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Abstract
The Radio Amateur Satellite Corporation (AMSAT) has been working to produce a new family of satellites to
expand upon more than 40 years of flight heritage. The Fox family of satellites will be based on the CubeSat standard
providing AMSAT with its next generation of spacecraft. The Fox-1 satellite is a small 1U 1 CubeSat to be launched in 2013,
the Fox-2 satellite will be a larger 3U payload that will require upgraded power production capabilities. Fox-2 will use
seven SpectroLab UTJ 28.3% efficient solar cells to produce power while in a 600 to 800 km orbit around Earth. P13271 2,
the team working on this project, has been tasked with providing AMSAT with an engineering prototype of a 7 Watt
Maximum Power Point Tracker (MPPT). This project will be further developed into a flight ready design to be launched
into orbit around 2015. The scope of this project includes providing a NASA derated 3 and radiation tolerant engineering
prototype MPPT. Two MPPT circuits were implemented with a temperature based constant voltage algorithm to prove size
constraints and power sharing capabilities. The results of this project have produced a working analog MPPT and
microprocessor firmware able to provide telemetry data to the Fox-2 Internal Housekeeping Unit (IHU) based on the Fox-1
standards.
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2
3

AMSAT - The Radio Amateur Satellite
Corporation
DC/DC – Direct Current to Direct Current
FOX - Family of satellite payloads
FRAM - Ferromagnetic Random Access
Memory
HEO - Highly Elliptical Orbit
IC - Integrated Circuit
IRRADIANCE – Power of electromagnetic
radiation per unit area that is incident on a
2
surface. Units are W / m
IHU - Internal Housekeeping Unit
I-V - Current-Voltage graph
LEO - Low Earth Orbit
LDO - Low Drop Out
MOLNIYA ORBIT - Highly elliptical orbit
with inclination of 63.4° and argument of
perigee of -90°
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MOTORBOATING – Low frequency
oscillations
MPP - Maximum Power Point
MPPT - Maximum Power Point Tracker
MPPV – Maximum Power Point Voltage
NASA - National Aeronautics and Space
Administration
OSCAR - Orbiting Satellite Carrying Amateur
Radio
PCB - Printed Circuit Board
PSU - Power Supply Unit
PWM - Pulse-Width Modulation
RTD - Resistive Temperature Detector
TID - Total Ionizing Dose
UTJ - Ultra Triple Junction

A 1U payload is (L x W x H) a 10cm X 10cm X 10cm cube and a 3U payload is 10cm X 10cm X 30cm.
P13271 EDGE Wiki (Website)
PD-ED-1201 (PDF) NASA derating standard
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Background
AMSAT is an organization founded in 1969 by a group of radio amateurs called “Project OSCAR” who
originally built and launched the first satellite carrying amateur radio, OSCAR I, in 1961; only four years after
Sputnik shocked the world and started the space race between the Soviet Union and the United States. Originally,
AMSAT worked with three phases of satellites:

●
●
●

Phase I: Low Earth Orbit satellites with short lifetimes.
Phase II: Low Earth Orbit satellites with a much longer lifetimes.
Phase III: Highly Elliptical Orbit similar to a Molniya orbit with long lifetimes.

The Fox family of satellites falls under the phase II category as it is a long duration LEO satellite. Early in
AMSAT’s history, launch costs were lowered by obtaining unused space on rockets already carrying a primary
payload. Starting in 2003, the CubeSat standard provided universities with a small and inexpensive method to obtain
access to space. With a much larger number of universities willing to pay for a spot on a rocket, launch costs
increased for AMSAT and a large HEO satellite became unfeasible to launch for the organization. The smaller size
and lower cost of the CubeSat form factor is a large reason AMSAT has adopted the CubeSat standard.
The Fox family is AMSAT’s first attempt at building a CubeSat and aims to bring AMSAT back into space
at reduced costs and an increased frequency of flights. The smaller Fox-1 satellite is expected to be placed into orbit
by the end of 2013 and will be the basis for technology on which a larger 3U CubeSat called Fox-2 will be based.
Up to seven SpectroLab UTJ solar cells will be placed on each of the four sides of the satellite producing just over
7W of power per side of the spacecraft. A MPPT will be required for each side to maximize the power from each of
the four solar panels as the satellite rotates about it's own axis during its orbit around the Earth.
The Fox-1 MPPT has been designed to be capable of handling about 2 Watts of power, which necessitates
the design of larger MPPT hardware for Fox-2’s 7 Watt requirement. P13271 has been assigned the responsibility of
providing AMSAT with an engineering prototype of a 7 Watt MPPT to be further developed into a flight ready
circuit flown on the Fox-2 mission. The hardware developed was NASA derated for reliability in the harshness of
space and precautions against radiation susceptibility were taken wherever possible. The scope of this project
encompasses providing AMSAT with a demonstrable MPPT circuit that meets all engineering specifications and
customer needs unless otherwise noted. Overall importance has been given by the customer to producing a viable
MPPT implementation.

