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Test Set-up – Solar Panel Series Resistance Model

Figure 1 - Series resistor solar panel model MPPT test set-up diagram

The test set-up used to simulate the solar panel was created using a voltage supply and a variable
resistance in series to model the solar panel during different illuminations and temperature. This is a
simple but effective model to show basic operation of our MPPT.
Panel
Temp
(C)
60
28
-60

Ideal Voc
(V)
17.263
18.655
22.219

Ideal Vmpp
(V)
14.994
16.45
20.454

Ideal Impp
(A)
0.441
0.44
0.438

Panel Series Resistance
(Ohms)
5.14
5
4.9

Panel Characteristic
Resistance
(Ohms)
34
37.3
46.6

Table 1 - Calculated effective solar panel series resistance used during testing of the MPPT

As shown in Table 1, the effective series resistance increases with an increase with solar panel
temperature and decreases with a reduction in solar panel temperature. The series resistance method
of solar panel simulation requires the voltage supply to be set to the expected solar panel open circuit
voltage and series resistance during testing to simulate changes in temperature. This is a very rough
estimate and allows for a negatively sloped linear I-V curve approximation of the solar cells in use. Using
this test set-up the input voltage can be varied and thus “regulated” to maximum power point voltage
during operation.
P13271 – AMSAT Fox-2 MPPT
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It should be noted that during testing of the MPPT a small change in series resistance was calculated but
a larger increase was performed to exaggerate the effects of the temperature change. This was largely
performed due to the use of a resistor decade box with a minimum increment of 1-Ohm. The irradiance
levels are very relative; it is not possible to accurately simulate irradiance using this method.
The MPPT’s RTD is simulated by using a potentiometer (200-Ohm), this allows for the intended
“temperature” to be manually configured.

Test Set-up – LM317 Constant Current Supply Model
A simple LM317 constant current circuit can be used to simulate the solar panel during MPPT testing.
The methodology behind this model is observed by analyzing the I-V curve of an ideal constant current
supply. A constant current source supplies a constant open circuit voltage when the output current is
lower than the intended constant current and subsequently a constant current and variable voltage
when the intended output current is achieved. A solar panel that is being operated below the maximum
power point operates in a constant voltage-like mode, whereas a solar panel operated past the
maximum power point operates like a constant current supply. This trait of the solar panel I-V
characteristics is exploited to create a simple “model” that can be used for MPPT testing.
The LM317 constant current circuit used as a “solar panel” can simulate an I-V “box” that exhibits a
“knee” at the maximum power point output current. If a load is attempting to pull more current than
the set constant value then the output voltage to lower. A solar panel ideally operates like a constant
voltage source below maximum power point and like a constant current source above the maximum
power point. This circuit works well but does exhibit a “hysteresis” effect when switching from constant
voltage to constant current regulation. The “knee” of the LM317 test circuit (where the LM317 circuit
begins to provide constant current) occurs and a higher MPPT output current than when the LM317
begins to operate like a constant voltage source (as output current is reduced).
The MPPT’s RTD is simulated by using a potentiometer (200-Ohm), this allows for the intended
“temperature” to be manually configured.

Proper Maximum Power Point Operation
Test Equipment





Variable High-Power Resistor (100 Ohm decade box)
o Cornell-Dubilier Electronic Division Model: RDA34 Serial: 73452
Variable voltage supply (25V @500mA)
o Hewlett Packard Model:E3631A
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter
o EXTECH Model: 430

P13271 – AMSAT Fox-2 MPPT

Proper Maximum Power Point Operation

P a g e | 7 of 54



o Hewlett-Packard 34401A
Solarex 10W Solar Panel
o Model: MSX10

Results Derived From Input and Output Measurements
Data obtained during MPPT efficiency testing contained input and output measurements that are useful
to show the proper operation of the MPPT. Data from this test was repurposed and analyzed to confirm
proper input voltage regulation during maximum power point tracking, output voltage limiting, and the
respective MPPT input/output parameters.
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Input voltage Vmpp Regulation and Output Voltage Limiting

MPPT Parameter Results Versus Output Current
(28˚C)
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Figure 2- MPPT parameter measurements as output current is increased (28C)

The voltage and current measurements obtained from both the input and output of the MPPT as the
AMSAT electronic load current was increased is shown in Figure 2. This data is used to show proper
input regulation (maximum power point tracking) and output voltage limiting.
It is clearly shown that the solar panel voltage (using the series resistor test model) was unregulated
during low output power conditions whereas the output voltage was limited to approximately 4.1V.
These results prove that the proper output voltage limiting control is operating when more power is
available from the solar panels than is requested by the load. The input power is also shown linearly
increasing until maximum power is reached, at this point the input power remains constant regardless
of the MPPT output current as expected. The output power increases linearly with the increase in
output current and remains at the maximum available power during maximum power point tracking
operation (Vmpp tracking). The output power begins to decrease during maximum power point tracking
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as the load current continues to increase due to additional DC to DC converter loss (switching MOSFET
and inductor) and additional power loss in the ideal diode MOSFET.

Maximum Output Power versus Vmpp Accuracy
The maximum power point “algorithm” implemented in the AMSAT Fox-2 MPPT engineering prototype
incorporates a solar panel temperature-based constant voltage method. Since the maximum power
point occurs at a specific voltage based on the solar panel temperature, accurately measuring the panel
temperature is directly proportional to maximizing the output power from the solar panel.

Output Power Vs. Vmpp Tracking Accuracy (28C)

MPPT Output Power (Watts)
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Figure 3 - Constant 28C solar panel temperature as the measured RTD solar panel temperature is varied

The MPPT efficiency test data collected was analyzed to show the relationship between MPPT output
power and the accuracy of the solar panel temperature measurement RTD circuit. The “solar panel”
temperature was kept constant (series resistance test model remained at 5 Ohms) as the test RTD
(potentiometer) temperature was varied from -60C to 60C.
Since the measured solar panel RTD temperature directly controls the maximum power point voltage
(Vmpp) regulation voltage, when the RTD is not set to 28C the solar panel no longer operating at the
actual maximum power point Voltage (Vmpp). It is clear that a RTD measurement of -60C is 88C off from
the actual panel temperature and the 60C RTD measurement is 32C off of the actual panel temperature.
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As shown in Figure 3, the power is maximized when the correct RTD measurement is made and the solar
panel is operating as the maximum power point voltage (Vmpp).

