batteries-Low-Power-Electronic/dp/B0CP924ZXL/ref=sr_1_183_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.ou8IhtZTvVO3nBwWV2cRNQxrkbnqg3NPfcYxk-QTzJO9S6YVU-HEYqn6AxUezprnwWwEiQTgRkcj_4hoN0Tj8JGi6ldZVmzT3dYAAW58C0WyZlpyolkwtkLZPQXQO6DbLUW5kVWayHsFTpZMOvhLA-sjiWFDl1X6CQPELUh9oVxow2--owwIhu6DXlfnN5Bs.rtk8c8BwLknHkbDZk-PT3MHj_iGqGWs6w6T2nOmuf0I&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728370792&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-183-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&th=1
https://www.amazon.com/Folgtek-Charging-Batteries-Low-Power-Electronic/dp/B0CP924ZXL/ref=sr_1_183_sspa?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.ou8IhtZTvVO3nBwWV2cRNQxrkbnqg3NPfcYxk-QTzJO9S6YVU-HEYqn6AxUezprnwWwEiQTgRkcj_4hoN0Tj8JGi6ldZVmzT3dYAAW58C0WyZlpyolkwtkLZPQXQO6DbLUW5kVWayHsFTpZMOvhLA-sjiWFDl1X6CQPELUh9oVxow2--owwIhu6DXlfnN5Bs.rtk8c8BwLknHkbDZk-PT3MHj_iGqGWs6w6T2nOmuf0I&dib_tag=se&keywords=solar%2Bcells%2Bamazon&qid=1728370792&sprefix=solar%2Bcells%2Bamazon%2Caps%2C228&sr=8-183-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9tdGY&th=1
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https://www.amazon.com/Velleman-SOL3-VP-Solar-Cell-Black/dp/B01MRCPF7E/ref=sr_1_284?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.bVX8BgK1PYpNkYX07_O7RpgjpiKdL5iB13nifVl1pzejHjhXkuFOc2rTCXJ-lHJz0Lj6QuVh8GN8l6m0noSRNU9nsqGY8iczGbXtYHdTKz_8mlpq76FRhg2CC98fUmZe9vzy6gHSAiGULzfX8-70zcKDFwymze0QGXmwUf86CuRvOa9Vl8nOBlQ7VhfA7-NG.szfRgeC7HmTr2_cv460UVynrzqvQFJR64kJi7J1oLJQ&dib_tag=se&keywords=solar+cells+amazon&qid=1728372599&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-284
https://www.amazon.com/Velleman-SOL3-VP-Solar-Cell-Black/dp/B01MRCPF7E/ref=sr_1_284?crid=3U7MLRR469H3V&dib=eyJ2IjoiMSJ9.bVX8BgK1PYpNkYX07_O7RpgjpiKdL5iB13nifVl1pzejHjhXkuFOc2rTCXJ-lHJz0Lj6QuVh8GN8l6m0noSRNU9nsqGY8iczGbXtYHdTKz_8mlpq76FRhg2CC98fUmZe9vzy6gHSAiGULzfX8-70zcKDFwymze0QGXmwUf86CuRvOa9Vl8nOBlQ7VhfA7-NG.szfRgeC7HmTr2_cv460UVynrzqvQFJR64kJi7J1oLJQ&dib_tag=se&keywords=solar+cells+amazon&qid=1728372599&sprefix=solar+cells+amazon%2Caps%2C228&sr=8-284
https://voltaicsystems.com/p134
https://voltaicsystems.com/0-3-watt-2-volt-solar-panel-etfe/
https://voltaicsystems.com/0-3-watt-6-volt-solar-panel-etfe/
https://voltaicsystems.com/0-6-watt-6-volt-solar-panel-etfe/
https://voltaicsystems.com/1-watt-6-volt-solar-panel-etfe/
https://voltaicsystems.com/2-watt-6-volt-solar-panel-etfe/
https://voltaicsystems.com/5-watt-panel-etfe/
https://voltaicsystems.com/9-watt-18v-panel-etfe/

9 Watt 18 Volt Solar Panel 79 221 257 5
10 Watt 6 Volt Solar Panel - ETFE 65 223 274 4
20 Watt 6 Volt Solar Panel - ETFE 99 436 274 4
25 Watt 18 Volt Solar Panel 59 507 307 17
50 Watt 18 Volt Solar Panel 89 586 507 30
100 Watt 18 Volt Solar Panel 139 980 586 30
1.2 Watt 6 Volt Small Solar Panel - Glass 14 66 113 2.6
1 Watt 6 Volt Solar Panel 21 89 113 5
2 Watt 6 Volt Solar Panel 29 136 112 5
3.5 Watt 6 Volt Solar Panel 39 210 113 5
6 Watt 6 Volt Solar Panel 59 175 221 5
9 Watt 6 Volt Solar Panel 79 221 257 5
17 Watt 18 Volt Solar Panel 129 274 393 5

Table B.3. Solar panel specifications acquired from digikey.com.
Component Name Cost($) | L(mm) | W (mm) |H (mm)
SM141K04LV 5 4.50088 | 15.0114 | 2.1082
BCS1714B6 1.86 16.9926 | 13.9954 | 0.1778
SM141K05TF 6.24 21.9964 | 35.0012 | 1.4986
SMI101KO7TF 6.85 21.9964 | 35.0012 | 1.4986
KXOB25-12X1F-TR 2.92 22.098 7.112 1.778
KXOB25-12X1F-TB 2.92 22.098 7.112 1.778
KXOB25-04X3F-TR 3.01 22.098 7.112 1.778
KXOB25-01X8F-TB 3.29 22.098 7.112 1.778
KXOB25-14X1F-TR 2.79 23.0124 | 8.001 1.8034
KXOB25-05X3F-TR 3.01 23.0124 | 8.001 1.8034
KXOBO081K06TF-TR 5.97 23.0124 | 24.9936 | 1.4986
KXOB201K04F-TR 7.14 23.0124 | 42.0116 | 2.1082
KXOB141K06TF-TR 8.19 23.0124 | 4.20116 | 1.4986
KXOB25-05X3F-TB 2.9 23.0124 | 8.001 1.8034
KXOB25-14X1F-TB 2.92 23.0124 | 8.001 1.8034
KXOB25-03X4F-TR 3.08 23.0124 | 8.001 2.1082
KXOB25-14X1TF-TR 32 23.0124 | 8.001 1.1938
KXOB25-03X4TF-TR 3.22 23.0124 | 8.001 1.4986
KXOB25-02X8F-TR 3.29 23.0124 | 8.001 1.8034
KXOB25-02X8F-TB 3.29 23.0124 | 8.001 1.8034
KXOB25-02X8TF-TR 3.62 23.0124 | 8.001 1.1938
KXOB121K04F-TR 5.39 23.0124 | 249936 | 2.1082
KXOB081K06F-TR 5.5 23.0124 | 24.9936 | 2.1082
KXOB061KO08F-TR 5.63 23.0124 | 249936 | 2.1082
KXOB121K04TF-TR 5.67 23.0124 | 24.9936 | 1.4986
KXOB061KO08TF-TR 5.8 23.0124 | 24.9936 | 1.4986
KXOB141K06F-TR 7.3 23.0124 | 42.0116 | 2.1082
KXOB101KO08F-TR 7.51 23.0124 | 42.0116 | 2.1082
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https://voltaicsystems.com/9-watt-18v-panel/
https://voltaicsystems.com/10-watt-panel-etfe/
https://voltaicsystems.com/20-watt-6-volt-solar-panel-etfe/
https://voltaicsystems.com/P152/
https://voltaicsystems.com/P150/
https://voltaicsystems.com/P151/
https://voltaicsystems.com/P144
https://voltaicsystems.com/1-watt-panel/
https://voltaicsystems.com/2-watt-panel/
https://voltaicsystems.com/3-5-watt-panel/
https://voltaicsystems.com/6-watt-panel/
https://voltaicsystems.com/9-watt-panel/
https://voltaicsystems.com/17-watt-panel/
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K04LV/9990461
https://www.digikey.com/en/products/detail/tdk-corporation/BCS1714B6/24374271
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K05TF/14311381
https://www.digikey.com/en/products/detail/anysolar-ltd/SM101K07TF/14311396
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-12X1F-TR/10127240
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-12X1F-TB/9990434
file:///C:/Users/thefa/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/KXOB25-04X3F-TR
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-01X8F-TB/9990432
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-14X1F-TR/9990479
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-05X3F-TR/9990478
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB081K06TF-TR/13999165
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB201K04F-TR/13999154
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB141K06TF-TR/13999140
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-05X3F-TB/9990459
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-14X1F-TB/9990460
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-03X4F-TR/13999191
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-14X1TF-TR/13999166
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-03X4TF-TR/13999179
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-02X8F-TR/9990477
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-02X8F-TB/9990458
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB25-02X8TF-TR/13999185
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB121K04F-TR/13999171
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB081K06F-TR/13999167
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB061K08F-TR/13999192
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB121K04TF-TR/13999160
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB061K08TF-TR/13999169
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB141K06F-TR/13999194
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB101K08F-TR/13999152

KXOB201K04TF-TR 7.85 23.0124 | 42.0116 | 1.4986
KXOB101KO8TF-TR 8.04 23.0124 | 42.0116 | 1.4986
SM700K10L 6.91 24.003 35.9918 | 1.8034
ONP1.2-12X24 3.91 24.003 11.9888 | UNK
SMS500K12L 6.11 24.003 32.004 1.8034
SM500K12TF 6.65 24.003 3.2004 1.4986
SM700K10TF 7.44 24.003 35.9918 | 1.4986
AM-1456CA-DGK-E 2.71 24.9936 | 10.0076 | 1.0922
AM-1801CA-DGK-E 431 24.9936 | 53.0098 | 1.0922
AM-5610CAR-DGK-T 8.12 24.9936 | 19.9898 | 2.0066
BCSC452B3 4.05 24.9936 | 18.9992 |0.1778
SM141K04L 5 29.0068 |23.0124 | 2.1082
SM141K04TF 5.5 29.0068 | 23.0124 | 38.1
SM141K04LS 5 29.0068 |23.0124 | 2.1082
SM141K04TFS 5.5 29.0068 | 23.0124 | 1.4986
AM-1819CA-DGK-E 3.65 30.988 24.003 1.0922
SM710K12L 4.87 32.512 33.02 2.032
SM400K10L 4.65 32.9946 | 15.0114 | 1.8034
SM730K12L 5.56 32.9946 | 32.004 1.8034
SM400K10TF 5.11 32.9946 | 15.0114 | 1.4986
SM340K10L 3.27 34.036 16.002 2.032
AM-1417CA-DGK-E 2.88 35.0012 | 13.8938 | 1.0922
SM101K07L 4.95 35.0012 | 21.9964 | 2.1082
SM141K05L 5.67 35.0012 | 21.9964 | 2.1082
SLMD960H12L 9.9 35.0012 | 42.0116 | 2.0066
SM850K12L 8.28 38.5064 | 32.9946 | 2.0066
SM850K12TF 8.99 38.5064 | 32.9946 | 1.4986
AM-5904CAR-DGK-T 9.85 40.1066 | 33.0962 | 2.0066
AM-1454CA-DGK-E 4.05 41.6052 | 26.289 1.0922
SM111K10L 9.39 41.91 35.052 2.032
SM940K12L 8.59 41.91 35.052 2.032
SM141K06TF 4.87 42.0116 |23.0124 | 1.4986
SM141K06L 6.3 42.0116 |23.0124 | 2.1082
SM141K06LS 6.3 42.0116 |23.0124 |2.1082
SM141K06TFS 6.93 42.0116 | 23.0124 | 1.4986
SM111K04L 5 42.926 1.397 2.032
BCSC491B6 5.04 43.9928 129.9974 |0.1778
BCS4430B6 5.7 43.9928 | 4.5974 0.1778
BCSC421B1 5.81 43.9928 129.9974 |0.1778
BCS4430B5 5.81 43.9928 129.9974 |0.1778
INP3.6-24X44T 7.3 43.9928 | 24.003 0.2286
SM940K09L 5.01 44.45 21.59 1.778
SM141K10LV 6.6 45.0088 | 35.9918 | 1.8034
SM141K04TFV 5.5 45.0088 | 15.0114 | 1.1938
SM141K06LV 6.3 45.0088 | 21.9964 | 2.1082
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https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB201K04TF-TR/13999189
https://www.digikey.com/en/products/detail/anysolar-ltd/KXOB101K08TF-TR/13999136
https://www.digikey.com/en/products/detail/anysolar-ltd/SM700K10L/9990472
https://www.digikey.com/en/products/detail/powerfilm-inc/ONP1-2-12X24/14008947
https://www.digikey.com/en/products/detail/anysolar-ltd/SM500K12L/9990468
https://www.digikey.com/en/products/detail/anysolar-ltd/SM500K12TF/14311387
https://www.digikey.com/en/products/detail/anysolar-ltd/SM700K10TF/14311432
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-1456CA-DGK-E/2165187
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-1801CA-DGK-E/2165188
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-5610CAR-DGK-T/2165194
https://www.digikey.com/en/products/detail/tdk-corporation/BCSC452B3/22608180
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K04L/13181302
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K04TF/14311395
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K04LS/22256791
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K04TFS/22256820
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-1819CA-DGK-E/2165191
https://www.digikey.com/en/products/detail/anysolar-ltd/SM710K12L/9990449
https://www.digikey.com/en/products/detail/anysolar-ltd/SM400K10L/9990467
https://www.digikey.com/en/products/detail/anysolar-ltd/SM730K12L/9990473
https://www.digikey.com/en/products/detail/anysolar-ltd/SM400K10TF/14311427
https://www.digikey.com/en/products/detail/anysolar-ltd/SM340K10L/9990442
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-1417CA-DGK-E/2165185
https://www.digikey.com/en/products/detail/anysolar-ltd/SM101K07L/13181299
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K05L/13401974
https://www.digikey.com/en/products/detail/anysolar-ltd/SLMD960H12L/3463131
https://www.digikey.com/en/products/detail/anysolar-ltd/SM850K12L/9990474
https://www.digikey.com/en/products/detail/anysolar-ltd/SM850K12TF/14311390
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-5904CAR-DGK-T/2165197
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-1454CA-DGK-E/2165186
https://www.digikey.com/en/products/detail/anysolar-ltd/SM111K10L/9990439
https://www.digikey.com/en/products/detail/anysolar-ltd/SM940K12L/9990451
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K06TF/14311398
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K06L/9990462
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K06LS/22256842
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K06TFS/22256811
https://www.digikey.com/en/products/detail/anysolar-ltd/SM111K04L/9990435
https://www.digikey.com/en/products/detail/tdk-corporation/BCSC491B6/16705237
https://www.digikey.com/en/products/detail/tdk-corporation/BCS4430B6/14313677
https://www.digikey.com/en/products/detail/tdk-corporation/BCSC421B1/22110563
https://www.digikey.com/en/products/detail/tdk-corporation/BCS4430B5/22486825
https://www.digikey.com/en/products/detail/powerfilm-inc/INP3-6-24X44T/16674926
https://www.digikey.com/en/products/detail/anysolar-ltd/SM940K09L/9990450
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K10LV/9990464
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K04TFV/14311388
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K06LV/13181300