Figure 1: (a) An example solar panel power output curve versus panel voltage plotted in (a) as irradiance
(S) and (b) temperature (T) were varied. Image Source: “A MPPT Approach Based on Temperature
Measurements Applied in PV Systems”, Roberto F. Coelho, Filipe M. Concer, Denizar C. Martins.
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Methodology
Solar panels are often thought of as a simple means of converting sunlight into electrical energy. While this
is true, simply connecting a solar panel to a load will usually not provide the maximum power. The MPP of a solar
panel is the specific point on the I-V curve where maximum power is generated and is regarded as an ideal voltage
of the panel to enable maximum power extraction. This characteristic is dependent on physical parameters such as
temperature and irradiance. Figure 14 shows the power output versus panel voltage for an example solar panel. The
red line indicates the MPP in each test. Image a shows the power curve as the irradiance of the panel was varied
with the temperature of the panel held constant. Image b shows the power curve as panel temperatures changed and
the irradiance was held constant. Changes to the irradiance of the panel did not move the MPP voltage as much as
compared to changes in the panel temperature. Therefore, it is relatively safe to assume that the defining
characteristic of the solar panel MPP voltage is temperature. The proposed Fox-2 MPPT exploits this characteristic.

Maximum Power Point Tracking
A maximum power point tracker is a circuit that matches the source impedance of the solar panel with the
impedance of the load. There were three types of MPPT implementations that were considered for this project. The
first was the perturb & observe method which often uses a microprocessor to add a perturbation, or change, to the
panel voltage and then computes the resulting power output. If an increase in power was observed, the MPPT would
perturb the system in the same direction again until a decrease in power was observed, at which point the direction
of change would be reversed. The second method investigated was the maximum current method which is a method
commonly implemented by university CubeSat missions. The maximum current method assumes that a battery holds
the MPPT output voltage constant and therefore the maximum current coincides with maximum power. Finally, a
variance of the constant voltage method based on temperature measurement was investigated. This method relies on
computing the expected MPP voltage and forcing the panel to operate at a predicted MPP. This method is only
advantageous when the solar panel characteristics have been well defined. Since the SpectroLab UTJ solar cells are
guaranteed to be used on the Fox-2 spacecraft, this method was a viable option.
The customer needs5 and engineering specifications6 provided by AMSAT were used to determine the
method of MPPT this project used. Due to the >30 kRad TID radiation requirement, it was decided that use of a
microcontroller was not the best option. A microcontroller's memory can be affected by radiation such that the
firmware could be corrupted, causing the device to operate erratically or suddenly fail altogether. This eliminated the
perturb & observe method which could also can track away from the MPP under certain conditions. With careful
design, an analog circuit could be designed to slowly degrade over time instead of experiencing a sudden failure.
Additionally, the onboard battery will fail at some point and the MPPT must be able to safely deliver power to the
payload without the presence of the battery, disqualifying the maximum current method. The method chosen for this
project was the temperature-dependent constant voltage MPPT method.

Maximum Power Point Tracking Algorithm

Figure 2: High level system block diagram.
4
5
6

The MPPT system developed for this project is placed
between the solar panel and the payload. It serves as an interface
between the two as shown in Figure 2. There is one MPPT per
solar panel and each MPPT is responsible for obtaining as much
power from the panels as possible operating independently from
the payload. Telemetry data is obtained from the solar panels and
MPPTs by a microcontroller and sent to the IHU.
The block diagram of the MPPT implemented for the Fox-2
spacecraft is shown in Figure 3. A detailed control diagram7 is
also located on the RIT EDGE server for reference during the
explanation of the MPPT algorithm. To explain the algorithm,
the SpectroLab UTJ solar cell is assumed to begin operating at