Results Derived From MSP430 (MPPT) and AMSAT Active Load Data
The MPPT was brought outside to test with a small 10W solar panel and the AMSAT electronic load, a 25
Farad super capacitor was used in parallel with the electronic load to simulate a small “battery.”
Although the MPPT is not a battery charge controller, it is useful to test the MPPT with the supercapacitor to hold the output voltage relatively constant as well as acting like a small battery that
requires varying charge current.
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Solar Panel Outdoor Test - Super-capacitor Load
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Figure 4 - Outdoor 10W solar panel test with the AMSAT electronic load and a super capacitor "battery"

The results of the test are shown in Figure 4. The results were created using a custom Python script that
matched, converted, and saved simultaneous AMSAT active load serial data and MPPT MSP430 serial
data. The ADC values are not calibrated and the solar panel maximum power point was not known nor
does it match the MPPT RTD scaling. Due to this, maximum power was not achieved, but the maximum
power point tracking and output voltage limiting features were examined. The RTD temperature was
manually set using a potentiometer and all data is considered relative data. The solar irradiance was
unknown but remained relatively constant during the testing.
Figure 4 begins with the MPPT in an output voltage limit condition. approximately 500mW was being
consumed by the electronic load and the super capacitor. At approximately 7 seconds into the test the
load power was increased to approximately 1.75W. the solar panel could still provide additional power,
therefor, the MPPT remained in output voltage limiting mode. The solar panel voltage is unregulated
P13271 – AMSAT Fox-2 MPPT
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and can be seen decreasing and output power is increased. Approximately 17 seconds into the test the
load power was increased to approximately 3.7W. The MPPT and solar panel could not provide the
requested power and the super-capacitor began discharging as it supplied the load power. The
discharge curve observed is linear due to the super capacitor discharging at a constant current. Note
that the output voltage is slowly decreasing but the MPPT output power is remaining constant. It is
coincidence that the load power curve and the MPPT output voltage align during this region, and is an
artifact of graphing the data. Although the output voltage and load power are decreasing, the solar
panel voltage is regulated to the configured Vmpp as set by the RTD potentiometer.
At 33 seconds into the test the load power request was reduced back to 500mW. The super capacitor
begins to charge with the additional power provided up to the 4.1V MPPT output voltage limit. The test
was repeated by again increasing the load power and achieving Vmpp regulation. The load “profile” was
chosen randomly and should be noted as a net loss in power as the super capacitor could not return to a
fully charged state before the beginning of the second test.
Figure 4 shows the proper operation of the MPPT, and all expected results and trends were observed.
Further testing in the lab confirmed these results and trends using a super-capacitor and the AMSAT
electronic load with the MPPT power by a simulated solar panel (refer to the Test Set-up section).
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Maximum Power Input (S1)
Spec
S1

Description
Maximum Power Input

Marginal Value
7.24 Watts

Ideal Value
>7.24 Watts

Table 2 - Maximum input power engineering specification

Engineering specification (S1) requires the maximum power point tracker to be able to handle at least
7.24 Watts input power. This specification was developed due to the maximum power available from
the expected Fox-2 solar panels. Only one MPPT channel needs to be tested since both channels are
identical.
During the construction and testing phase of the senior design program (MSD II), it was discovered that
the maximum power provided by the solar panel is actually 9.122 Watts (Refer to the AMSAT Fox-2
MPPT technical paper1 for details). This is calculated using a solar irradiance of 139.9 mW/cm^2 and a 60C solar panel temperature. This miscalculation was missed by both the AMSAT Fox-2 MPPT senior
design team and AMSAT. The original specification of 7.24W was used for the MPPT design and
specification, the MPPT was built with scalability and robustness in mind, and was tested to the higher
input power rating as shown in Table 3.
Max Input Power (W)
9.122

V_mpp (V)
20.454

I_mpp (A)
0.446

Temp ( C )
60

Table 3 - Maximum input power based on highest solar irradiance in orbit and -60C panel temperature

The MPPT was tested using the parameters in Table 3 to prove that operation is possible at the higher
power rating. Although the MPPT is not designed for this power the derating of the circuit components
and thermal management designed into the PCB layout should allow for ample head-room and proper
operation at this increased power level. The Fox-2 design is scalable and the only changes necessary to
properly design for and meet this new specification is to ensure that the MPPT power handling
components (such as the buck converter induction and MOSFET) are updated to the correct power
handling capabilities.

Test Equipment




1

LM317 constant current solar panel simulator
o Built by Brenton & Bryce Salmi
Variable voltage supply (25V @500mA)
o Hewlett Packard Model:E3631A
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter

AMSAT Fox-2 MPPT Technical Report
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o
o

EXTECH Model: 430
Hewlett-Packard 34401A

Procedure
1. Attach the test equipment
a. Connect the power resistor (decade box) in series with the voltage supply to the MPPT
solar panel input terminals
i. Set to panel series resistance at the given panel temperature
ii. Set the voltage supply to Voc at panel temp, current limit to 600mA
b. Attach the Electronic load to the MPPT “Battery Bus” output
2. Set the test RTD potentiometer to simulate an intended panel temperature of -60C
3. Turn on the test equipment and use the electronic load to pull enough current to cause the
MPPT supply the minimum load specification
4. Use the electronic load to cause more than the maximum input power specification to be
present on the MPPT input terminals
5. Record input and output voltages and currents

Results
Parameter
V_supply (V)
R_series (Ohms)
Vrtd_scaled (V)

Value
22.23
3
3.101

Table 4 - Test setup configuration for the maximum input power test

Parameter
V_in (V)
I_In (A)
V_out (V)
I_Out (A)
Power In (W)
Power Out (W)
Duration of Test (Minutes)

Value
20.770
0.471
3.920
1.940
9.783
7.605
10.000

Table 5 - Maximum input power test results

The MPPT was supplied with 9.783 Watts of input power for 10 minutes and proper operation was
observed. The DC to DC converter inductor became hot to the touch but did not cause pain. The series
resistor used to simulate the solar panel conditions was set to 3 Ohms to allow the voltage supply to

P13271 – AMSAT Fox-2 MPPT
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supply the needed power to complete the test. Due to the use of a resistor decade box with increments
of 1 ohm the ideal maximum power point current could not be set therefor during the maximum power
test the MPPT remained in output voltage limiting operation. This test condition is acceptable because
the Test Set-up configuration still allows for proper testing of input power handling capability.

P13271 – AMSAT Fox-2 MPPT
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Input Voltage Maximum (S2)
Spec
S2

Description
Input Voltage Maximum

Marginal Value
22 Volts

Ideal Value
>22 Volts

Table 6 - Maximum input voltage engineering specification

The MPPT must be able to operate at the specified maximum input voltage of 22 Volts. The Fox-2 solar
panel output voltage will vary under loading conditions, temperature, and solar irradiance and the MPPT
must operate properly in all conditions.