SM101K12L 6.82 45.0088 | 32.004 2.1082
SM141K08LV 7.98 45.0088 | 29.0068 | 2.1082
SM101K12TF 8.73 45.0088 | 32.004 1.4986
SM141K06TFV 6.93 45.0088 | 21.9964 | 1.4986
SM141K10TFV 9.96 45.0088 | 35.9918 | 1.4986
SM141K04LVS 5 45.0088 | 15.0114 | 2.1082
SM141K04TFVS 5.5 45.0088 | 15.0114 | 1.4986
SM141K06LVS 6.3 45.0088 | 21.9964 | 2.1082
SM141K06TFVS 6.93 45.0088 | 21.9964 | 1.4986
SM141K08LVS 7.98 45.0088 | 29.0068 | 2.1082
SM141K08TFVS 8.78 45.0088 | 29.0068 | 1.4986
SM141K10LVS 9.39 45.0088 | 35.9918 | 2.1082
SM141K10TFVS 9.96 45.0088 | 35.9918 | 1.4986
SM101K09L 5.61 46.99 23.0124 | 2.1082
SM141K07L 6.79 50.0126 | 23.0124 | 2.1082
SM141K07LS 6.3 50.0126 | 23.0124 | 2.1082
SM141K07TFS 7.26 50.0126 | 23.0124 | 1.4986
SM141K07TF 7.26 50.0126 | 23.0124 | 1.4986
AM-5412CAR-DGK-T 10.98 50.0888 | 33.0962 | 2.0066
P121 5.5 51.9938 | 51.9938 | 2.8956
P122 6 51.9938 | 51.9938 | 2.8956
PRT-18723 6.19 51.9938 | 51.9938 | 2.8956
PRT-18724 6.75 51.9938 | 5.19938 | 2.8956
5855 7.44 51.9938 | 51.9938 | 3.6068
5853 6.88 51.9938 | 51.9938 | 3.6068
SP-53X30-4-DK 22.53 52.9844 | 29.9974 | 2.0066
SP-53X30-1-DK 8.17 52.9844 |29.9974 | UNK
ONP1.2-37X54 5.88 53.975 36.4998 | UNK
MPT2.4-21 4.88 54.0004 | 2.09042 | UNK
LL200-2.4-37 4.03 54.0004 | 3.64998 | 0.2286
SM811K04L 16.94 56.007 62.992 2.1082
SM811K04TF 18.64 56.007 62.992 1.4986
SM351K09L 17.45 56.896 64.008 1.778
SM351K09TF 19.1 56.9976 | 64.008 1.4986
SM351K09TFS 19.1 56.9976 | 64.008 1.4986
SM351K09LS 17.36 56.9976 | 64236.6 | 2.1082
AM-8801CAR-DGK-T 11.16 57.7088 | 55.0926 | 2.0066
AM-8701CAR-DGK-T 11.26 57.7088 | 55.0926 | 2.0066
AM-8702CAR-DGK-T 14.25 57.7088 | 41.3004 | 2.0066
SM301K09L 17.36 57.912 57.912 2.032
AM-1815CA-DGK-E 5.14 58.0898 | 48.5902 | 1.0922
3604 8.7 59.9948 | 48.006 2.9972
AM-5608CAR 86.7 60.0964 | 41.3004 | 1.8796
SC10036 6.99 60.96 60.96 5.08
SM111K09L 6.88 61.976 2.1082 2.032
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https://www.digikey.com/en/products/detail/anysolar-ltd/SM101K12L/9990476
file:///C:/Users/thefa/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/SM141K08LV
https://www.digikey.com/en/products/detail/anysolar-ltd/SM101K12TF/14311371
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K06TFV/14311431
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K10TFV/14311434
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K04LVS/22256800
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K04TFVS/22256849
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K06LVS/22256787
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K06TFVS/22256795
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K08LVS/22256847
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K08TFVS/22256808
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K10LVS/22256826
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K10TFVS/22256801
https://www.digikey.com/en/products/detail/anysolar-ltd/SM101K09L/9990475
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K07L/13401973
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K07LS/22256799
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K07TFS/22256812
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K07TF/14311405
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-5412CAR-DGK-T/2165192
https://www.digikey.com/en/products/detail/voltaic-systems/P121/12352803
https://www.digikey.com/en/products/detail/voltaic-systems/P122/12352798
https://www.digikey.com/en/products/detail/sparkfun-electronics/PRT-18723/15766066
https://www.digikey.com/en/products/detail/sparkfun-electronics/PRT-18724/15766078
https://www.digikey.com/en/products/detail/adafruit-industries-llc/5855/22596405
https://www.digikey.com/en/products/detail/adafruit-industries-llc/5853/22596391
https://www.digikey.com/en/products/detail/amx3d/SP-53X30-4-DK/16585628
https://www.digikey.com/en/products/detail/amx3d/SP-53X30-1-DK/16585632
https://www.digikey.com/en/products/detail/powerfilm-inc/ONP1-2-37X54/14008948
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT2-4-21/14008949
https://www.digikey.com/en/products/detail/powerfilm-inc/LL200-2-4-37/16674923
https://www.digikey.com/en/products/detail/anysolar-ltd/SM811K04L/13999145
https://www.digikey.com/en/products/detail/anysolar-ltd/SM811K04TF/14311414
https://www.digikey.com/en/products/detail/anysolar-ltd/SM351K09L/9990443
https://www.digikey.com/en/products/detail/anysolar-ltd/SM351K09TF/14311422
https://www.digikey.com/en/products/detail/anysolar-ltd/SM351K09TFS/22256839
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-8801CAR-DGK-T/2165201
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-8701CAR-DGK-T/2165199
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-8702CAR-DGK-T/2165200
https://www.digikey.com/en/products/detail/anysolar-ltd/SM301K09L/9990441
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-1815CA-DGK-E/2165189
https://www.digikey.com/en/products/detail/kitronik-ltd/3604/8635468
https://www.digikey.com/en/products/detail/wec/AM-5608CAR/14744212
https://www.digikey.com/en/products/detail/osepp-electronics-ltd/SC10036/11198590
https://www.digikey.com/en/products/detail/anysolar-ltd/SM111K09L/9990438

SM141K09L 8.67 62.992 23.0124 | 2.1082
SM141K09TF 9.53 62.992 23.0124 | 1.4986
SM141K09LS 8.67 62.992 23.0124 | 2.1082
SM141K09TFS 9.53 62.992 23.0124 | 1.4986
SP3-37 4.97 64.008 36.8046 | 0.2286
SM261K10TF 16.32 64.008 4.50088 | 1.4986
P123 9 65.9892 | 65.9892 | 2.8956
PRT-18725 10.12 65.9892 | 65.9892 | 2.8956
SM261K05TF 10.39 66.9544 | 24.9936 | 1.4986
SM261K05L 8.78 67.0052 | 24.9936 | 2.1082
SP-68X37-4-DK 27.69 67.9958 |36.9824 | 2.0066
313070004 6.07 69.85 54.991 1.4986
AM-5706CAR-DGK-T 20.29 69.85 50.0126 | 2.0066
MIKROE-651 19.2 69.85 64.9986 | 3.2004
SM141K10L 9.39 70.0024 | 23.0124 | 2.1082
SM141K10LS 9.39 70.0024 | 23.0124 | 2.1082
SM141K10TFS 9.96 70.0024 | 23.0124 | 1.4986
SM141K10TF 9.96 70.231 23.0124 | 1.4986
FIT1002 21.9 71.501 59.9948 | 0.2032
MPT3.6-75 9.09 73.8886 | 72.898 0.2286
MPT3.6-150 15.29 73.8886 | 145.9992 | 0.2286
LL200-3.6-75 8.42 73.9902 | 72.9996 | 0.2286
AM-5907CAR-DGK-T 20.76 75.0062 | 54.991 2.0066
SC10050 7.99 76.2 60.96 5.08
SP-80X60-1-DK 11.88 79.9846 | 59.9948 | 2.0066
SP-80X60-4-DK 34.45 79.9846 | 59.9948 | UNK
SC20036 10.99 83.82 83.82 5.08
SP4.2-37 4.98 84.0994 |36.8046 | 0.2286
SM111K08L 7.98 87.122 13.97 2.032
SM141K08TF 8.78 88.011 15.0114 | 1.4986
SM141K08L 7.98 88.011 15.0114 | 2.1082
SM141K08LS 7.98 88.011 15.0114 | 2.1082
SM141K08TFS 8.78 88.011 15.0114 | 1.4986
SM451K10L 21.86 88.90 67.056 2.032
LL200-2.4-75 4.53 88.90 73.70 UNK
SM531K10L 21.86 89.0016 | 64.9986 | 1.8034
SMS531K08L 19.6 89.0016 |51.9938 | 1.8034
SM811KO08L 28.16 89.0016 | 78.0034 | 2.1082
SM531K10TF 23.31 89.0016 | 64.9986 | 1.4986
SM811K08TF 30.96 89.0016 | 78.0034 | 1.4986
SMS531K08LS 19.6 89.0016 |51.9938 |2.1082
SMS531KO08TFS 21.57 89.0016 |51.9938 | 1.4986
SM531K10LS 21.86 89.0016 | 64.9986 |2.1082
SM531K10TFS 24.02 89.0016 | 64.9986 | 0.14986
SLMD481HI10L 31.21 89.0016 | 67.0052 | 2.0066
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https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K09L/9990465
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K09TF/14311373
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K09LS/22256835
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K09TFS/22256833
https://www.digikey.com/en/products/detail/powerfilm-inc/SP3-37/9559472
https://www.digikey.com/en/products/detail/anysolar-ltd/SM261K10TF/14311374
https://www.digikey.com/en/products/detail/voltaic-systems/P123/12352802
https://www.digikey.com/en/products/detail/sparkfun-electronics/PRT-18725/15766062
https://www.digikey.com/en/products/detail/anysolar-ltd/SM261K05TF/14311378
https://www.digikey.com/en/products/detail/anysolar-ltd/SM261K05L/13999193
file:///C:/Users/thefa/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/SM102K06TF
https://www.digikey.com/en/products/detail/seeed-technology-co-ltd/313070004/5488049
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-5706CAR-DGK-T/2165195
https://www.digikey.com/en/products/detail/mikroelektronika/MIKROE-651/5804569
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K10L/13181298
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K10LS/22256803
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K10TFS/22256825
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K10TF/14311415
https://www.digikey.com/en/products/detail/dfrobot/FIT1002/24854503
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT3-6-75/9559470
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT3-6-150/9559463
https://www.digikey.com/en/products/detail/powerfilm-inc/LL200-3-6-75/16674919
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-5907CAR-DGK-T/2165198
https://www.digikey.com/en/products/detail/osepp-electronics-ltd/SC10050/11198549
https://www.digikey.com/en/products/detail/amx3d/SP-80X60-1-DK/16585625
https://www.digikey.com/en/products/detail/amx3d/SP-80X60-4-DK/16585630
https://www.digikey.com/en/products/detail/osepp-electronics-ltd/SC20036/11198605
https://www.digikey.com/en/products/detail/powerfilm-inc/SP4-2-37/9559475
https://www.digikey.com/en/products/detail/anysolar-ltd/SM111K08L/9990437
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K08TF/14311380
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K08L/9990463
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K08LS/22256789
https://www.digikey.com/en/products/detail/anysolar-ltd/SM141K08TFS/22256822
https://www.digikey.com/en/products/detail/anysolar-ltd/SM451K10L/9990445
https://www.digikey.com/en/products/detail/powerfilm-inc/LL200-2-4-75/9559469
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K10L/9990470
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K08L/9990469
https://www.digikey.com/en/products/detail/anysolar-ltd/SM811K08L/13999142
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K10TF/14311383
https://www.digikey.com/en/products/detail/anysolar-ltd/SM811K08TF/14311400
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K08LS/22256785
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K08TFS/22256817
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K10LS/22256838
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K10TFS/22256809
https://www.digikey.com/en/products/detail/anysolar-ltd/SLMD481H10L/3463128