A MPPT Approach Based on Temperature Measurements Applied in PV Systems (IEEE)
Customer Needs (PDF)
Engineering Specifications (PDF)
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28°C which corresponds to a MPPV of 2.35V resulting in a 16.45V MPPV per panel of seven cells. Each solar cell
is 27 cubic centimeters resulting in a current output of 440.1 mA and producing a maximum power of 7.24 Watts at
28°C. Each solar panel consists of a PCB with seven solar cells adhered to it resulting in an appreciable thermal
mass. Thermal energy is assumed to be evenly distributed on each panel, therefore it is assumed that each solar cell
on the same panel is at the same temperature.
The RTD driver is used to force a constant current of 1 mA through a RTD mounted on each of the solar
panels which measures the temperature. The temperature is proportional to the voltage across the RTD, which is
then sent to a differential amplifier followed by a scaling amplifier; manipulating the signal into a scaled linear
voltage representation using simultaneous equations8. At 28°C the RTD amplifier output voltage is about 2.5V
which is then applied to the inverting input of the UC2524 PWM IC error amplifier. The RTD amplifier output
voltage is compared to the scaled solar panel voltage which is applied to the non-inverting error amplifier input.
When the solar panel is operating at the intended MPP, voltages on both error amplifier inputs will be the same. Any
difference between the two inputs will result in the PWM duty cycle of the buck converter MOSFET switch being
increased if the solar panel voltage is above the MPP voltage, and decreased if the solar panel voltage is below the
MPP voltage. The solar panel voltage is the dominant parameter for the PWM signal during MPPT.
The MPPT output voltage is allowed
to vary between 3.3V and 4.1V under normal
operations and is not considered to be
regulated. There is no feedback from the
output of the buck converter to the UC2524
error amplifier unless 4.1V is present, at which
point a form of “soft” feedback is introduced
to protect the payload. When the output
voltage reaches 4.1V, a comparator
implemented with an op-amp to reduce
motorboating is turned on to drive the gate of a
NMOS transistor. The drain of the transistor is
connected to the non-inverting input of the
UC2524 error amplifier where the scaled solar
panel voltage is applied. The transistor reduces
the voltage when turned on, modulating it
Figure 3: High level MPPT block diagram.
between the scaled panel voltage and ground.
This effectively tricks the UC2524 into thinking the solar panel voltage is too low, reducing the duty cycle of the
buck converter in an effort to increase solar panel voltage back towards the MPP. The reduction in the duty cycle
allows less energy to reach the output of the buck converter and therefore reduces the output voltage, resulting in a
form of “soft” voltage regulation. This is the only feedback implemented in the MPPT control system and is
generally only active when energy from the solar panels is larger than the energy needed by the payload, neglecting
inefficiencies. The solar panel voltage will increase, moving away from the MPP, when the available power is not
needed by the payload, resulting in only the power needed by the payload to be extracted from the panel.
There exists a potential that the output voltage will rise above 4.3V which is considered dangerous to the
Fox-2 payload. Voltage spikes could be present on the output due to the collapsing magnetic field of the buck
converter inductor, presenting voltages that could damage the payload. A clamp circuit implemented with a slow opamp comparator has been added to the output of the buck converter with some hysteresis. This dissipates any extra
energy stored in the inductor and keeps the output voltage within acceptable levels. Finally, an efficient diode ORing
circuit has been implemented with an “ideal diode” utilizing a MOSFET as a diode to allow several MPPT circuits
to be operated in parallel. The ORing function removes the MPPT when it no longer provides enough power to
supply the payload due to low irradiance levels or as the a result of a circuit failure.
A MSP430 microcontroller utilizing FRAM technology has been implemented and is not a critical
component of the MPPT board. Even though precautions against radiation susceptibility have been implemented, the
microcontroller could fail due to radiation and is considered unreliable unless further testing is performed.
Therefore, the MSP430 is only used in the telemetry system to obtain sensor data such as solar panel voltages,
7
8

Detailed Control Diagram (PDF)
SLOA076 (PDF)
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temperatures, and system current. The MSP430 communicates with the Fox-2 IHU via I 2C, sending data once every
15 seconds. The data is subsequently placed into packets by the IHU and transmitted down to Earth via amateur
radio communications.