Test Equipment





Variable High-Power Resistor (100 ohm decade box)
o Cornell-Dubilier Electronic Division Model: RDA34 Serial: 73452
Variable voltage supply (25V @500mA)
o Hewlett Packard Model:E3631A
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter
o EXTECH Model: 430
o Hewlett-Packard 34401A

Procedure
1. Attach the test equipment
a. Constant current supply input from the voltage supply (25V, current limit to 500mA)
b. Constant current supply output to the MPPT “Solar Panel Input” terminals
c. Electronic load attached to the MPPT “Battery Bus” output
2. Set the test RTD potentiometer to approximately 28C (~111 ohms)
3. Turn on the test equipment and use the electronic load to pull enough current to cause the
MPPT supply the minimum load specification
a. MPPT Minimum load specification: 200mA
4. V_out will be limited to approximately 4.1V
5. Ensure proper operation and no over heating

Results
The LM317 constant current supply will cause a small voltage drop between the voltage supply and the
MPPT solar panel input terminals. Proper operation was observed above the specified maximum input
voltage of 22V. The electronic load current was varied (increased), and proper operation was observed.
V_in

23.47V

Table 7 - Maximum input voltage results

The MPPT buck converter input capacitor(s) are rated for 50V and are a major factor of the maximum
input voltage limit. Also, meeting the NASA derated MOSFET gate voltage limit is a major limitation of

P13271 – AMSAT Fox-2 MPPT
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the maximum input voltage, and the MOSFET level shifting driver was included in this design due to this
limitation. If high voltage input conditions are expected, consult the MOSFET Driver Theory of
Operations 2 document and adjust the level shifting accordingly to meet NASA derating requirements for
the buck converter MOSFET.

2

Level-Shifting MOSFET Driver Theory of Operations Documents

P13271 – AMSAT Fox-2 MPPT
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Output Voltage Limiting (S3)
Spec
S3

Description
Output Voltage Maximum

Marginal Value
<4.1 Volts

Ideal Value
4.1 Volts

Table 8 - Output voltage limit engineering specification

The output voltage of the MPPT should remain limited at or below 4.1V during all operating conditions.
If more power is available from the solar panel than is required by the load then the voltage at the MPPT
output will increase since during output voltage limiting operation the input voltage is unregulated.
When the output voltage reaches the maximum set value the MPPT PWM is automatically reduced to
prevent the output voltage from increasing further. This action will move the operation input voltage of
the MPPT away from maximum power since maximum power is not needed during this condition.
The MPPT should be tested between minimum load output and the beginning of maximum power point
tracking for proper operation.

Test Equipment





Variable High-Power Resistor (100 Ohm decade box)
o Cornell-Dubilier Electronic Division Model: RDA34 Serial: 73452
Variable voltage supply (25V @500mA)
o Hewlett Packard Model:E3631A
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter
o EXTECH Model: 430
o Hewlett-Packard 34401A

Procedure
The data used to examine the output voltage limit was derived from the MPPT efficiency test results.

Results
The output limiting functionality of the MPPT was tested using the data obtained during MPPT efficiency
testing. The output limiting data was analyzed over the expected panel temperatures (-60C to 60C).
Output voltage limiting is only active during operation when more power is available from the solar
panel than the load is consuming. When the output voltage reaches 4.1V the MPPT will protect the load
from overvoltage by reducing the PWM and thus output voltage.

P13271 – AMSAT Fox-2 MPPT
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Vin (V)
16.78
16.25
15.28
15.06

I_in (A)
0.078
0.163
0.321
0.356

60C Temperature At 135.3 mW/cm^2 Irradiance
Vout (V)
I_out (A)
Power In (W)
3.960
0.201
1.309
3.955
0.508
2.649
3.946
1.018
4.905
3.936
1.122
5.361

Vout % Error (4.1V)
3.415
3.537
3.756
4.000

Table 9 - Output voltage limit results for 60C panel temperature

Vin (V)
18.3
17.9
17.18
16.62
16.53

I_in (A)
0.074
0.151
0.291
0.399
0.416

28C Temperature At 135.3 mW/cm^2 Irradiance
Vout (V)
I_out (A)
Power In (W)
3.980
0.198
1.354
3.970
0.502
2.703
3.960
1.006
4.999
3.950
1.362
6.631
3.950
1.410
6.876

Vout % Error (4.1V)
2.927
3.171
3.415
3.659
3.659

Table 10 - Output voltage limit results for 28C panel temperature

Vin (V)

I_in (A)

21.94
21.67
21.21
20.71
20.61

0.067
0.132
0.244
0.365
0.389

-60C Temperature At 135.3 mW/cm^2 Irradiance
Vout (V)
I_out (A)
Power In (W)
3.980
3.970
3.960
3.940
3.940

0.201
0.508
1.018
1.530
1.629

1.470
2.860
5.175
7.559
8.017

Vout % Error (4.1V)
2.927
3.171
3.415
3.902
3.902

Table 11 - Output voltage limit results for -60C panel temperature

Vin (V)

I_in (A)

17.06
16.77
16.62

0.077
0.091
0.098

28C Temperature At 34 mW/cm^2 Irradiance
Vout (V)
I_out (A)
Power In (W)
3.980
3.960
3.959

0.201
0.252
0.277

1.314
1.526
1.629

Vout % Error (4.1V)
2.927
3.415
3.439

Table 12 - Output voltage limit results for 28C at low solar irradiance

The output voltage was successfully limited to a maximum of 4.1V or below as shown in the data
obtained in Table 9, Table 10, Table 11, and Table 12. Due to resistor tolerances the output voltage was
limited to just under 4V at its maximum value. This could easily be optimized to provide close limitation
to 4.1V. The output voltage was observed to drop slightly as output current was increased, due to the
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output ORing circuit (ideal diode) exhibiting a higher voltage drop across the circuit’s MOSFET. The PWM
limit circuit samples the respective MPPT channel output voltage before the ideal diode circuit, and thus
the voltage drop is not considered during output voltage limiting.
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RTD Vmpp Matching Accuracy
The MPPT relies heavily on the accuracy of the RTD solar panel temperature for proper maximum power
point tracking. The accuracy of the scaled RTD output voltage (temperature voltage) used by the MPPT
DC to DC converter as a reference voltage directly relates to the accuracy of maximum power point
tracking. The RTD circuits should be tested to show that the RTD circuits are properly scaling and
matching the RTD measurement to the respective solar panel maximum power point voltage. Note that
the RTD exhibits a positive temperature coefficient whereas the solar panel exhibits a negative
temperature coefficient. The effective RTD temperature coefficient and subsequent output voltage
should match that of the solar panel.