SM531K08TF 21.11 89.0016 | 51.9938 | 1.4986
SM451K12L 28.71 89.916 78.994 2.032
SM531K12L 28.71 89.9922 | 78.994 2.0066
SM531K12LS 28.71 89.9922 | 78.994 2.1082
SMS531K12TFS 31.58 89.9922 | 78.994 1.4986
SLMD481HI12L 35.07 89.9922 | 78.994 2.0066
SM401K08L 17.19 89.9922 | 40.005 2.1082
SM401KO08TF 19.81 89.9922 |40.005 1.4986
SM531K12TF 31.58 89.9922 | 78.994 1.4986
P134 5.5 94 325 2.2
MPT4.8-75 10.41 94.00 72.90 0.2286
ONP2.4-15X94 4.92 94.0054 | 14.605 UNK
LL.200-4.8-37 7.54 94.0054 | 36.4998 | 0.2286
INP2.4-10X94T 9.18 94.0054 | 10.0076 | 0.2286
MPT4.8-150 18.04 94.0054 | 146.0246 | 0.2286
AM-1816CA-DGK-E 8.55 96.6978 | 56.6928 | 1.0922
313070005 12.3 100.00 80.00 UNK
3605 28.44 110.0074 | 110.0074 | 0.29972
SM641K10L 28.3 110.998 | 62.992 0.9652
SM641K10TF 31.14 110.998 | 62.992 1.4986
P124 14 113.0046 | 65.9892 | 2.8956
PRT-18726 15.75 113.0046 | 65.9892 | 2.8956
5368 18.69 113.0046 | 65.9892 | 2.8956
MP3-25 4.88 113.9952 | 24.003 0.2286
MP3-37 7.62 113.9952 | 36.8046 | 0.2286
LL200-3-37 5.33 113.9952 | 36.8046 | UNK
MPT6-75 11 113.9952 | 72.898 0.2286
MPT6-150 20.75 113.9952 | 145.9992 | 0.2286
SC20050 12.99 119.38 71.12 5.08
SC10072 9.99 119.9896 | 59.9948 | UNK
SM102K06L 26.92 132.9944 | 51.9938 | 2.1082
SM102K06TF 29.7 132.9944 | 51.9938 | 1.4986
P126 21 135.9916 | 111.9886 | 2.9972
5366 26.19 135.9916 | 111.9886 | 2.9972
313070002 18.53 137.16 81.0006 | 1.4986
SC20072 15.99 139.7 88.9 5.08
AM-5902CAR-DGK-T 27.57 150.114 | 37.4904 | 2.0066
313070001 37.21 160.02 137.9982 | 1.4986
PIS-0569 185.22 | 175.006 | 175.006 | 35.0012
313070003 24.76 180.0098 | 80.01 2.4892
SM881K04L 18.5 199.9996 | 19.9898 | 2.1082
SM881K04TF 20.23 199.9996 | 19.9898 | 1.4986
P105 35 221.996 | 137.0076 | 3.9878
5367 43.69 223.012 | 148.0058 | 3.5052
MPT15-75 19.27 253.0094 | 72.898 UNK
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https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K08TF/14311382
https://www.digikey.com/en/products/detail/anysolar-ltd/SM451K12L/9990446
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K12L/9990471
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K12LS/22256824
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K12TFS/22256805
https://www.digikey.com/en/products/detail/anysolar-ltd/SLMD481H12L/3463129
https://www.digikey.com/en/products/detail/anysolar-ltd/SM401K08L/13999183
https://www.digikey.com/en/products/detail/anysolar-ltd/SM401K08TF/14311367
https://www.digikey.com/en/products/detail/anysolar-ltd/SM531K12TF/14311369
https://www.digikey.com/en/products/detail/voltaic-systems/P134/21219823
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT4-8-75/9559471
file:///C:/Users/thefa/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/ONP2.4-15X94
https://www.digikey.com/en/products/detail/powerfilm-inc/LL200-4-8-37/16674930
https://www.digikey.com/en/products/detail/powerfilm-inc/INP2-4-10X94T/16674913
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT4-8-150/9559464
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-1816CA-DGK-E/2165190
https://www.digikey.com/en/products/detail/seeed-technology-co-ltd/313070005/5488048
https://www.digikey.com/en/products/detail/kitronik-ltd/3605/8635469
https://www.digikey.com/en/products/detail/anysolar-ltd/SM641K10L/13999172
https://www.digikey.com/en/products/detail/anysolar-ltd/SM641K10TF/14311379
https://www.digikey.com/en/products/detail/voltaic-systems/P124/12352797
https://www.digikey.com/en/products/detail/sparkfun-electronics/PRT-18726/15766070
https://www.digikey.com/en/products/detail/adafruit-industries-llc/5368/15998630
file:///C:/Users/thefa/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/MP3-25
https://www.digikey.com/en/products/detail/powerfilm-inc/MP3-37/9559474
https://www.digikey.com/en/products/detail/powerfilm-inc/LL200-3-37/9559467
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT6-75/9559465
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT6-150/9559462
https://www.digikey.com/en/products/detail/osepp-electronics-ltd/SC20050/11198611
https://www.digikey.com/en/products/detail/osepp-electronics-ltd/SC10072/11198721
file:///C:/Users/thefa/AppData/Local/Microsoft/Windows/INetCache/Content.MSO/SM641K10TF
https://www.digikey.com/en/products/detail/anysolar-ltd/SM102K06TF/14311425
https://www.digikey.com/en/products/detail/voltaic-systems/P126/18069490
https://www.digikey.com/en/products/detail/adafruit-industries-llc/5366/15998627
https://www.digikey.com/en/products/detail/seeed-technology-co-ltd/313070002/5488056
https://www.digikey.com/en/products/detail/osepp-electronics-ltd/SC20072/11198528
https://www.digikey.com/en/products/detail/panasonic-bsg/AM-5902CAR-DGK-T/2165196
https://www.digikey.com/en/products/detail/seeed-technology-co-ltd/313070001/5488054
https://www.digikey.com/en/products/detail/pi-supply/PIS-0569/8136056
https://www.digikey.com/en/products/detail/seeed-technology-co-ltd/313070003/5488052
https://www.digikey.com/en/products/detail/anysolar-ltd/SM881K04L/13999131
https://www.digikey.com/en/products/detail/anysolar-ltd/SM881K04TF/14311393
https://www.digikey.com/en/products/detail/voltaic-systems/P105/12154975
https://www.digikey.com/en/products/detail/adafruit-industries-llc/5367/15998628
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT15-75/9559455

MP7.2-75F 22.46 253.0094 | 72.898 UNK
MPT15-150 39.79 253.0094 | 145.9992 | UNK
MP7.2-150F 40.07 253.0094 | 145.9992 | UNK
PT15-300 95.43 270.002 | 324.8914 | 1.1176
RC7.2-75F 30.32 270.002 | 89.8906 | UNK
PT15-150 63.83 270.002 | 175.006 | 1.1176
RC7.2-75 PSAF 15.8 270.002 | 89.8906 | UNK
PT15-75 41.94 270.002 | 100.1014 | UNK
P7.2-150F 56.61 270.002 | 175.006 | UNK
5369 81.19 273.9898 | 223.012 | 3.9878
SM182K01L 12.89 284.988 | 8.001 2.1082
PIS-0571 410.37 | 289.9918 | 189.992 | 40.005
SM281K07L 12.77 299.9994 | 7.493 2.1082
INP3.6-12X310 4.81 310.007 | 11.8618 | 0.2286
PIS-0572 152.61 | 340.0044 | 210.0072 | 54.991
114992711 65 350.012 | 250.0122 | 24.9936
TPS-12-15W 65.94 370 360 17
29250 199.99 | 520.7 50.8 927.1
TPS-24-30 2758.98 | 540.9946 | 510.0066 | 29.9974
TPS-12-35W 125.14 | 545.0078 | 489.9914 | 35.0012
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https://www.digikey.com/en/products/detail/powerfilm-inc/MP7-2-75F/9559453
https://www.digikey.com/en/products/detail/powerfilm-inc/MPT15-150/9559456
https://www.digikey.com/en/products/detail/powerfilm-inc/MP7-2-150F/9559454
https://www.digikey.com/en/products/detail/powerfilm-inc/PT15-300/9559452
https://www.digikey.com/en/products/detail/powerfilm-inc/RC7-2-75F/9559457
https://www.digikey.com/en/products/detail/powerfilm-inc/PT15-150/9559451
https://www.digikey.com/en/products/detail/powerfilm-inc/RC7-2-75-PSAF/9559458
https://www.digikey.com/en/products/detail/powerfilm-inc/PT15-75/9559461
https://www.digikey.com/en/products/detail/powerfilm-inc/P7-2-150F/9559460
https://www.digikey.com/en/products/detail/adafruit-industries-llc/5369/22165164
https://www.digikey.com/en/products/detail/anysolar-ltd/SM182K01L/13999144
https://www.digikey.com/en/products/detail/pi-supply/PIS-0571/8136040
https://www.digikey.com/en/products/detail/anysolar-ltd/SM281K07L/13999195
https://www.digikey.com/en/products/detail/powerfilm-inc/INP3-6-12X310/16674921
https://www.digikey.com/en/products/detail/pi-supply/PIS-0572/8136036
https://www.digikey.com/en/products/detail/seeed-technology-co-ltd/114992711/14672154
https://www.digikey.com/en/products/detail/tycon-systems-inc/TPS-12-15W/12173918
https://www.digikey.com/en/products/detail/klein-tools-inc/29250/14645809
https://www.digikey.com/en/products/detail/tycon-systems-inc/TPS-24-30/11480019
https://www.digikey.com/en/products/detail/tycon-systems-inc/TPS-12-35W/11480036

Appendix C: Structural Parts Specifications

Table C.1.Structrual parts directory. All dimensions are in mm.

Part Location
Baseplate Figure C.1
Connector Baseplate Figure C.2
Extended Baseplate Figure C.3 - Figure C.6
Extended Connector Baseplate | Figure C.7
Mounting Plate Figure C.8
Chassis Wall Figure C.9
Modified Chassis Wall Figure C.10
Secondary Hinge Figure C.11
Modified Secondary Hinge Figure C.12
Primary Hinge Figure C.13
Rotary Disk Figure C.14
NEMA 11 Mounting Bracket Figure C.15
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Figure C.1. Specifications of the CubeSat baseplate (bottom, top, and right view).
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Figure C.2. Specifications of the CubeSat connector baseplate (top and right view).
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Figure C.3. Specifications of the CubeSat extended baseplate (bottom view).
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Figure C.4. Specifications of the CubeSat extended baseplate (front view).