Individual Circuit Descriptions
RTD Driver9 and Voltage Scaling Amplifiers10
The RTD driver and voltage scaling amplifiers have been implemented with three of four amplifiers in the
quad-pack OP484 operational amplifier from Analog Devices using a 4-wire configuration. The OP484 op-amp was
tested up to 50 kRad of TID radiation by NASA's Jet Propulsion Laboratory (JPL) in 2010 and was chosen due in
part to the radiation test data available. The constant current driver was used to drive 1 mA of current through a
platinum RTD with two drive wires producing a voltage across the device directly related to the temperature. Two
more sense wires were used to connect to a difference and a scaling amplifier, since the RTD has a positive
temperature coefficient, and amplify the resulting signal to predict the solar panel MPP voltage.
UC2524 Pulse-Width Modulator
Silicon General debuted the SG1524 in 1976 introducing the first all-in-one PWM generator IC to the
market. The SG1524 still lives on today as the Texas Instruments UC1524. The UC2524 used in this project is an
industrial grade (-25°C to +85°C) version of the device, as the military standard version is not available. Ford
Aerospace & Communications Corporation published a paper 11 in 1977 while constructing INTELSAT V which
claimed that the TID of the commercial grade SG1524 was 800 kRad. NASA JPL tested12 the Texas Instruments
UC1524 up to a TID of 20 kRad in 2009 at which point the test was stopped. With this information, it was decided
that the UC2524 had the potential design heritage for use in the Fox-2 MPPT.
The UC2524 is an IC that incorporates an on-chip voltage reference, error amplifier, programmable
oscillator, pulse-steering flip-flop, open collector bipolar transistors, current sense comparator, and shut-down
circuitry. While not all of the functions were used, the Fox-2 MPPT utilized several functions otherwise too
cumbersome to implement discretely. The 5V reference powers the internal IC circuitry and is available on a pin
allowing limited power and reference use. The oscillator is operated up to 300 kHz to reduce the size of the buck
converter inductor. Lastly, in-rush current was limited by soft-starting13 the PWM using the 5V reference to slowly
turn off a PNP transistor during power-up which grounds the compensation pin forcing a 0% duty cycle that ramps
up in under 100 ms to the operational duty cycle.
Level-Shifting MOSFET Driver14
The UC2524 is capable of sourcing 100 mA through the output BJT emitters and collectors. This is not
enough current to properly drive the buck converter MOSFET. In addition to this, NASA derating calculations
showed that the Vgs of the PMOS device failed because voltage difference was too high. To reduce this voltage, a
level-shifting MOSFET driver was implemented. The UC2524 output transistors were wire-ORed for operation in
parallel; allowing a duty cycle of 0% to 90%. The open-collectors were used to ground a voltage divider reducing
the solar panel voltage by half and applying it to the PNP/NPN totem pole input, switching the gate of the MOSFET
between the full panel voltage and halfway to ground. Using the totem pole allowed high currents to enter and exit
the gate with minimal loss. The PNP transistor is used to discharge the MOSFET gate, turning off (reverse-biasing)
when the gate voltage has been reduced to about half the panel voltage, satisfying NASA derating requirements.
Buck Converter15
A buck converter was implemented with an extremely small SOT26 package p-channel MOSFET to step
the solar panel voltage down to power the payload and to force the solar panel to operate at the MPP voltage when
9
10
11
12
13
14
15