Test Equipment





Variable High-Power Resistor (100 Ohm decade box)
o Cornell-Dubilier Electronic Division Model: RDA34 Serial: 73452
Variable voltage supply (25V @500mA)
o Hewlett-Packard Model:E3631A
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter
o EXTECH Model: 430
o Hewlett-Packard 34401A

Procedure
1. Attach the test equipment
a. Constant current supply input from the voltage supply (25V, current limit to 500mA)
b. Constant current supply output to the MPPT “Solar Panel Input” terminals
c. Electronic load attached to the MPPT “Battery Bus” output
2. Set the scaled RTD voltage to approximately 3.097V
3. Turn on the test equipment and use the electronic load to pull enough current to cause the
MPPT supply the minimum load specification
a. MPPT Minimum load specification: 200mA
4. V_out will be limited to approximately 4.1V
5. Record the RTD temperature voltage (TP5, TP8)
6. Increase the RTD temperature incrementally until 60C is reached and record measurements
respectively
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Simulations
As shown in the RTD Scaling and Matching Theory of Operation document3, the RTD resistance is
measured and scaled to match that of the predicted solar panel Vmpp. This circuit was implemented
using the TI application note (SLOA0764). Using the solar panel datasheet, the expected minimum and
maximum Vmpp, RTD resistance, and scaled RTD temperature voltage were calculated.

(

)

(1)

Using the ideal scaled RTD output voltage equation obtained by using the TI application note, the
required resistors were determined as shown in the RTD Scaling Vmpp Matching theory of operations
document. Due to real-world standard resistor values, 1% component tolerance, and op-amp input
offset voltage error, there is an associated total RTD system error. Note that these results used a
potentiometer for the “RTD” and do not contain the error associated with the RTD inaccuracy, and is
small for our temperature range and negligible.
The calculated ideal results are listed below in Table 13. Note the percent error in regards to the solar
panel voltage divider and the ideal RTD scaled output voltage. The MPPT will “match” the scaled solar
panel voltage to the RTD scaled output voltage during maximum power point tracking operation.

3
4

RTD Scaling Vmpp Matching theory of operation document
SLOA076 - Single-Supply Op Amp Design Techniques
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Temp
(C)
60
55
50
45
40
35
30
25
20
15
10
5
0
-5
-10
-15
-20
-25
-30
-35
-40
-45
-50
-55
-60

R_rtd
(Ohms)
123.66
121.705
119.746
117.785
115.82
113.853
111.883
109.91
107.933
105.954
103.973
101.988
100
98.009
96.016
94.019
92.019
90.017
88.011
86.002
83.989
81.973
79.954
77.931
75.904

V_1mA
(V)
0.124
0.122
0.12
0.118
0.116
0.114
0.112
0.11
0.108
0.106
0.104
0.102
0.1
0.098
0.096
0.094
0.092
0.09
0.088
0.086
0.084
0.082
0.08
0.078
0.076

V_mpp_Panel
(V)
14.994
15.222
15.449
15.677
15.904
16.132
16.359
16.587
16.814
17.042
17.269
17.497
17.724
17.952
18.179
18.407
18.634
18.862
19.089
19.317
19.544
19.772
19.999
20.227
20.454

V_mpp_Scaled
(V)
2.27
2.305
2.339
2.374
2.408
2.443
2.477
2.511
2.546
2.58
2.615
2.649
2.684
2.718
2.753
2.787
2.821
2.856
2.89
2.925
2.959
2.994
3.028
3.063
3.097

V_rtd_Scaled
(V)
2.27
2.304
2.338
2.372
2.406
2.44
2.474
2.508
2.542
2.577
2.611
2.645
2.68
2.714
2.749
2.783
2.818
2.853
2.887
2.922
2.957
2.992
3.027
3.062
3.097

% Error
(Scaling)
0.014
0.039
0.061
0.08
0.097
0.111
0.123
0.132
0.139
0.144
0.147
0.148
0.147
0.144
0.14
0.133
0.125
0.115
0.104
0.091
0.076
0.06
0.042
0.022
0.001

Table 13 - Calculated RTD and solar panel voltage values versus temperature

Results
The RTD circuit was tested through the expected temperature range (-60C to 60C) and several
measurements were recorded. The data was analyzed and graphed to provide analysis of the accuracy
of the measured results as compared to the calculated values designed. The data is tabulated in Table
14, and the measured versus calculated “ideal” circuit values are plotted in Figure 5.
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Measured Scaled RTD Voltage Vs. Calculated
RTD (Ohms)
77.9
83.9
94.5
102.4
111.4
122.4
131.6
138

Vrtd_Scaled_Measured (V)
3.042
2.939
2.755
2.617
2.46
2.269
2.109
1.998

V_rtd_Scaled_Simulation (V)
3.062
2.959
2.775
2.638
2.482
2.292
2.132
2.022

% Error
0.658
0.658
0.725
0.809
0.89
1.019
1.1
1.2

Table 14 - RTD Accuracy tabulated results (Measured)

RTD Accuracy
Scaled RTD Voltage (V)

3.3
3.1
2.9
2.7
2.5
2.3
2.1
1.9
1.7
1.5
70

80

90

100

110

120

130

140

RTD Resistance (Ohms)
Vrtd_Scaled_Measured (V)

V_rtd_Scaled_Simulation (V)

Figure 5- Measured vs. ideal scaled RTD output voltage

The RTD data collected shows that the temperature measurement, amplification, and matching circuitry
is very accurate. The main source of error within the use of the RTD circuit of Fox-2 will be the accuracy
of the RTD implemented and the location of the sensor to the solar cells for the respective panel.
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MPPT Efficiency (S4)
Spec
S4

Description
MPPT Efficiency

Marginal Value
90%

Ideal Value
>90%

Table 15 - MPPT Efficiency

The MPPT should provide maximum power and operate with 90% or greater. DC/DC converters exhibit
an efficiency “curve” therefore it is specified that the MPPT efficiency be specified during maximum
power point operation. It should be noted that the test set-up used provided an approximate solar
panel simulate but was not ideal. The test set-up allows for proper maximum power point operation and
a rough (linear) approximation of the solar cells to be used during the Fox-2 mission.
Note: During the MSD I design phase of the MPPT project it was decided to design the MPPT for
approximately 80% efficiency due to project complexity. This was discussed with AMSAT and was
approved to allow the design to prove proper circuit methodology and operation, rather than
optimization.