Figure C.5. Specifications of the CubeSat extended baseplate (top view).
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Figure C.6. Specifications of the CubeSat extended baseplate (right view).
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Figure C.7. Specifications of the CubeSat extended connector baseplate.
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Figure C.8. Specifications of the mounting plate.
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Figure C.9. Specifications of the chassis wall.
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Figure C.10. Specifications of the modified chassis wall.
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Figure C.11. Specifications of the primary hinge.

121



44.00

9.50
1.00 B
=
<
<t
o
J7any
S
\:\
S $3.10 THRU 2
. 3 2r"| @JSO -FH-{L, =
(= 3.20
F~
; 4.00
-
L W
=ik 5.70 2X +3.00 THRU
G|~
5.00

Figure C.12. Specifications of the modified secondary hinge.
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Figure C.13. Specifications of the secondary hinge.
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Figure C.14. Rotary disk specifications.
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Figure C.15. NEMA 11 mounting bracket specifications.
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Appendix D: EPS Schematic
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Figure D.1. Prototype schematic of the EPS.
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Figure D.2. Current schematic of the EPS.
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Appendix E: Project Expenditures

Table E.1. Total expenditures during the course of this project: $625.11.

Item Quantity | Unit Cost ($) | Cost (4)
3D Printer 1 239 239
PETG HF Filament 1 23 23
M2 Inserts (2L.:120 - 4L:100) 1 9.98 9.98
M2 Flat Head Screws (30) 2 8.59 17.18
DC Power Supply 1 49.49 49.49
Multimeter 1 36.99 36.99
Resistors (40) 1 9.99 9.99
90 Degree Torsion Spring (10) 1 7.99 7.99
180 Degree Torsion Spring (10) 1 7.99 7.99
Precision Scale 1 8.39 8.39
M3.5 Hex Nut (100) 1 9.29 9.29
Solar Panel (10) 1 15.59 15.59
Voltage and Current Sensor (10)

[INA219] 1 19.99 19.99
Digital (1I2C) Multiplexer

[TCA9548A] (Voltage and 1 9.99 9.99
Current Sensors) [6]

Analog Multiplexer

[CD74HC4067] (Light Sensors) 1 9.99 9.99
[12]

NEMA 11 Stepper Motor 4 17.99 71.96
Motor Driver (DRV8825) [5] 1 14.49 14.49
Light Sensor (TEMT6000) [5] 1 9.99 9.99
Magnetic Encoder (AS5600) [3] 1 9.99 9.99
100 uF Capacitors (Polarized)

[Radial Electrolytic] [100 ufd 20 0.19 3.8
35V, 10x13]

10 uF Capacitors (Polarized)

[Radial Electrolytic] [10ufd 35V, |2 0.12 0.24
4x8, 105]

470 uF Capacitors (Polarized)

[Radial Electrolytic] 2 0.35 0.7
0.1 uF Capacitors (Unpolarized)

[Monolithic] 30 0.14 4.2
830 Tie Point Breadboard [165.1

X 53.975 x 9.144 mm] ! 7.9 7.93
IN5817 1A 20V Schottky Diode | 10 0.3 3
Breadboard Jumper Wires 6 3.99 23.94
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https://us.store.bambulab.com/products/a1-mini?srsltid=AfmBOoreNF5XsUV0xyfeJtPcHL6oQg9Eup7GSs9t6D5j6ud0EXgxPVsg
https://www.bestbuy.com/site/bambu-lab-1-75mm-petg-hf-filament-black/6610628.p?skuId=6610628
https://www.amazon.com/Ktehloy-220Pcs-Assortment-M2x2x3-2-M2x4x3-2/dp/B0DK16VY81?source=ps-sl-shoppingads-lpcontext&ref_=fplfs&smid=ABMRG4Y4E0D6H&gQT=2&th=1
https://www.amazon.com/Socket-Stainless-Countersunk-Machine-Assortment/dp/B0BRQ7QB21/ref=sr_1_1?crid=2OQGYN61V127A&dib=eyJ2IjoiMSJ9.xvxKFZeGNam-XzKGV6oqvZxucRigZhrNkv3JmJeyXnZcusnKkgyixmfcPzVECdkYivODQaUMPn0JRmQbGvg8R4oCbmrLDzge4id1OL5Q6ml9MCUANSSBimJTvPo2_X_UhCDLuOI6rmG_mUXTwzjKzJJhhIqLntEQJrgIFkEY0ooZDSvZ3RtqYeGVZMkPp8brMF1MXSeRI6th2tjLTyEmvQCOV5Hd3sjOQo6hb8zCE44.yGmB2E2mKqOhKqV_2wUiWZb1TrLSGnsmJJ1z0n779N8&dib_tag=se&keywords=m2+flat+head+machine+screws&qid=1744352458&sprefix=m2+flat+head+machine+screws%2Caps%2C201&sr=8-1
https://www.amazon.com/Adjustable-Switching-Regulated-Adjustments-Jesverty/dp/B09YSJQWRG/ref=sr_1_3?crid=M569KWEXR6XM&dib=eyJ2IjoiMSJ9.AIBT0pk4R1eZvXjoD2HvpthOTQOBnit94zQXBrUP6ZSN4x51OhnwIqPeJ-4S6Parbplgv8QJHMpirqI7rvwOiomc1y2rl9KwWeoN75ggXirbVzZOV2YATWn3hUOTK6gxcqumL61MdDLzngxOrvXSxoGBYTaN2maS6XCYBC3k1AsTrFf7LfyJ59-_0JeprYZiSNvuiuXxDNeZQaOcJX5BZNzgV4lSfGLCvUCtXopjsDs.mZmtJVYbpSsCvtqGVmpCobAPX4l2_yjTs9OvfSLj0A8&dib_tag=se&keywords=variable%2Bpower%2Bsupply&qid=1743916477&sprefix=variable%2Bpo%2Caps%2C166&sr=8-3&th=1
https://www.amazon.com/AstroAI-Multimeter-Resistance-Transistors-Temperature/dp/B071JL6LLL/ref=sr_1_3?dib=eyJ2IjoiMSJ9.hFd3tw2GXEn787tD2D7U-JOMfp004Q5WahehFLfusOzpcoCIJt9GrZ260kHrj-iDYmy3jKNAEOdt7NeDq9EgrnjW_QElsCZ2s6YXr6NBg2R8MVNyom2WjNvq3HhftMgl6PdzQ5d8--1LhACDg-Nnqq0tiZ0C1Ldp5GnjHHta7qXWaFW8QcSZb3sTb_Imk_Moxi-EpLHwPA1PkRGT7CuKQFYgv0KhVSD2uhDjbn1toX0.VUF5iPr8aCi-Z4jcVSUsukaKCd5FEw9ZHbssvZMcTYY&dib_tag=se&keywords=multimeter%2Bthermocouple&qid=1743922634&sr=8-3&th=1
https://www.amazon.com/BOJACK-Values-Resistor-Resistors-Assortment/dp/B08FD1XVL6/ref=sr_1_3?crid=1R7BKE9BZ4JQ0&dib=eyJ2IjoiMSJ9.8EDLQctdt9NzqYQqREI7ypqUSM9ARLn9EtmW6qnqn9zWCUqRk34Vp8e3wB0jGxtuIPLDkFwKR3G8vXPBbWFSH2xLtXL_tBHmHCq0doJI3h8tIo4O-pEOGfbZEKTt1Mh5tM2oOhlax5xTFj8gKfbotoHP_zlyybiMWAhIJ5h8mAA-SQvyikmFHHPrg3TinTKPScLPTB8lMiACcW9bODQEaXXnnhIddDQsbHhyFNRYzSk.T1Heq4umpv0p-Z_nXP4K3OmYvGQDXcvDGLzm6gsBJ8E&dib_tag=se&keywords=resistors&qid=1743925820&sprefix=resistor%2Caps%2C182&sr=8-3&th=1
https://www.amazon.com/Stainless-Mechanical-Deflection-Torsional-Maintenance/dp/B0D9NB8SZJ/ref=sr_1_3?crid=8S7KKZW2MHNH&dib=eyJ2IjoiMSJ9.nXW0L2jgg07Sng115udm8UaRIabSAVF7MVUb-aS2hGdCDSRJVeeH3nxBb4-gK04aLYzSzfABpzMWXabfW_g8MA5BD_DzAH1g_-HKlJdLf0t6ferS1f9GehYe6XSz2doPTzMW2a4Mk9eUPXN1Qx95SFk_19nUW3gs_ESx7xLqmJF5ufRG-JiWpWmzeSe4cIPb2uZfy3RMStGGryflbG-6dGIy2hcdtCw5LGDyyif2Y2o.1tTgnobLB23YRsBTwPFqi5ftYjwPGACwMT-q4v8DwVg&dib_tag=se&keywords=180%2Bdegree%2Btorsion%2Bsprings&qid=1743138114&sprefix=180%2Bdegree%2Btorsion%2Bspring%2Caps%2C178&sr=8-3&th=1
https://www.amazon.com/Stainless-Mechanical-Deflection-Torsional-Maintenance/dp/B0D9NBHMQN/ref=sr_1_3?crid=8S7KKZW2MHNH&dib=eyJ2IjoiMSJ9.nXW0L2jgg07Sng115udm8UaRIabSAVF7MVUb-aS2hGdCDSRJVeeH3nxBb4-gK04aLYzSzfABpzMWXabfW_g8MA5BD_DzAH1g_-HKlJdLf0t6ferS1f9GehYe6XSz2doPTzMW2a4Mk9eUPXN1Qx95SFk_19nUW3gs_ESx7xLqmJF5ufRG-JiWpWmzeSe4cIPb2uZfy3RMStGGryflbG-6dGIy2hcdtCw5LGDyyif2Y2o.1tTgnobLB23YRsBTwPFqi5ftYjwPGACwMT-q4v8DwVg&dib_tag=se&keywords=180%2Bdegree%2Btorsion%2Bsprings&qid=1743138114&sprefix=180%2Bdegree%2Btorsion%2Bspring%2Caps%2C178&sr=8-3&th=1
https://www.amazon.com/Fuzion-Digital-Jewelry-Portable-Included/dp/B07L92G6CF/ref=sr_1_16?crid=QSXFWAB1BI1Y&dib=eyJ2IjoiMSJ9.yAKw3ScLyvTWSrCBdSlo-fmlGK9xXuDCUZ_eOlk4rtyB1Kew_5gC7ypSF2dGKrz7PgJuPat2PJrhV0gk6CDTcZ0mLlA3WtmXCrDqNYsyFBhPHf1M_UT_VtqOWp32fm8P6bw_ou2B_WVsoMtF19OklLiE554pX4ZMglbyIAn-B36EEAM4V1LAWrJIqEDagTYCVuT3FJue00D7Ze0b_2q4hBOGswKX8JOA3HSie5ba6T3G9ruETzLFWNGr93yWP5qUrf0NNKm-CObNF4FnRwLTASK4F0GyFKSQZup7dd9FZpo.6HpaN3jj2maPmYdAqprrGVWaRMLSZYO1jF843dOxxtw&dib_tag=se&keywords=gram%2Bscale&qid=1743929910&sprefix=gram%2Bsca%2Caps%2C176&sr=8-16&th=1
https://www.amazon.com/uxcell-Metric-Thread-Stainless-Fastener/dp/B0143GL8WA/ref=sr_1_1?crid=28J2MRLQZIKB1&dib=eyJ2IjoiMSJ9.XT2x0ZANeIDNLtHlaC1SZfotIQU4muB8EqvZTtxl0v2vvR2GDM4Z4wfIZWuzubJPPznktHZK31IrGXhN34HiSxdxYFWCZTsARByqo0Gwd8XdhobqS9aHPaMK3eQU6v4AtpfpAH9tRAXBJG0JknB9_Ws7CUNKjdB-VlhkAI9tP6bSg8g1CBMV9uRp3IHsa6NofqhwrjXgfVRIolKWK5QxY_Aj6jOc3p8t41EnpHEK8de6AlMo9d0wp4nFvqkT2rR3Wbb2Y3tZwDy2DWZxBfUEUDibRtO8F0l5vTDfFQoIoYI.dNwXyhZk9C2wl94d7eBKxeXo3NkPlr25ZH_fP-t2K8U&dib_tag=se&keywords=m3.5+nut&qid=1744326131&s=industrial&sprefix=m3.5+nut%2Cindustrial%2C177&sr=1-1
https://www.amazon.com/gp/product/B07BMMHMSJ/ref=ox_sc_act_title_7?smid=A27RYCZGXJ3RD3&psc=1
https://www.amazon.com/DORHEA-Interface-Bi-Directional-Monitoring-Breakout/dp/B09PDFCBB6/ref=sr_1_3?dib=eyJ2IjoiMSJ9.qc39eeAbWM_w-Nu8m4i0E6qC3b8O_TxJAMO5lhA_vs2FLb9EzjJ40OqIVZgxpAI-yqRjAkJhhD-EgUWFz2uIt01wPH4M4qguyFIN_L8i9PSRvGVu6uWPxagGTgkM6NVs1NrtJBI1AVGUkJwo-NIguAtk5vyoPdWWAvVL_3tnh7Odud71N0hiZCmJwGbIQEAwiKDaGeeEeHyx55EEKyssIDcWxfieQHtUGNd8mUKBf4c.n3gpMSS0Hx3w8XB5xRZTvsgR0gC7Er6sN4NUUAIU5go&dib_tag=se&keywords=INA219&qid=1744344019&sr=8-3&th=1
https://www.amazon.com/AITRIP-PCSTCA9548A-Multiplexer-Breakout-Expansion/dp/B08JGSMRF9/ref=sr_1_1?crid=WW46LHYCBXRR&dib=eyJ2IjoiMSJ9._caEavUdGjWf8ZUio8Iulh5HLiNMTVbtdwebE-16IH3SrTqGI92mJh0nsEQr9-OlGYVHE3090GfxH7yqJM8P874iGz5LZIZechmMSDmoXMIrNjmdi0qu6D8IsQiHTtwu0U_-UHz4xMl6leuqINSmn50KTJdm6p_opfLIx1JXNmIdAPwiSgfxisV4vRZjHi7hbRM1arKlva5qse7wf3-BmRrCeOZs2RF9ZT7jeyeR9TI.rW1UeqJ9OPsHMjbthZtYI0V4SH_BJvl_Q09P-XLTzjQ&dib_tag=se&keywords=TCA9548A&qid=1744345050&sprefix=tca9548a%2Caps%2C232&sr=8-1&th=1
https://www.amazon.com/CD74HC4067-16-Channel-Multiplexer-Breakout-Compatible/dp/B09MLQ22DX/ref=sr_1_2?crid=39SC50TBNADTS&dib=eyJ2IjoiMSJ9.ej8Q16NkivCPBLOsWpDGxuwei9vNd2xu-8Bxhw-ZV0uPNBP8Z_TOtKF9U6hVyM3pmYJjgf2kw_ZjKrl86Pm4kWpNtPp8jCK-s8iYjNJfzJQ49TJMwrY6C4YnSD5OLE1AtvsnECHbACN8_vBdPHt26fvxV93Ck1IOpO92P6Gd67yKdRR5DW49bqKI0MaWvuH4Kz63YRLiXFWlj5Qt3GRoMedQ6PCnwJSXD4RLTos2X7h6RaDHVszgsNISUo0LvcIzZhIKfASu8va50kwygeSsvvHFI59D5fUhT1LCh-fZNeQ.6UkDP9MCICEZ-CN0dAgki5sqGEiAq7rHcW_Z9X4hQgA&dib_tag=se&keywords=CD74HC4067&qid=1744347757&sprefix=cd74hc4067+%2Caps%2C194&sr=8-2
https://www.amazon.com/Iverntech-Stepper-Printer-Machine-Robotics/dp/B07PNV7RBW/ref=sr_1_1?dib=eyJ2IjoiMSJ9.3hRNEjd32MJppZsE32yhHuLZR4XDFjLZ8Gvot3RDvckqWv98aKaqKTGHXqtg_7x3vQlUiQl1FvlqbjXw6KxDZ5aH969esEsWE91M45-4qSp-Aft1XAkOgxDskrf6g9ifobRcmQqTCN3oex9O5AzqZIyP95lxQWpp6skr7N1mCsmIAbufPwd6-SSAkvF47gpb2yYBprI8zpgDlCdY7CvXGHQWUab5Jh75Ldk8EMNcboI.csbdF9eaPpcrZOAoLodb31KUs5oxzYBIaP6SI3qOIEE&dib_tag=se&keywords=nema%2B11%2Bstepper%2Bmotor&qid=1744347153&sr=8-1&th=1
https://www.amazon.com/HiLetgo-DRV8825-Stepper-RAMPS1-4-StepStick/dp/B01NCE3ZW1/ref=sr_1_1?crid=15RWI4C07IEPP&dib=eyJ2IjoiMSJ9.FVqrCpMe_fGwMwnPJMR2Mb6RnI2gGqEffRRx59Wp1R9PjITk9oekFisl_jBacWF2n6dODPoIPsJ-lNGCeVZ_5tw1aSHgnfJh9sH41V5OEInWQdVODmcuKVnKKQV-1SSya1HFu7d0nOQVu5HSmxikl7Ml98s3OEzBRuKhlXQW74ofy33gxhFz7pephEceDg2jZpnE5rIFgb4XaCAU_YG94hkRoHjdSOlo8r3iSktP1dc.DhilW3ucWcwAQ7yxxPogm1V_joyMYBVCgvOjYit70OU&dib_tag=se&keywords=drv+8825&qid=1744347877&sprefix=drv+882%2Caps%2C220&sr=8-1
https://www.amazon.com/EC-Buying-TEMT6000-Intensity-Detection/dp/B0CZRH2DHJ/ref=sr_1_2?crid=30ZDTQYRLWW1M&dib=eyJ2IjoiMSJ9.MBf9rRHRpg0s9YRJkz5jqrPQppJuLt98-Ri8CMo0eemP7mBQjRbkiow2GmKVqHs84jToHYSEwnLZNuTqop9K2uk1fe2ZMZ3IWw98kvoC_PBwEHbMVNbKxEIlnufIi9gZ0NOmZzl18RJtBtFbAwCcYYGvUflMfmSrjCAiW1-dt_Z6YW-bEd8iFWQEPcp9bYjdADwTGy20m1iF2a2AMt7h8-UOoWI2TGLDdcaPtbG2soM.JEI-Yp63dJ-XL7KtJXv9gcr3eWrVZXZzaWmYREqSJ58&dib_tag=se&keywords=temt6000&qid=1744351998&sprefix=temt6000%2Caps%2C163&sr=8-2
https://www.amazon.com/gp/product/B094F8H591/ref=ox_sc_act_title_1?smid=A39S0U3UP1U7UG&th=1
https://anchor-electronics.com/product/radial-lead-electrolytic-capacitors/
https://anchor-electronics.com/product/radial-lead-electrolytic-capacitors/
https://anchor-electronics.com/product/radial-lead-electrolytic-capacitors/
https://anchor-electronics.com/product/radial-lead-electrolytic-capacitors/
https://anchor-electronics.com/product/radial-lead-electrolytic-capacitors/
https://anchor-electronics.com/product/radial-lead-electrolytic-capacitors/
https://anchor-electronics.com/product/radial-lead-electrolytic-capacitors/
https://anchor-electronics.com/product/radial-lead-electrolytic-capacitors/
https://anchor-electronics.com/product/dipped-monolithic-ceramic-capacitors-mid-value/
https://anchor-electronics.com/product-category/breadboards/solderless/
https://anchor-electronics.com/product/rectifierdiodes/
https://www.amazon.com/dp/B0BRTJQZRD?ref=ppx_yo2ov_dt_b_fed_asin_title&th=1