RTD Driver (PDF)
RTD Voltage Scaling Amplifiers (PDF)
A Hard Off-The-Shelf SG1524 Pulse Width Modulator (HTML)
TID and Displacement Damage Compendium 2009 (NASA JPL) (HTML)
Soft-Start Circuit (PDF)
Level-Shifting MOSFET Driver (PDF)
Buck Converter (PDF)
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possible. A non-synchronous buck converter was used to simplify the initial MPPT design. The buck converter was
originally designed to output 2.2A at 3.3V, but was later re-evaluated to account for inefficiencies, providing some
flexibility in power output since this decision and NASA derating reduced component stress.
Output Voltage PWM Limit16
The output voltage must be limited to no more than 4.1V and the MPPT must also function without a
battery present to maintain the output voltage. A PWM limit was implemented by including a “soft” form of
feedback from the output to the UC2524 error amplifier under low load conditions. The fourth op-amp of the OP484
is used as a comparator, tripping when there is 4.1V on the MPPT output, causing a modulation of the N-channel
MOSFET and providing a “soft” form of feedback. The MOSFET is used to pull the scaled solar panel voltage to
ground. This action tricks the UC2524 into reducing the PWM duty cycle in an effort to increase solar panel voltage,
consequently reducing the output voltage.
Output Voltage Clamp17
A voltage higher than 4.3V is considered dangerous to the Fox-2 payload. Therefore, a voltage clamp was
implemented with an OPA170 op-amp from Texas Instruments configured as a comparator to slow the response.
Hysteresis of 75 mV was added to the comparator, triggering at an output voltage 4.21V. The clamp does not turn off
until the output voltage has decreased to 4.14V, preventing the output PWM limit and clamp from interacting.
Ideal Diode Output OR'ing
Four MPPT circuits will eventually be operated in parallel on the Fox-2 CubeSat and not all of them will
provide power simultaneously as the satellite rotates during its orbit around the Earth. An OR'ing circuit was used in
each MPPT to disconnect the corresponding MPPT that cannot provide power to the payload by reverse-biasing a
diode, effectively removing the MPPT from the circuit. Diodes are inefficient, so the Linear Technologies LTC4412
ideal diode controller and a logic-level P-channel MOSFET were used to efficiently perform the OR'ing function
and allow load sharing. The ideal diode biases the MOSFET such that it acts like a diode but only has the loss
associated with the MOSFET drain to source resistance.
MSP430 Microcontroller and Support Circuitry
As a secondary project objective, health and status firmware was developed to constantly monitor MPPT
system conditions. The firmware serves two primary goals: (1) measure and collect data relevant to the MPPT
system, such as solar panel voltages, solar panel temperatures, system current, etc., and (2) periodically report the
information collected to the IHU. A single microcontroller is used to collect for all four MPPTs. An MSP430 FRAM
series microcontroller was selected to execute the health and status firmware, specifically t he MSP430FR5739. The
MSP430 device chosen utilizes FRAM technology, which is inherently radiation resistant as program data is stored
in ferroelectric states.
As it is powered from the battery bus, the MSP430 may operate even during eclipse, assuming the battery
is functional. The MSP430 will not be available during eclipse when the battery has failed however, but neither will
the rest of the payload. A 3.3V LDO linear regulator was used to provide power through a latch-up protection circuit
(FPF2001) prior to the microprocessor. Latch-up protection is a guard against single event latch-up, an effect of
radiation exposure, and will attempt to reset the microcontroller if a latch-up occurs.
All input signals such as the solar panel voltage, output voltage, RTD temperature, and system current have
been scaled down and low-pass filtered prior to reaching the Analog to Digital Converter (ADC) pins on the
MSP430. A resistive high-side current sense amplifier with a gain of 100 is used to measure the total combined
MPPT system output current, a combination of all four MPPT strings, prior to the battery bus. A 1.5 kHz low-pass
filter has been used to condition each signal prior to the ADC pins. Additionally, two diodes per signal have been
used to prevent dangerous voltages from reaching the ADC inputs, both above and below the power supply rail
voltage.
The firmware has been written in such a manner that it can be easily ported to another microcontroller,
should for some reason the MSP430FR5739 be unsuitable for Fox-2. Additionally, the code has been organized in a
very modular fashion, allowing it to be easily modified or changed as needed.
16 Output Voltage "Soft" PWM Limit (PDF)
17 Output Voltage Clamp (PDF)
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Results and Discussion
The PCB designed for the AMSAT MPPT
consists of a four layer design which utilized the
layer stack-up methodology suggested in AN136 18.
Two MPPT strings were implemented to reduce part
count and bring-up time as well as allow testing of
load sharing functionality and circuit board space
constraints. A fully functional PCB is shown in
Figure 4. The MPPT components were constrained
inside a white silkscreen outline which was compliant
with the Fox-1 PSU dimensions. The -X axis MPPT
(left side) was spread out over half of the constrained
PCB area to provide ease of access to components
during bring-up and testing. The +X MPPT (right
side) was constrained to only one quarter of the PCB,
proving that the four MPPT circuits could be
implemented on one PCB. Non-flight components
such as test points and the JTAG connecter were
implemented outside the CubeSat PCB area.
Testing was performed in the laboratory
Figure 4: The fully functional AMSAT Maximum Power Point using a constant voltage power supply with a series
Tracker PCB.
resistance to model the solar panel and the AMSAT
electronic load19 was attached to the MPPT output. RTD values were simulated with a potentiometer instead of an
RTD to simplify testing. All test results were compiled into a comprehensive test document 20, showing that all
engineering specifications and customer needs provided by AMSAT were met.
Figure 5 shows measured test data from the MPPT hardware indicating that the maximum power point is
obtained as designed. The test was performed with parameters expected for 28°C panel temperature. Input voltage,
input power, output voltage, and output power were measured. A minimum load current of 200 mA was observed.
As the current through the MPPT increased, the MPPT input voltage decreased and the output voltage remained
limited at 4.1V. Input and output power also
increased with the increasing current, offset
from each other due to inefficiencies. About
1400 mA of output current was required to
obtain input voltage regulation at 16.45V,
corresponding to about 7W of input power
from the solar panel at the expected
maximum power point. As the output voltage
increased above 1400 mA, the input voltage
remained regulated at about 16.45V, while the
output voltage decreased below the 4.1V limit
to comply with conservation of energy. Tests
performed in the lab showed that the
maximum power point was obtained and
tracked. Additional tests were performed with
sunlight on a test solar panel21. Tests with the
solar panel agreed with laboratory tests,
confirming the intended operation of the
implemented MPPT design.
Figure 5: Measured parameters plotted versus output current.
18
19
20
21