Test Equipment





Variable high-power resistor (100 Ohm decade box)
o Cornell-Dubilier Electronic Division Model: RDA34 Serial: 73452
Variable voltage supply (25V @500mA)
o Hewlett-Packard Model:E3631A
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter
o EXTECH Model: 430
o Hewlett-Packard 34401A

Procedure
1. Attach the test equipment
a. Connect the power resistor (decade box) in series with the voltage supply to the MPPT
solar panel input terminals
i. Set to panel series resistance at the given panel temperature
ii. Set the voltage supply to Voc at panel temp, current limit to 500mA
b. Attach the Electronic load to the MPPT “Battery Bus” output
2. Set the test RTD potentiometer to the intended panel temperature in degrees Celsius
3. Turn on the test equipment and use the electronic load to pull enough current to cause the
MPPT supply the minimum load specification
a. MPPT Minimum load specification: 200mA
b. V_out will be limited to approximately 4.1V
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4. Increase the electronic load current incrementally until an approximate output voltage of 3.3V is
achieved
5. Record input and output voltages and currents
6. Efficiency testing should be repeated to include data for the full expected temperature range of
the solar panels
a. 28 degrees Celsius is the specified datasheet temperature of the Fox-2 solar panels
i. Spectrolab 28.3% Ultra-Triple-Junction (UJT) Solar Cells

Results (60 Degrees Celsius)
The MPPT tested was manually tested at 60 degrees Celsius at 135.3 mW/cm^2 irradiance. The series
resistance that simulates the solar panel was adjusted to 6 Ohms (decade box) to simulate the effective
solar panel series resistance at a temperature of 60C and associated irradiance level. 6 ohms series
resistance was used to simulate a decrease in available power the real solar panel would provide as
temperature is increased. The input and output parameters were measured at incremental levels of
input power as the output current was increased using the AMSAT electronic load. Table 16 lists the test
set-up parameters used to simulate the intended temperature and solar panel irradiance level.

Parameter
V_supply (V)
R_series (Ohms)
Vrtd_scaled (V)

Value
17.26
6
2.269

Table 16 - Test Parameters 60C at 135.3mW/cm^2

Vin
(V)

I_in
(A)

Vout
(V)

16.78
16.25
15.28
15.06
15.06
15.06
15.06
15.06
15.06

0.078
0.163
0.321
0.356
0.357
0.357
0.357
0.357
0.357

3.960
3.955
3.946
3.936
3.753
3.553
3.377
3.225
3.076

60C Temperature At 135.3 mW/cm^2 Irradiance
I_out
Power In
Power Out
Efficiency
(A)
(W)
(W)
(%)
0.201
0.508
1.018
1.122
1.170
1.224
1.276
1.325
1.377

1.309
2.649
4.905
5.361
5.376
5.376
5.376
5.376
5.376

0.796
2.009
4.017
4.416
4.391
4.349
4.309
4.273
4.236

60.814
75.852
81.899
82.371
81.672
80.888
80.147
79.479
78.782

Load Resistance
(Ohms)
19.701
7.785
3.876
3.508
3.208
2.903
2.647
2.434
2.234

Table 17 - Results MPPT Efficiency at 60C and 135.3mW/cm^2 solar irradiance
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Efficiency (%)

Efficiency (60C, 135.3 mW/cm^2)
90.000
80.000
70.000
60.000
50.000
40.000
30.000
20.000
10.000
0.000
0.150

0.350

0.550

0.750

0.950

1.150

1.350

1.550

I_out (Amps)
Figure 6 - MPPT Efficiency at 60C and 135.3mW/cm^2 solar irradiance

Table 17 lists the collected data and a maximum of 82.317% efficiency was observed with a load current
of 1.122A. Figure 6 shows the plotted efficiency data as the output current was increased. As shown, the
expected “curve” was observed. It should also be noted that once the maximum power point was
achieved (noted by the input voltage remaining constant) the output power remained relatively
constant regardless of output current. The small reduction in output power is attributed to an increased
power loss within the buck converter and power loss through the ideal diode MOSFET.
The maximum power observed was approximately 5.38W, which is to be expected as the power
available from the solar panel for a given irradiance and increased temperature. The MPPT operated
above 80% efficiency considering the decrease in available power and resulting decrease in load current
needed to achieve maximum power point tracking.

Results (28 Degrees Celsius)
The MPPT tested was manually tested at 28 degrees Celsius at 135.3 mW/cm^2 irradiance. The series
resistance that simulates the solar panel was adjusted to 5 Ohms (decade box) to simulate the effective
solar panel series resistance at a temperature of 28C and irradiance level. The input and output
parameters were measured at incremental levels of input power as the output current was increased
using the AMSAT electronic load. Table 18 lists the test set-up parameters used to simulate the intended
temperature and solar panel irradiance level.
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Parameter
V_supply (V)
R_series (Ohms)
Vrtd_scaled (V)

Value
18.65
5
2.487

Table 18 - Test Parameters 28C at 135.3mW/cm^2

Vin
(V)

I_in
(A)

Vout
(V)

18.3
17.9
17.18
16.62
16.53
16.47
16.48
16.48
16.47
16.47

0.074
0.151
0.291
0.399
0.416
0.427
0.428
0.428
0.428
0.428

3.980
3.970
3.960
3.950
3.950
3.750
3.580
3.457
3.313
3.191

28C Temperature At 135.3 mW/cm^2 Irradiance
I_out
Power In
Power Out
Efficiency
(A)
(W)
(W)
(%)
0.198
0.502
1.006
1.362
1.410
1.509
1.560
1.628
1.680
1.732

1.354
2.703
4.999
6.631
6.876
7.033
7.053
7.053
7.049
7.049

0.788
1.993
3.984
5.380
5.570
5.659
5.585
5.628
5.566
5.527

Load Resistance
(Ohms)

58.192
73.733
79.685
81.128
80.993
80.464
79.178
79.791
78.957
78.404

20.101
7.908
3.936
2.900
2.801
2.485
2.295
2.123
1.972
1.842

Table 19 – Results MPPT Efficiency at 28C and 135.3mW/cm^2 solar irradiance

Efficiency (28C, 135.3 mW/cm^2)

Efficiency (%)

100.000
80.000
60.000
40.000
20.000
0.000
0.000

0.500

1.000

1.500

2.000

I_out (Amps)
Figure 7 - MPPT Efficiency at 28C and 135.3mW/cm^2 solar irradiance
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Table 19 shows the collected data and a maximum of 81.128% efficiency was observed with a load
current of 1.362A. Figure 7 is the plotted efficiency data as the output current was increased, the
expected “curve” was observed. It should also be noted that once the maximum power point was
achieved (noted by the input voltage remaining constant) the output power remained relatively
constant regardless of output current. The small reduction in output power is attributed to an increased
power loss within the buck converter and power loss through the ideal diode MOSFET.