Appendix F: COTS Torsion Spring Data

all torsion springs was stainless steel.

Table F.1. COTS 90° torsion spring specifications acquired from amazon.com. The material for

dwire (mm) douter (mm) dinner (mm) Dmean (mm) n C
0.5 4.5 3.5 4 6 8
0.5 4.5 3.5 4 3 8
0.5 4.5 3.5 4 6 8
0.5 4.5 3.5 4 6 8
0.5 5 4 4.5 6 9
0.5 5 4 4.5 3 9
0.5 5 4 4.5 3 9
0.5 6 5 5.5 6 11
0.5 6 5 5.5 9 11
0.8 6 4.4 5.2 4 7
1.2 6 3.6 4.8 3 4
0.5 8 7 7.5 6 15
0.5 8 7 7.5 6 15
0.5 8 7 7.5 6 15
1 8 6 7 4 7
1 8 6 7 4 7
1 8 6 7 4 7
1 9 7 8 5 8
1 9 7 8 4 8
1.2 9 6.6 7.8 5 7
1.2 10 7.6 8.8 3 7
1.2 10 7.6 8.8 3 7
1.2 10 7.6 8.8 4 7
1.26 10 7.48 8.74 4 7
1.5 10 7 8.5 5 6
1.5 10 7 8.5 10 6
1.5 10 7 8.5 5 6
2 10 6 8 5 4
2 10 6 8 10 4
2 10 6 8 5 4
1 11 9 10 5 10
1.2 11 8.6 9.8 5 8
1.2 11 8.6 9.8 4 8
1.2 11 8.6 9.8 5 8
2.5 15 10 12.5 3 5
2.5 15 10 12.5 15 5
2.5 15 10 12.5 3 5
1.2 16 13.6 14.8 5 12
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Appendix G: Solar Panel Test Data

The unprocessed solar panel test data is persevered within this Github repository for accessibility
purposes. A direct Github link to each dataset is provided in the following table. Each data set is
comprised of elapsed time, multiplexer, channel, voltage (V), current (mA), and power (W),
respectively. As previously discussed, the open circuit voltage of each solar panel was used to
examine the individual voltage generation capabilities of each solar panel. Subsequently, the
current and power columns should be disregarded. Lastly, the initial start time does not start at
zero because there was a delay connecting the USB to the MCU, connecting the serial data in
Coolterm, and creating the text file. This is resolved by simply subtracting the time of the initial
data point from every time data point.

Table G.1. Github links to each solar panel test configuration.

Dataset Link Data points
Stowed Data 8,731
Partially Deployed Data | 8,731
Fully Deployed Data 9,423
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https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/Stowed%20Data.txt
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/Partially%20Deployed%20Data.txt
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/Fully%20Deployed%20Data.txt

Appendix H: Arduino and MATLAB Code

For the preservation of formatting and ease of accessibility, all code used throughout this project
is stored within this Github repository. A direct Github link and description for each program is
provided in the following table. Alternatively, shortcuts to the raw code present within the
document is also provided. During component-level testing, example sketches within the
Arduino library was used to verify the functionality of the INA219 current sensor and AS5600
magnetic encoder; these sketches are not included.

Table H.1. MATLAB and Arduino program GitHub links, program raw code, and descriptions.

Program Name & Github link | Raw Code | Description

IncidenceCalculations.m Table H.2 | This program calculates G, based on the

incident angle of a solar panel and calculates
the power the solar panel generates.

TemperatureCalculations.m This program improves the accuracy of the
IncidenceCalculations.m solar panel power
calculations by considering the impact of T.;;.
Table H.3 | G,ff plots are not included.

Torsion_Spring_Calculations.m | Table H.4 | This program calculates the shear and bending
stress of a torsion spring.

TEMT6000 Component Test | Table H.5 | Removes the extremum values of a 50 point
_With Noise Reduction.m ADC value data set from a TEMT6000 sensor.
The trimmed values are then averaged.

Solar Panel Data Analysis.m Parses through the stowed, partially deployed,
Table H.6 | and fully deployed data sets obtained during
solar panel testing. A moving average was
applied during the plot creation process for
smoothing purposes.

TEMT6000 Sensor.ino Table H.7 | This program measures the ADC values of the
TEMT6000 based on the ambient light level.

Analog Multiplexer Test.ino Table H.8 | This program tests the TEMT6000 LSA and
CD74HC4067 analog multiplexer.

[2C_Multiplexer Test.ino Table H.9 | This program tests the INA219 current sensors
and the PCA9548 A 12C multiplexer.
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https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/TemperatureCalculations.m
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/IncidenceCalculations.m
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/TemperatureCalculations.m
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/Torsion_Spring_Calculations.m
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/TEMT6000_Component_Test_With_Noise_Reduction.m
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/TEMT6000_Component_Test_With_Noise_Reduction.m
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/Solar_Panel_Data_Analysis.m
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/TEMT6000_Unit_Test.ino
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/Analog_Multiplexer_Test.ino
https://github.com/ConcealedHero/Development-of-a-Solar-Array-Deployment-Mechanism-for-a-CubeSat/blob/main/I2C_Multiplexer_Test.ino

NEMA 11 Stepper Motor.ino | Table H.10 | This program tests whether the NEMA 11

Table H.2. IncidenceCalculations.m MATLAB program.