AN136 (PDF) PCB Layout Considerations for Non-Isolated Switching Power Supplies
AMSAT Electronic Load (Website) Designed and constructed by Brenton Salmi and Bryce Salmi for AMSAT
MPPT Unit Testing (PDF)
MSX-10 Datasheet (PDF)
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Lessons Learned
•
•

•
•

•
•
•
•
•
•

2

A solar radiation value of 135.3mW /cm AM0 was used from the Spectrolab UTJ datasheet 22. Due to
2
the slightly elliptical orbit of Earth around the Sun, solar radiation in space peaks at 139.9mW / cm .
The maximum power from each solar panel was obtained by calculating the power available at 28°C
2
resulting in 7.24 Watts, true maximum power occurs at -60°C. With a solar radiation of 139.9mW / cm
the maximum power available is 9.122 Watts at -60°C. This varies with solar radiation.
The buck converter equation did not agree with implemented values, likely due to compensation and the
open-loop nature of the control system used.
The output voltage clamp and output voltage “soft” PWM limit both obtain feedback voltages prior to the
ideal diode, resulting in a lower voltage than intended on VBATT node due to the voltage drop across the
OR'ing MOSFET.
UC2524 temperature specification is the old industrial grade range of -25°C to +85°C.
Should have used 2.54mm single in-line header pin for the PCB RTD drive and sense wire connections.
20 AWG holes used for input solar panel connections and RTD wires are actually 24 AWG holes.
Too many vias were placed near the solar panel input connections with no thermal relief resulting in very
difficult soldering.
The buck converter implemented is non-synchronous reducing efficiency drastically, synchronous
operations would improve efficiency.
The LM317 linear regulator is very inefficient, replacing with a switching regulator for 5V power would
improve efficiency.

Conclusion
The MPPT circuit developed for AMSAT successfully tracks the maximum power point based on
temperature of the solar panels. The analog MPPT algorithm implemented suggests an improved robustness over
microcontroller-based MPPT algorithms investigated. The power handling capability of the MPPT can easily be
increased by sourcing higher power components, providing AMSAT with a very useful and scalable design. A great
deal of effort was put into making the PCB easy to use and accessible for testing with numerous test points. The
delivered hardware has been accompanied by a large amount of analysis and documentation compiled by the
P13271 team members.
P13271 would like to express our appreciation to AMSAT for providing a challenging and educative senior
design project. The team would also like to show appreciation and thank Gordon Davies for donating his time and
knowledge to help guide our project along the correct path. Vincent Burolla and Leo Farnand, the P13271 team
guides, were also instrumental in helping this project follow the RIT Multidisciplinary Senior Design program
requirements. Every team member working on the AMSAT Fox-2 Maximum Power Point Tracker was pushed into
unfamiliar technical territory and as a result, gained invaluable experience. The path taken to complete this project
was not the easiest, most direct, or straightforward; it was, however, a memorable experience that will benefit both
AMSAT and P13271 team members significantly.

22 Spectrolab UTJ Datasheet (PDF)