Parameter
V_supply (V)
R_series (Ohms)
Vrtd_scaled (V)

Value
18.65
22
2.488

Table 20 - Test Parameters 28C at 34mW/cm^2

Vin
(V)
17.06
16.77
16.62
16.5
16.5
16.5
16.5

I_in
(A)
0.077
0.091
0.098
0.104
0.104
0.104
0.104

Vout
(V)
3.980
3.960
3.959
3.861
3.510
3.281
3.060

28C Temperature At 34 mW/cm^2 Irradiance
I_out
Power In
Power Out
Efficiency
(A)
(W)
(W)
(%)
0.201
1.314
0.800
60.899
0.252
1.526
0.998
65.391
0.277
1.629
1.097
67.330
0.304
1.716
1.174
68.400
0.329
1.716
1.155
67.295
0.353
1.716
1.158
67.494
0.377
1.716
1.154
67.227

Load Resistance
(Ohms)
19.801
15.714
14.292
12.701
10.669
9.295
8.117

Table 21 - Results 28C Temperature At 34 mW/cm^2 Irradiance
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Efficiency (28C, 34 mW/cm^2)

Efficiency (%)

70.000
68.000
66.000
64.000
62.000
60.000
0.150

0.200

0.250

0.300

0.350

0.400

I_out (Amps)
Figure 8- Efficiency plot 28C temp at 34 mW/cm^2 irradiance

Table 20 shows the collected data and a maximum of 68.4% efficiency was observed with a load current
of 0.304A. Figure 8 shows the plotted efficiency data as the output current was increased, the expected
“curve” was observed. It should also be noted that once the maximum power point was achieved (noted
by the input voltage remaining constant) the output power remained relatively constant regardless of
output current. The small reduction in output power is attributed to an increased power loss within the
buck converter and power loss through the ideal diode MOSFET. The lower efficiency at the lower
irradiance level is expected due to the increased ratio of power loss due to switching and quiescent
power to operate the MPPT as compared to the MPPT output power.

Results (-60 Degrees Celsius)
The MPPT tested was manually tested at -60 degrees Celsius at 135.3 mW/cm^2 irradiance. The series
resistance that simulates the solar panel was adjusted to 4 Ohms (decade box) to simulate the effective
solar panel series resistance at a temperature of -60C and irradiance level. Although the calculated
series resistance was approximately 4.7 Ohms, 4 Ohms was used to simulate an increase in available
power as the real solar panel would provide as temperature is reduced. The input and output
parameters were measured at incremental levels of input power as the output current was increased
using the AMSAT electronic load. Table 22 lists the test set-up parameters used to simulate the intended
temperature and solar panel irradiance level.

P13271 – AMSAT Fox-2 MPPT

MPPT Efficiency (S4)

P a g e | 31 of 54
Parameter
V_supply (V)
R_series (Ohms)
Vrtd_scaled (V)

Value
22.22
4
3.097

Table 22 - Test Parameters -60C at 135.3mW/cm^2

-60C Temperature At 135.3 mW/cm^2 Irradiance
I_out
Power In
Power Out
Efficiency
(A)
(W)
(W)
(%)

Vin
(V)

I_in
(A)

Vout
(V)

21.94
21.67
21.21
20.71
20.61
20.54
20.54
20.54
20.54

0.067
0.132
0.244
0.365
0.389
0.404
0.404
0.404
0.404

3.980
3.970
3.960
3.940
3.940
3.810
3.680
3.535
3.296

0.201
0.508
1.018
1.530
1.629
1.733
1.781
1.834
1.935

1.470
2.860
5.175
7.559
8.017
8.298
8.298
8.298
8.298

0.800
2.017
4.031
6.028
6.418
6.603
6.554
6.483
6.378

54.421
70.505
77.896
79.747
80.055
79.569
78.982
78.128
76.858

Load Resistance
(Ohms)
19.801
7.815
3.890
2.575
2.419
2.198
2.066
1.927
1.703

Table 23 - Results -60C Temperature At 135.3 mW/cm^2 Irradiance

Efficiency (%)

Efficiency (-60C, 135.3 mW/cm^2)
90.000
80.000
70.000
60.000
50.000
40.000
30.000
20.000
10.000
0.000
0.150

0.650

1.150

1.650

2.150

I_out (Amps)
Figure 9 - Efficiency plot -60C temp at 135.3 mW/cm^2 irradiance

Table 23 lists the collected data and a maximum of 80.055% efficiency was observed with a load current
of 1.629A. Figure 9 shows the plotted efficiency data as the output current was increased, the expected
“curve” was observed. It should also be noted that once the maximum power point was achieved (noted
by the input voltage remaining constant) the output power remained relatively constant regardless of
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output current. The small reduction in output power is attributed to an increased power loss within the
buck converter and power loss through the ideal diode MOSFET.
The maximum power observed was just under 8.3W, which is to be expected as the power available
from the solar panel for a given irradiance and lower temperature increases. The MPPT operated above
80% efficiency considering the increase in available power and resulting increase in load current needed
to achieve maximum power point tracking.
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MPPT Response Time (S5)
Spec
S5

Description
MPPT Response Time

Marginal Value
100 milliseconds

Ideal Value
<100 milliseconds

Table 24 - MPPT response time engineering specification

The maximum power point tracker should achieve maximum power point tracking in less than the
specification time. The unit should be tested from an OFF condition and turned ON directly into a
maximum power point condition. The input voltage should stabilize to the intended Vmpp within the
specified time. The MPPT response time should be measured under varying temperature conditions (-60
to 60 degrees Celsius).