%0{

Christopher Hernandez

Development of a Solar Array Deployment Mechanism for a CubeSat
Effective Irradiance and Power Calculator

November 2024

This program calculates effective irradiance based on the incident angle
and the subsequent power generated by a solar panel.

%o}
cle, clear, close all

%% Variables
G=1361; % w/m"2
Area=0.0192; % m”2
Efficiency = 0.15;

% Booleans
closeFigures = 1;

%% One Face

% Calculations

1AngleVectorl = linspace(0,90,91);

GeffMatrix = zeros(2,91);

GeffVector = zeros(1,length(iAngleVectorl));

for i=1:length(1AngleVector1)
GeffMatrix(1,i) = G * cos(deg2rad(iAngleVector1(i))); % Face 1
GeffMatrix(2,1) = iAngleVector1(1); % Incidence Angle 1
GeffMatrix(3,i) = GeffMatrix(1,i) * Area * Efficiency; % Power Output

end

% Plots

% Effective irradiance plot

figure("Name","Effective Irradiance vs. Incidence Angle (One Face)")
plot(GeftMatrix(2,:),GeffMatrix(1,:),"LineWidth",2)

title("Effective Irradiance vs. Incidence Angle")

xlabel("Incidence Angle (°)")

ylabel("Effective Irradiance (W/m”"2)")

grid on, grid minor

% Power Plot
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figure("Name","Power vs. Incidence Angle (One Face)")
plot(GeftMatrix(2,:),GeffMatrix(3,:),"LineWidth",2)
title("Power vs. Incidence Angle")

xlabel("Incidence Angle (°)")

ylabel("Power (W)")

grid on, grid minor

fprintf("One Face\n")
fprintf("Maximum Irradiance (1 Face): %f (W/m”2) \n",max(GeffMatrix(1,:)) )
fprintf("Maximum Power (1 Face): %f (W) \n\n",max(GeftMatrix(3,:)) )

%% Two Faces

% Calculations

iAngleVectorl = linspace(0,90,91);

1AngleVector2 = linspace(90,0,91);

GeffMatrix = zeros(6,91);

for i=1:length(iAngleVector1)
GeffMatrix(1,i) = G * cos(deg2rad(iAngleVector1(i))); % Face 1
GeffMatrix(2,i) = G * cos(deg2rad(iAngleVector2(i))); % Face 2
GeffMatrix(3,i) = GeffMatrix(1,i) + GeffMatrix(2,i); % Combined Irradiance
GeffMatrix(4,1) = iAngleVector1(i); % Incidence Angle 1
GeffMatrix(5,i) = iAngleVector2(i); % Incidence Angle 2
GeffMatrix(6,1) = GeffMatrix(3,i) * Area * Efficiency; % Power Output

end

% Plots

% Effective irradiance plot

figure("Name","Effective Irradiance vs. Incidence Angle (Two Faces)")

t = tiledlayout(1,1);

ax1 = axes(t);

plot(ax1,GeffMatrix(4,:),GeffMatrix(3,:),"LineWidth",2)

title("Eftective Irradiance vs. Incidence Angle","Units","Normalized","Position",[0.5, 1.05, 0])
xlabel("Incidence Angle (°)")

ylabel("Effective Irradiance (W/m”2)")

ax2 = axes(t);
plot(ax2,GeffMatrix(5,:),GeffMatrix(3,:),"LineWidth",2)
set(gca, "xdir","reverse"

ax2.XAxisLocation = "top";

ax2.YAxisLocation = "right";

ax2.Color = "none";

ax1.Box = "off";

ax2.Box = "off";

grid on, grid minor
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% Power Plot

figure("Name","Power vs. Incidence Angle (Two Faces)")

t = tiledlayout(1,1);

ax1 = axes(t);

plot(ax1,GeffMatrix(4,:),GeffMatrix(6,:),"LineWidth",2)

title("Power vs. Incidence Angle","Units","Normalized","Position",[0.5, 1.05, 0])
xlabel("Incidence Angle (°)")

ylabel("Power (W)")

ax2 = axes(t);
plot(ax2,GeffMatrix(4,:),GeffMatrix(6,:),"LineWidth",2)
set(gca, "xdir","reverse")

ax2.XAxisLocation = "top";

ax2.YAxisLocation = "right";

ax2.Color = "none";

ax1.Box ="off";

ax2.Box = "off";

grid on, grid minor

fprintf("Two Faces\n")
fprintf("Maximum Irradiance (2 Faces): %f (W/m”2) \n",max(GeffMatrix(3,:)) )
fprintf("Maximum Power (2 Faces): %f (W) \n\n",max(GeffMatrix(6,:)) )

%% Three Faces

% Calculations

1AngleVector1 = linspace(0,45,91);

1AngleVector2 = linspace(90,45,91);

1AngleVector3 = linspace(90,45,91);

GeffMatrix = zeros(8,91);

matrixPosition = 0;

for i=1:length(iAngleVector1)
GeftMatrix(1,1) = G * cos(deg2rad(iAngleVectorl1(i))); % Face 1
GeffMatrix(2,i) = G * cos(deg2rad(iAngleVector2(i))); % Face 2
GeftMatrix(3,1) = G * cos(deg2rad(iAngleVector3(1))); % Face 3
GeffMatrix(4,1) = GeffMatrix(1,i) + GeffMatrix(2,1) + GeffMatrix(3,i); % Combined

Irradiance
GeffMatrix(5,1) = iAngleVector1(i); % Incidence Angle 1
GeffMatrix(6,1) = iAngleVector2(i); % Incidence Angle 2
GeffMatrix(7,i) = iAngleVector3(i); % Incidence Angle 3
GeftMatrix(8,1) = GeffMatrix(4,1) * Area * Efficiency; % Power Output

end

% Plots

% Effective Irradiance Plot

figure("Name","Effective Irradiance vs. Incidence Angle (Three Faces)")
plot(GeffMatrix(7,:),GeftMatrix(4,:),"LineWidth",2)

131




title("Effective Irradiance vs. Incidence Angle")
xlabel("Incidence Angle (°)")

ylabel("Effective Irradiance (W/m”2)")

grid on, grid minor

% Power Plot

figure("Name","Power vs. Incidence Angle (Three Faces)")
plot(GeftMatrix(7,:),GeffMatrix(8,:),"LineWidth",2)
title("Power vs. Incidence Angle")

xlabel("Incidence Angle (°)")

ylabel("Power (W)")

grid on, grid minor

fprintf("Three Faces\n")
fprintf("Maximum Irradiance (3 Faces): %f (W/m”2)\n",max(GeftMatrix(4,:)) )
fprintf("Maximum Power (3 Faces): %f (W)\n\n",max(GeftfMatrix(8,:)) )

if closeFigures == 1

close all
end
Table H.3. TemperatureCalculations.m MATLAB program.
Yo{
Christopher Hernandez

Development of a Solar Array Deployment Mechanism for a CubeSat
Temperature Calculator

November 2024

This program calculates power losses at the optimal incident angle for
each degree change in temperature.

Cases

- When simulating one irradiated face, the iAngle should be set to 0°
and oneFace should be set to 1.

- When simulating two irradiated faces, the iAngle should be set to 45°
and twoFace should be set to 2.

- When simulating three irradiated faces, the iAngle should be set to 45°
and twoFace should be set to 3.

Yo}

cle, clear, close all
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%% Variables
G=1361; % w/m”2
Area = 0.1600; % m”2
Efficiency = 0.15;
lamda = 0.045;

1Angle = 0;

% Booleans
oneFace =0;
twoFaces = 0;
threeFaces = 1;
closeFigures = 1;

% Calculations

tCellVector = linspace(25,85,61);

pVector = zeros(1,length(tCell Vector));
epsilonVector = zeros(1,length(tCell Vector));
Geff = G*cos(deg2rad(iAngle));

systemMatrix = zeros(3,length(tCell Vector));
for i=1:length(tCell Vector)
epsilonVector(1,1) = lamda*(tCell Vector(i) - 25)*Efficiency;
if oneFace ==
pVector(1,1) = Geff * Area * Efficiency * (1 - lamda*(tCell Vector(i) - 25));
elseif twoFaces ==
pVector(1,1) =2 * Geff * Area * Efficiency * (1 - lamda*(tCellVector(i) - 25));
elseif threeFaces ==
pVector(1,1) =3 * Geff * Area * Efficiency * (1 - lamda*(tCellVector(i) - 25));
end
end
systemMatrix(1,:) = tCell Vector;
systemMatrix(2,:) = pVector;
systemMatrix(3,:) = epsilonVector;

% Plots

figure("Name","Temperature vs. Power")
plot(tCell Vector,p Vector);
title("Temperature vs. Power")
xlabel("Cell Temperature (°C)")
ylabel("Power (W)")

ylim([0, max(pVector(1,:))])

grid on, grid minor

fprintf("Maximum Power: %f (W)\n\n",max(systemMatrix(2,:)) ) % STC
fprintf("Power +5°C: %t (W)\n\n",max(systemMatrix(2,6))) % 30°C
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fprintf("Power +10°C: %f (W)\n\n",max(systemMatrix(2,11))) % 35°C
fprintf("Power +15°C: %f (W)\n\n",max(systemMatrix(2,16))) % 40°C

if closeFigures ==
close all
end

Table H.4. The torsion spring calculator calculates the shear and bending stress based on certain
characteristics of a torsion spring.

Y01
Christopher Hernandez
Development of a Solar Array Deployment Mechanism for a CubeSat
Torsion Spring Calculator
March 2025
This program calculates the shear and bending stress of a torsion
spring.

Yo}

cle, clear, close all

%% Constants

E =195*%10"9; % Young's Modulus (Pa)

d = 0.35/10"3; % Wire diameter (m)

n =15; % Number of coils

outerDiameter = 11/10"3; % m

theta = 90; % Deployment angle (Degrees)
m = 0.02268; % Solar panel mass (kg)

L =100/10"3; % Solar panel length (m)
yieldStrength =215 * 1076; % Pa
shearStrength = 0.57 * yieldStrength; % Pa

% Conversions
deg2rad = pi1/180;
rad2deg = 180/pi;

theta = theta*deg2rad,

%% Calculations

% Spring Constant

innerDiameter = outerDiameter - 2*d; % m

D = (outerDiameter + innerDiameter)/2 % Mean coil diameter (m)
k = (E*d™4) / (10.8*n*D) % (Nm/rad)

[ =(1/3)*m*L"2 % Moment of Inertia (kg/m"2)
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w = sqrt(k/I) % rad/s

T = k*theta % Torque (N*m)
t=p1/2/w % s

t2 = sqrt(I/k)*asin(90*deg2rad/theta)

C=D/d;

% Correction factors

kB =(4*C"2-1-1)/(4*C * (C-1))

kWahl = ((4*C - 1)/ (4*C - 4)) + 0.615/C % Wahl correction factor
kBerg = (4*C+2)/(4*C-3) % Bergstrésser correction factor

% Stress calculations
shearStress = 16*T*kWahl*D/(pi*d"3)
bendingStress = 32*T*kWahl*D/(pi*d"3)

% Safety factor calculations
bendingSafetyFactor = yieldStrength/bendingStress
shearSafetyFactor = shearStrength/shearStress
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Table H.5. TEMT6000 component test with noise reduction methods.

Yoi
Christopher Hernandez
Development of a Solar Array Deployment Mechanism for a CubeSat
TEMT6000 Component Test with Noise Reduction
April 2025

This program uses MATLAB to log and visualize the plotted ADC values of
a TEMT6000 sensor. The unprocessed and noise reduced ADC values are
plotted.