Test Equipment







Variable High-Power Resistor (100 Ohm decade box)
o Cornell-Dubilier Electronic Division Model: RDA34 Serial: 73452
Variable voltage supply (25V @500mA)
o Hewlett-Packard Model:E3631A
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter
o EXTECH Model: 430
o Hewlett-Packard 34401A
Oscilloscope
o Tektronix Model: TDS 2012C

Procedure
1. Attach the test equipment
a. Connect the power resistor (decade box) in series with the voltage supply to the MPPT
solar panel input terminals
i. Set to panel series resistance at the given panel temperature
ii. Set the voltage supply to Voc at panel temp, current limit to 500mA
b. Attach the Electronic load to the MPPT “Battery Bus” output
2. Set the test RTD potentiometer to the intended panel temperature in degrees Celsius
3. Attach the oscilloscope probe to the solar panel input terminals and set the trigger to
“NORMAL”
a. Trigger voltage should be between the intended Vmpp and 0V
4. Measure Rise Time
5. Turn on the test equipment and use the electronic load to pull enough current to cause the
output voltage of the MPPT to drop to 3.6V
a. MPPT Minimum load specification: 200mA
6. Turn OFF the voltage supply and allow the input voltage to drop to 0V
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7. Turn ON the voltage supply and measure the rise time of both the MPPT input voltage and
output voltage
a. Ensure proper operation of the input voltage and output voltage during Vmpp
regulation
8. Repeat MPPT response time test for all RTD temperatures

Parameter
V_supply (V)
R_series (Ohms)
Vrtd_scaled (V)

60C
17.26
6
2.269

28C
18.66
5
2.489

-60C
22.22
4
3.098

Table 25 - Test equipment set-up parameters for MPPT response time

Results
The MPPT’s response time was measured during various solar panel temperatures; the voltage supply
was turned on from an OFF state directly into a Vmpp regulation state. The time from 0V to input
regulation of the solar panel to the Vmpp and the time for the MPPT to stabilize its output voltage to
3.6V were measured.

Panel
Temp ( C )
60
28

MPPT Vin Response
Time (ms)
23.64
16.7

MPPT Vout
Response time (ms)
12.32
13.56

Series
Resistance
(Ohms)
6
5

-60

16.64

20

4

Notes
N/A
N/A
Vout rise time
estimated graphically

Table 26 - Tabulated results from MPPT response time tests

Table 26 contains the tabulated data from the test results. The MPPT performed better than expected,
and was able to regulate the input voltage to the maximum power point voltage in a maximum of 23.32
ms, and stabilize its output voltage to 3.6V in a maximum of 20 ms. The output voltage stabilization
during the -60C solar panel temperature case had to be graphically estimated due to a voltage spike
during the first few milliseconds of the turn-on process.
It is believed that the “square” like waveforms and occasional spiking events such as those observed in
Figure 12 are not caused by the MPPT itself but instead the voltage supply used. The power supply was
manually turned on and the supply likely exhibits a start-up characteristic of its own, especially during a
high output current condition. This is strengthened by the evidence of no such reaction on the MPPT
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output during start-up. Figure 10 through Figure 15 show the start-up waveforms captured during
testing during Vmpp regulation.
Images (60C)

Figure 10 - Solar panel Vmpp response time of Vin (60C)

Figure 11 - Solar panel Vmpp response time of Vout (60C)
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Images (28C)

Figure 12 - Solar panel Vmpp response time of Vin (28C)

Figure 13 - Solar panel Vmpp response time of Vout (28C)

Images (-60C)
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Figure 14 - Solar panel Vmpp response time of Vin (-60C)

Figure 15 - Solar panel Vmpp response time of Vout (-60C)
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MPPT Output Voltage Limit Start-Up Time
Spec
N/A

Description
MPPT Start-Up Time

Marginal Value
100 milliseconds

Ideal Value
<100 milliseconds

Table 27 - Output voltage limit start-up time engineering specification

The MPPT should provide a limited output voltage (4.1V) within the specified time duration from turnon. This measurement provides a measurement of the MPPT system turn-on time required for the
circuit to provide output voltage to the load in an output voltage limited condition.

Test Equipment







Variable High-Power Resistor (100 Ohm decade box)
o Cornell-Dubilier Electronic Division Model: RDA34 Serial: 73452
Variable voltage supply (25V @500mA)
o Hewlett-Packard Model:E3631A
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter
o EXTECH Model: 430
o Hewlett-Packard 34401A
Oscilloscope
o Tektronix Model: TDS 2012C

Procedure
1. Attach the test equipment
a. Connect the power resistor (decade box) in series with the voltage supply to the MPPT
solar panel input terminals
i. Set to panel series resistance at the given panel temperature
ii. Set the voltage supply to Voc at panel temp, current limit to 500mA
b. Attach the Electronic load to the MPPT “Battery Bus” output
2. Set the test RTD potentiometer to the intended panel temperature in degrees Celsius
3. Attach the oscilloscope probe to the solar panel input terminals and set the trigger to
“NORMAL”
a. Trigger voltage should be between the intended Vmpp and 0V
4. Measure Rise Time
5. Turn on the test equipment and use the electronic load to pull the minimum load specification
of the MPPT
a. MPPT Minimum load specification: 200mA
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6. Turn OFF the voltage supply and allow the input voltage to drop to 0V
7. Turn ON the voltage supply and measure the rise-time of the MPPT output voltage
a. Ensure proper operation of the input voltage and output voltage during MPPT output
voltage limit operation
8. Repeat MPPT response time test for all RTD temperatures

Results
The output voltage limiting condition start-up waveform results are tabulated in Table 29. All associated
rise times were graphically estimated due to the spiking waveform present, and the estimation was
made assuming the output voltage has “settled” to approximately 4.1V. It is clearly shown that the
output settles faster than the maximum time specified within the engineering specification and
therefore achieves the intended engineering specification goal.
Parameter
V_supply (V)
R_series (Ohms)
Vrtd_scaled (V)

60C
17.26
6
2.269

28C
18.66
5
2.489

-60C
22.22
4
3.098

Table 28 - Output voltage limit test set-up parameters

Panel Temp ( C )
60
28
-60

MPPT Vout Response time (ms)
30
30
15

Series Resistance (Ohms)
6
5
4

Notes
Estimate Graphically
Estimate Graphically
Estimate Graphically

Table 29 - Tabulated results from output voltage limit response time tests

The slowest turn-on time to provide a stable output voltage during output voltage limit observed was 30
ms; this is largely due to the UC2524 PWM integrated circuit slow start circuit allowing the output
voltage to slowly “ramp” to the final value. It should be noted that the “square” like waveforms
measured are likely a result of the voltage supply in use during testing. Figure 16, Figure 17, and Figure
18 show the output voltage limit start-up waveforms during their respective solar panel temperature
conditions. An oscilloscope waveform capture of the output voltage during an MPPT turn-on case
caused by unplugging and plugging in the positive power cable to the voltage supply resulted in a
cleaner waveform but still showing the “square” like characteristics.
Shown in the waveforms are turn-on output voltage “spikes” that rise above the maximum specified
4.3V. The Fox-1 test documentation (not provided due to ITAR restrictions) specifies a maximum output
voltage of 4.6V during turn-on induced voltage spikes and therefor this event may be deemed
acceptable. However, the P13271 group feels that the output voltage should not rise above 4.3V, and
several steps may be taken to achieve this goal.
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The output voltage clamping circuit can be modified by reducing the shunting resistance in series with
the power Darlington BJT. Reducing this resistance will cause more current to shunt to ground an may
reduce this overvoltage event. Also, adjusting the output voltage “compensation” may speed up the
circuit to fast transients. Components such as C21 and C26 are good candidates for experimentation and
further analysis. Adding additional compensation components is also possible.