Yo}

cle, clear, close all

%% Arduino initialization
a = arduino("COM3", "Nano33IoT");
lightSensorPin = "A7";

% Variables
delayTime = 0;
testTime = 60;

% Constants
voltageReference = 3.3;
adcMax = 1023;

% Animated figure

figure("Name","TEMT6000 Unit Test (Averaged Data)");
line = animatedline;

title("TEMT6000 Light Sensor Unit Test");

xlabel("Time (s)");

ylabel("ADC Value");

ylim([0 adcMax]);

grid on, grid minor

% Tables

voltageValue = [];
adcValue = [];
timeValue = [];
averageADCValue = [];
averageTimeValue = [];

% Indexes
samplinglndex = 1;
averagelndex = 1;
sampleSize = 60;
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trimIndex = 1;
tic % Start time

%% Main
while true
% Raw sampling light sensor readings
rawSamples = zeros(sampleSize, 1);
for 1i=1:sampleSize
voltageValue(samplinglndex, 1) = read Voltage(a, lightSensorPin); % Measured voltage
adcValue(samplingIndex, 1) = round((voltageValue(samplingIndex, 1) / voltageReference)
* adcMax); % ADC value
timeValue(samplingIndex, 1) = toc;
rawSamples(ii) = adcValue(samplingIndex, 1);
samplinglndex = samplinglndex + 1;
end
averageTimeValue(averagelndex,1) = toc; % Elapsed time

% Averages the raw sampling light sensor readings
startindex = samplingIndex - sampleSize;
indexRange = startIndex:samplingIndex-1;

minADCValue = min(adcValue(indexRange));
maxADCValue = max(adcValue(indexRange));

% Trims minimum and maximum values
sortedSamples = sort(rawSamples);
trimmedSamples = sortedSamples(2:end-1);

minADCValueTrimmed = min(trimmedSamples);
maxADCValueTrimmed = max(trimmedSamples);

averageADCValue(averageIndex, 1) = mean(trimmedSamples);
ylim([0 max(averageADCValue) + 10])

% Runs the unit test for a specified amount of time

if averageTimeValue(averagelndex,1) >= testTime
break

end

% Updates animated plot
addpoints(line, averageTimeValue(averagelndex, 1), averageADCValue(averagelndex, 1));
drawnow limitrate;

fprintf("Time (s): %f\n", averageTimeValue(averagelndex, 1))
fprintf("Index Range: %f - %f\n", startindex, samplinglndex-1)
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fprintf("" Average ADC Value: %f\n", averageADCValue(averagelndex, 1))
fprintf("Min ADC value: %f\n", minADCValue)

fprintf("Min ADC value (Trimmed): %f\n",minADCValueTrimmed)
fprintf("Max ADC value: %f\n", maxADCValue)

fprintf("Max ADC value: (Trimmed) %f\n\n", maxADCValueTrimmed)

averagelndex = averagelndex + 1;
end

%% Plots

figure("Name","TEMT6000 Unit Test (Raw Data)")
plot(timeValue,adc Value)

title("TEMT6000 Unit Test (Raw Sampling)")
xlabel("Time (s)")

ylabel("ADC Value")

grid on, grid minor

figure("Name","TEMT6000 Unit Test (Averaged Data)")
plot(averageTime Value,average ADCValue)
title("TEMT6000 Unit Test (Average Sampling)")
xlabel("Time (s)")

ylabel("ADC Value")

grid on, grid minor

figure("Name","TEMT6000 Unit Test")

plot(averageTimeValue,averageADCValue)

title("TEMT6000 Unit Test")

xlabel("Time (s)")

ylabel("ADC Value")

hold on

plot(timeValue,adcValue)

grid on, grid minor

legend("Averaged Data","Raw Data","Location","southoutside","Orientation","Horizontal")
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Table H.6. Solar panel test data parser.

Yoi
Christopher Hernandez
Development of a Solar Array Deployment Mechanism for a CubeSat

Solar Panel Test Data Parser
April 2025

This program parses through the data sets of the stowed, partially
deployed, and fully deployed configurations. The program sets the start
time to 0 seconds and parses the original data file into elapsed

seconds, multiplexer, channel, and voltage. During solar array
modification the channels were switched between the stowed/partially
deployed configurations and the fully deployed configurations. This
issue was resolved by adjusting the indices accordingly. A moving
average is applied to the original data set for smoothing purposes.

Yo

cle, clear, close all

partiallyDeployedData = readmatrix("Partially Deployed Data.txt"); % 9,315
stowedData = readmatrix("Stowed Data.txt"); % 8,731

fullyDeployedData = readmatrix("Fully Deployed Data.txt"); % 9,423

% Sets a common start point
for jj = 1:length(fullyDeployedData)

fullyDeployedData(jj,1) = fullyDeployedData(jj,1) - 22.31;
end

for jj = 1:length(partiallyDeployedData)
partiallyDeployedData(jj,1) = partiallyDeployedData(jj, 1) - 3.79;
end

for jj = 1:length(stowedData)
stowedData(jj,1) = stowedData(jj,1) - 3.79;
end

% Multiplexer 1 - Channel 0

index = 1;

for 11=1:9:length(stowedData)
% Stowed Data
sM1CO0(index, 1) = stowedData(ii,1); % Elapsed time
sM1CO0(index,2) = stowedData(ii,2); % Multiplexer
sM1C0(index,3) = stowedData(ii,3); % Channel
sM1CO0(index,4) = stowedData(ii,4); % Voltage
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% Partially Deployed Data

pdM1CO0(index,1) = partiallyDeployedData(ii,1); % Elapsed time
pdM1CO0(index,2) = partiallyDeployedData(ii,2); % Multiplexer
pdM1CO0(index,3) = partiallyDeployedData(ii,3); % Channel
pdM1CO0(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data

fdM1CO0(index,1) = fullyDeployedData(ii,1); % Elapsed time
fdM1CO0(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM1CO0(index,3) = fullyDeployedData(ii,3); % Channel
fdM1CO0(index,4) = fullyDeployedData(ii,4); % Voltage

index = index + 1;
end

% Multiplexer 1 - Channel 1

index = 1;

for 11=2:9:length(stowedData)
% Stowed Data
sM1Cl(index,1) = stowedData(ii,1); % Elapsed time
sM1Cl(index,2) = stowedData(ii,2); % Multiplexer
sM1Cl(index,3) = stowedData(ii,3); % Channel
sM1Cl(index,4) = stowedData(ii,4); % Voltage

% Partially Deployed Data

pdM1Cl(index,1) = partiallyDeployedData(ii,1); % Elapsed time
pdM1Cl1(index,2) = partiallyDeployedData(ii,2); % Multiplexer
pdM1Cl(index,3) = partiallyDeployedData(ii,3); % Channel
pdM1Cl1(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data
fdM1Cl1(index,1) = fullyDeployedData(ii,1); % Elapsed time
fdM1Cl1(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM1Cl1(index,3) = fullyDeployedData(ii,3); % Channel
fdM1Cl1(index,4) = fullyDeployedData(ii,4); % Voltage
index = index + 1;

end

% Multiplexer 1 - Channel 2

index = 1;

for 11=3:9:length(stowedData)
% Stowed Data
sM1C2(index,1) = stowedData(ii,1); % Elapsed time
sM1C2(index,2) = stowedData(ii,2); % Multiplexer
sM1C2(index,3) = stowedData(ii,3); % Channel
sM1C2(index,4) = stowedData(ii,4); % Voltage
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% Partially Deployed Data

pdM1C2(index, 1) = partiallyDeployedData(ii,1); % Elapsed time
pdM1C2(index,2) = partiallyDeployedData(ii,2); % Multiplexer
pdM1C2(index,3) = partiallyDeployedData(ii,3); % Channel
pdM1C2(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data

fdM1C2(index, 1) = fullyDeployedData(ii,1); % Elapsed time
fdM1C2(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM1C2(index,3) = fullyDeployedData(ii,3); % Channel
fdM1C2(index,4) = fullyDeployedData(ii,4); % Voltage

index = index + 1;
end

% Multiplexer 1 - Channel 3

index = 1;

for 1i=4:9:length(stowedData)
% Stowed Data
sM1C3(index,1) = stowedData(ii,1); % Elapsed time
sM1C3(index,2) = stowedData(ii,2); % Multiplexer
sM1C3(index,3) = stowedData(ii,3); % Channel
sM1C3(index,4) = stowedData(ii,4); % Voltage

% Partially Deployed Data

pdM1C3(index,1) = partiallyDeployedData(ii,1); % Elapsed time
pdM1C3(index,2) = partiallyDeployedData(i1,2); % Multiplexer
pdM1C3(index,3) = partiallyDeployedData(ii,3); % Channel
pdM1C3(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data

fdM1C3(index, 1) = fullyDeployedData(ii,1); % Elapsed time
fdM1C3(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM1C3(index,3) = fullyDeployedData(ii,3); % Channel
fdM1C3(index,4) = fullyDeployedData(ii,4); % Voltage

index = index + 1;
end

% Multiplexer 1 - Channel 4

index = 1;

for 1i=5:9:length(stowedData)
% Stowed Data
sM1C4(index,1) = stowedData(ii,1); % Elapsed time
sM1C4(index,2) = stowedData(ii,2); % Multiplexer
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sM1C4(index,3) = stowedData(ii,3); % Channel
sM1C4(index,4) = stowedData(ii,4); % Voltage

% Partially Deployed Data

pdM1C4(index, 1) = partiallyDeployedData(ii,1); % Elapsed time
pdM1C4(index,2) = partiallyDeployedData(ii,2); % Multiplexer
pdM1C4(index,3) = partiallyDeployedData(ii,3); % Channel
pdM1C4(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data

fdM1C4(index, 1) = fullyDeployedData(ii,1); % Elapsed time
fdM1C4(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM1C4(index,3) = fullyDeployedData(ii,3); % Channel
fdM1C4(index,4) = fullyDeployedData(ii,4); % Voltage

index = index + 1;
end

% Multiplexer 2 - Channel 0

index = 1;

for 1i=6:9:length(stowedData)
% Stowed Data
sM2C0(index,1) = stowedData(ii,1); % Elapsed time
sM2C0(index,2) = stowedData(ii,2); % Multiplexer
sM2C0(index,3) = stowedData(ii,3); % Channel
sM2C0(index,4) = stowedData(ii,4); % Voltage

% Partially Deployed Data

pdM2CO0(index,1) = partiallyDeployedData(ii,1); % Elapsed time
pdM2CO0(index,2) = partiallyDeployedData(i1,2); % Multiplexer
pdM2C0(index,3) = partiallyDeployedData(ii,3); % Channel
pdM2CO0(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data

fdM2C0(index, 1) = fullyDeployedData(ii,1); % Elapsed time
fdM2CO0(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM2C0(index,3) = fullyDeployedData(ii,3); % Channel
fdM2CO0(index,4) = fullyDeployedData(ii,4); % Voltage

index = index + 1;
end

% Multiplexer 2 - Channel 1
index = 1;
for 11=7:9:length(stowedData)
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% Stowed Data

sM2Cl1(index,1) = stowedData(ii,1); % Elapsed time
sM2Cl1(index,2) = stowedData(ii,2); % Multiplexer
sM2Cl1(index,3) = stowedData(ii,3); % Channel
sM2Cl(index,4) = stowedData(ii,4); % Voltage

% Partially Deployed Data

pdM2Cl1(index,1) = partiallyDeployedData(ii,1); % Elapsed time
pdM2Cl1(index,2) = partiallyDeployedData(ii,2); % Multiplexer
pdM2Cl1(index,3) = partiallyDeployedData(ii,3); % Channel
pdM2Cl1(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data

fdM2Cl1(index,1) = fullyDeployedData(ii,1); % Elapsed time
fdM2Cl1(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM2Cl1(index,3) = fullyDeployedData(ii,3); % Channel
fdM2Cl1(index,4) = fullyDeployedData(ii,4); % Voltage

index = index + 1;

end

% Multiplexer 2 - Channel 2
index = 1;

for 11=8:9:length(stowedData)

sM2C2(index,1) = stowedData(ii,1); % Elapsed time
sM2C2(index,2) = stowedData(ii,2); % Multiplexer
sM2C2(index,3) = stowedData(ii,3); % Channel
sM2C2(index,4) = stowedData(ii,4); % Voltage

% Partially Deployed Data

pdM2C2(index,1) = partiallyDeployedData(ii,1); % Elapsed time
pdM2C2(index,2) = partiallyDeployedData(i1,2); % Multiplexer
pdM2C2(index,3) = partiallyDeployedData(ii,3); % Channel
pdM2C2(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data

fdM2C2(index, 1) = fullyDeployedData(ii,1); % Elapsed time
fdM2C2(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM2C2(index,3) = fullyDeployedData(ii,3); % Channel
fdM2C2(index,4) = fullyDeployedData(ii,4); % Voltage

index = index + 1;

end

% Multiplexer 2 - Channel 3

index = 1;
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for 11=9:9:length(stowedData)
sM2C3(index,1) = stowedData(ii,1); % Elapsed time
sM2C3(index,2) = stowedData(ii,2); % Multiplexer
sM2C3(index,3) = stowedData(ii,3); % Channel
sM2C3(index,4) = stowedData(ii,4); % Voltage

% Partially Deployed Data

pdM2C3(index,1) = partiallyDeployedData(ii,1); % Elapsed time
pdM2C3(index,2) = partiallyDeployedData(ii,2); % Multiplexer
pdM2C3(index,3) = partiallyDeployedData(ii,3); % Channel
pdM2C3(index,4) = partiallyDeployedData(ii,4); % Voltage

% Fully Deployed Data

fdM2C3(index, 1) = fullyDeployedData(ii,1); % Elapsed time
fdM2C3(index,2) = fullyDeployedData(ii,2); % Multiplexer
fdM2C3(index,3) = fullyDeployedData(ii,3); % Channel
fdM2C3(index,4) = fullyDeployedData(ii,4); % Voltage

index = index + 1;
end

% Solar Array 1

figure("Name","Voltage Generated by Solar Array 1")

% Solar Panel 7

plot(movmean(sM2C2(:,1),3),movmean(sM2C2(:,4),3)); hold on, grid on, grid minor

plot(movmean(pdM2C2(:,1),3),movmean(pdM2C2(:,4),3))

plot(movmean(fdM1C4(:,1),3),movmean(fdM1C4(:,4),3))

% Solar Panel 8

plot(movmean(sM2CO0(:,1),3),movmean(sM2CO0(:,4),3))

plot(movmean(pdM2CO0(:,1),3),movmean(pdM2C0(:,4),3))

plot(movmean(fdM2C2(:,1),3),movmean(fdM2C2(:,4),3))

title("Voltage Generated by Solar Array 1")

xlabel("Time (s)")

ylabel("Voltage (V)")

legend("Stowed Panel (SP7)","Deployed Panel (SP7)","Fully Deployed Panel (SP7)" ...
,"Stowed Panel (SP8)","Deployed Panel (SPS8)","Fully Deployed Panel (SP8)", ...

nn

"Location","southoutside","Orientation","horizontal")

% Solar Array 2

figure("Name"," Voltage Generated by Solar Array 2")

% Solar Panel 1

plot(movmean(sM2C1(:,1),3),movmean(sM2C1(:,4),3)); hold on, grid on, grid minor
plot(movmean(pdM2C1(:,1),3),movmean(pdM2C1(:,4),3))
plot(movmean(fdM1CO0(:,1),3),movmean(fdM1CO0(:,4),3))

% Solar Panel 2
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plot(movmean(sM1C4(:,1),3),movmean(sM1C4(:,4),3))

plot(movmean(pdM1C4(:,1),3),movmean(pdM1C4(:,4),3))

plot(movmean(fdM2CO0(:,1),3),movmean(fdM2C0(:,4),3))

title("Voltage Generated by Solar Array 2")

xlabel("Time (s)")

ylabel("Voltage (V)")

legend("Stowed Panel (SP1)","Deployed Panel (SP1)","Fully Deployed Panel (SP1)" ...
,"Stowed Panel (SP2)","Deployed Panel (SP2)","Fully Deployed Panel (SP2)", ...

nn

"Location","southoutside","Orientation","horizontal")

% Solar Array 3

figure("Name","Voltage Generated by Solar Array 3")

% Solar Panel 3

plot(movmean(sM1C3(:,1),3),movmean(sM1C3(:,4),3)); hold on, grid on, grid minor

plot(movmean(pdM1C3(:,1),3),movmean(pdM1C3(:,4),3))

plot(movmean(fdM1C3(:,1),3),movmean(fdM1C3(:,4),3))

% Solar Panel 4

plot(movmean(sM1C2(:,1),3),movmean(sM1C2(:,4),3))

plot(movmean(pdM1C2(:,1),3),movmean(pdM1C2(:,4),3))

plot(movmean(fdM1C2(:,1),3),movmean(fdM1C2(:,4),3))

title("Voltage Generated by Solar Array 3")

xlabel("Time (s)")

ylabel("Voltage (V)")

legend(""Stowed Panel (SP3)","Deployed Panel (SP3)","Fully Deployed Panel (SP3)" ...
,"Stowed Panel (SP4)","Deployed Panel (SP4)","Fully Deployed Panel (SP4)", ...

nn

"Location","southoutside","Orientation","horizontal")

% Solar Array 4

figure("Name"," Voltage Generated by Solar Array 4")

% Solar Panel 5

plot(movmean(sM1CO(:,1),3),movmean(sM1CO0(:,4),3)); hold on, grid on, grid minor

plot(movmean(pdM1CO0(:,1),3),movmean(pdM1C0(:,4),3))

plot(movmean(fdM1C1(:,1),3),movmean(fdM1C1(:,4),3))

% Solar Panel 6

plot(movmean(sM1C1(:,1),3),movmean(sM1C1(:,4),3))

plot(movmean(pdM1C1(:,1),3),movmean(pdM1C1(:,4),3))

plot(movmean(fdM2C1(:,1),3),movmean(fdM2C1(:,4),3))

title("Voltage Generated by Solar Array 4")

xlabel("Time (s)")

ylabel("Voltage (V)")

legend("Stowed Panel (SP5)","Deployed Panel (SP5)","Fully Deployed Panel (SP5)" ...
,"Stowed Panel (SP6)","Deployed Panel (SP6)","Fully Deployed Panel (SP6)", ...

nn

"Location","southoutside","Orientation","horizontal")

figure("Name"," Voltage Generated by Solar Array 5")
% Solar Panel 5
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plot(movmean(sM2C3(:,1),5),movmean(sM2C3(:,4),5)); hold on, grid on, grid minor
plot(movmean(fdM2C3(:,1),5),movmean(fdM2C3(:,4),5));

title("Voltage Generated by Solar Array 5")

xlabel("Time (s)")

ylabel("Voltage (V)")

legend("Stowed Panel (SP9)","Fully Deployed Panel (SP9)", ...

nn

"Location","southoutside","Orientation","horizontal")

figure("Name"," Voltage Generated by Solar Array 5")
plot(movmean(sM2C3(:,1),5),movmean(sM2C3(:,4),5)); hold on, grid minor, grid on
title("Voltage Generated by Solar Array 5")

xlabel("Time (s)")

ylabel("Voltage (V)")

Table H.7. TEMT6000 component test code.

/*

Christopher Hernandez

Development of a Solar Array Deployment Mechanism for a CubeSat

TEMT6000 Component Test

April 2025

This program measures the ADC values of the TEMT6000 based on the ambient light level.
*/

#define lightSensorl A7

void setup() {
pinMode(lightSensorl, INPUT);
Serial.begin(9600);

}

void loop() {
int lightValue = analogRead(lightSensor);
Serial.println(lightSensor);
delay(1000);

}

Table H.8. TEMT6000 LSA and CD74HC4067 analog multiplexer integration test code.

/*
Christopher Hernandez
Development of a Solar Array Deployment Mechanism for a CubeSat
TEMT6000 Integration Test
This program tests the TEMT6000 LSA and CD74HC4067 analog multiplexer.
*/

const int SO = AOQ;
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const int S1 =Al;
const int S2 =A2;
const int SIG =A7;

void setup() {
pinMode(S0, OUTPUT);
pinMode(S1, OUTPUT);
pinMode(S2, OUTPUT);

digitalWrite(S0,0);
digitalWrite(S1,0);
digital Write(S2,0);

Serial.begin(9600);
while(!Serial);
}

void loop() {
// Reads the first light sensor
digital Write(S0,0);
digital Write(S1,0);
digital Write(S2,0);
delayMicroseconds(10);
float lightSensor1 = analogRead(SIG);
Serial.print("Light sensor 1: ");
Serial.printIn(lightSensorl);

// Reads the second light sensor
digitalWrite(S0,1);

digital Write(S1,0);

digital Write(S2,0);
delayMicroseconds(10);

float lightSensor2 = analogRead(SI1G);
Serial.print("Light sensor 2: ");
Serial.println(lightSensor2);

// Reads the third light sensor
digitalWrite(S0,0);

digitalWrite(S1,1);

digital Write(S2,0);
delayMicroseconds(10);

float lightSensor3 = analogRead(SIG);
Serial.print("Light sensor 3: ");
Serial.printIn(lightSensor3);
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// Reads the fourth light sensor
digitalWrite(S0,1);

digitalWrite(S1,1);

digital Write(S2,0);
delayMicroseconds(10);

float lightSensor4 = analogRead(SIG);
Serial.print("Light sensor 4: ");
Serial.printIn(lightSensor4);

// Reads the fifth light sensor

digital Write(S0,0);

digital Write(S1,0);

digitalWrite(S2,1);
delayMicroseconds(10);

float lightSensor5 = analogRead(SIG);
Serial.print("Light sensor 5: ");
Serial.println(lightSensor5);
Serial.println();

Table H.9. INA219 and PCA9548A integration test code.

/*

Christopher Hernandez

Development of a Solar Array Deployment Mechanism for a CubeSat

INA219 and PCA9548A Integration Test

April 2025

This program tests the INA219 current sensors and the PCA9548A 12C multiplexer. The
lowest predefined calibration range of the INA219
*/

#include <Wire.h>
#include <Adafruit INA219.h>

// 12C addresses
#define PCA9548A 1 0x70
#define PCA9548A 2 0x71

Adafruit INA219 ina219s[2][5];

// Channel selection
void selectMuxChannel(uint8 t multiplexerChannel, uint8 t multiplexerAddress) {
if (multiplexerChannel > 7) return;
Wire.beginTransmission(multiplexerAddress);
Wire.write(1 << multiplexerChannel);
Wire.endTransmission();
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}

/I Checks the connection of the multiplexer and the initialization of the INA219 sensors
void setup() {
Wire.begin();
Serial.begin(9600);
while (!Serial);
for (int mux = 0; mux < 2; mux++) { // Multiplexer cycling
uint8 t muxAddr = (mux == 0) ? PCA9548A 1 : PCA9548A 2;
for (int ch = 0; ch < 5; ch++) { // Channel cycling
if (mux == 1 && ch == 4) continue; // Skips unused channel
selectMuxChannel(ch, muxAddr);
if (!ina219s[mux][ch].begin()) { // Checks if the INA219 was initialized
Serial.print("INA219 not found on multiplexer ");
Serial.print(mux + 1);
Serial.print(" channel ");
Serial.println(ch);
} else {
ina219s[mux][ch].setCalibration 16V_400mA(); // If INA219 is initialized, the lowest
predefined calibration range is used
}
}
}
}

// The MCU cycles through each channel of a multiplexer before cycling to the next
multiplexer
void loop() {
for (int mux = 0; mux < 2; mux++) { // Multiplexer cycling
uint8 t muxAddr = (mux == 0) ? PCA9548A 1 : PCA9548A 2;
for (int ch = 0; ch < 5; ch++) { // Channel cycling
if (mux == 1 && ch == 4) continue; // Skips unused channel
selectMuxChannel(ch, muxAddr);
unsigned long timeNow = millis();
float elapsedSeconds = timeNow / 1000.0;
float voltage = ina219s[mux][ch].getBusVoltage V();
float current = ina219s[mux][ch].getCurrent mA();
float power = ina219s[mux][ch].getPower mW();

/I CSV format: Elapsed time, multiplexer, channel, voltage, current, and power
Serial.print(elapsedSeconds, 2); Serial.print(",");

Serial.print(mux + 1); Serial.print(",");

Serial.print(ch); Serial.print(",");

Serial.print(voltage, 3); Serial.print(",");

Serial.print(current, 3); Serial.print(",");

Serial.println(power, 3);
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delay(300);

b
}
delay(1000);
}
Table H.10. NEMA 11 and DRV8825 integration test code.
/*
Christopher Hernandez

Development of a Solar Array Deployment Mechanism for a CubeSat

NEMA 11 and DRV8825 Integration Test

This program tests whether the NEMA 11 motor could rotate CW and CCW.
*/

const int stepPin = 10;
const int dirPin = 9;
const int stepsPerRevolution = 200;

/*
Current draw test
Step-dir pins
Motor 4: 8-7, 0.275 amps
Motor 3: 10-9, 0.340 amps
Motor 2: 6-5, 0.330 amps
Motor 1: 4-3, 0.355 amps
*/

void setup() {
pinMode(stepPin, OUTPUT);
pinMode(dirPin, OUTPUT);

}

void loop() {
digital Write(dirPin, HIGH);
for(int x=0; x <4 * stepsPerRevolution; x++){
digital Write(stepPin, HIGH);
delayMicroseconds(1000);
digital Write(stepPin, LOW);
delayMicroseconds(1000);

H
delay(1000);

digital Write(dirPin, LOW);
for(int x=0; x <4 * stepsPerRevolution; x++){
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}

digital Write(stepPin, HIGH);
delayMicroseconds(1000);
digital Write(stepPin, LOW);
delayMicroseconds(1000);

H
delay(1000);
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