Images (60C)

Figure 16 - Output voltage limit response time of Vout (60C)

Images (28C)

Figure 17 - Output voltage limit response time of Vout (28C)
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Images (-60C)

Figure 18 - Output voltage limit response time of Vout (-60C)
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Minimum and Maximum Operating Temperature (S6 & S7)
Spec
S6
S7

Description
Maximum Operation Temperature
Minimum Operation Temperature

Marginal Value
85 Degrees Celsius
-40 Degrees Celsius

Ideal Value
>85 Degrees Celsius
<-40 Degrees Celsius

Table 30 - Environmental temperature engineering specification

The MPPT circuit(s) should be able to properly operate within the entire expected environmental
temperature range. The circuit components should not shift enough to affect proper maximum power
point operation or output voltage limiting operation.

Test Equipment






Variable High-Power Resistor (100 Ohm decade box)
o Cornell-Dubilier Electronic Division Model: RDA34 Serial: 73452
Variable voltage supply (25V @500mA)
o No model available, supply provided by RIT CIMS Department
Electronic Load (constant current)
o AMSAT Electronic Load (40V, 5A designed by Brenton & Bryce Salmi)
Multi-meter
o EXTECH Model: 430
I2C to USB Serial
o Devantach Ltd. USB-ISS
o MPPT automated testing Python software
 Written by Brenton Salmi

Procedure
1. Attach the test equipment
a. Connect the power resistor (decade box) in series with the voltage supply to the MPPT
solar panel input terminals
b. Set to panel series resistance at the given panel temperature
c. Set the voltage supply to Voc at panel temp, current limit to 500mA
d. Attach MPPT MSP430 I2C output to the USB-ISS device
e. Attach the Electronic load to the MPPT “Battery Bus” output
f. NOTE: RTD potentiometer should be OUTSIDE of the environmental chamber!
2. Set the test RTD 28C (scaled RTD voltage = 2.488V)
3. Turn ON the voltage supply
4. Use the electronic load to pull enough current to reduce the MPPT output voltage to 3.6V
5. Record I2C data from MPPT
6. Vary temperature chamber from -40C to 85C

P13271 – AMSAT Fox-2 MPPT

Minimum and Maximum Operating Temperature (S6 & S7)

P a g e | 43 of 54
7. Repeat testing with the MPPT in output voltage limiting operation

Results
The environmental test chamber results shown in Figure 19 for the maximum power point tracking
(Vmpp) operation and Figure 20 for the output voltage limiting operation look very good. All
components used in the MPPT are rated for the industrial temperature range of -40C to 85C, but some
parameter shifting is expected. The resistors and capacitors used also exhibit a low temperature
coefficient and should shift minimally. The test performed during environmental testing configured the
MPPT into an maximum power point tracking operation and all operating conditions were kept
constant.

Figure 19 - MPPT Data from environmental testing -40C to 85C during Vmpp tracking
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Figure 19 clearly shows MPPT operational parameter shifting at 85C and -40C test chamber
temperature. The system output current measurement exhibited a positive temperature coefficient. The
system current measurement was performed using the LMP8603 current sense amplifier and a 10
milliOhm series resistor, resulting in a positive temperature coefficient. The graphical data shows a fair
amount of noise that in future firmware revisions will be filtered out or removed by adjusting the low
pass filter in line. The system current measurement shifted positively approximately 20mA (1.68A to
1.70A) as the temperature rose from 28C to 85C. The system current measurement shifted
approximately -20mA when the temperature was reduced to -40C (1.68A to 1.66A). It should be noted
that the actual system output current remained constant as set by the electronic load.
The solar panel voltage during Vmpp regulation shifted with a negative temperature coefficient when
the chamber was increased to 85C. The solar panel voltage regulation was set to approximately 16.45V
at 28C and this measurement shifted approximately -25mV when the temperature was increased to
85C, the measurement shifted approximately 50mV when the temperature was reduced to -40C, and
“RTD” potentiometer was outside of the test chamber and this Vmpp variation is therefore due to
component temperature variance on the MPPT PCB. The Vmpp regulation shift over the temperature
range is likely due to the shifting of the scaled RTD voltage as this voltage is used as a reference for the
Vmpp regulation. Lastly, the scaled RTD voltage exhibited a negative temperature coefficient shifting
approximately 10mV when the chamber temperature was increased from 28C to 85C. The scaled RTD
voltage shifted just over 10mV when the temperature was decreased to -40C. This variation in the RTD
voltage could be a factor of the RTD circuitry, UC2524 5V reference voltage, or voltage divider tolerances
for the solar panel voltage sample.
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Figure 20 - MPPT Data from environmental testing -40C to 85C during output voltage limiting operation

Figure 20 shows the system performance while the MPPT is in an output voltage limiting operation.
Similar to the Vmpp regulation environmental testing all operational conditions were kept constant
during testing. The output voltage limit test was performed with the initial temperature set to -40C, and
was increased to 85C.
The system current sense measurement exhibited approximately the same variation as the previous
Vmpp regulation environmental test. The solar panel voltage is unregulated during output voltage
limiting operation, but the measurement indicate a total shift of approximately 75mV as the
temperature was varied from -40C to 85C. The scaled RTD voltage also showed similar variation over
temperature as seen in the Vmpp regulation environmental test.
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Temp ( C )
85
-40

Environmental Test Measurements During Vmpp Regulation
Output Voltage (V)
Scaled RTD Voltage (V)
Output Current (A)
3.529
2.482
1.585
3.542
2.493
1.585

Table 31 - Environmental test data measurements during maximum power point tracking

Temp ( C )
85
-40

Environmental Test Measurements During Output Voltage Limiting
Output Voltage (V)
Scaled RTD Voltage (V)
Output Current (A)
3.980
2.483
0.343
3.984
2.493
0.343

Table 32 - Environmental test data measurement during output voltage limiting

Table 31 and Table 32 contain the multi-meter measurements and the electronic load current (MPPT
output current) during the temperature extremes. During both maximum power point tracking and
output voltage limiting operation the scaled RTD voltage shifted a total of approximately 10mV
(negative temperature coefficient) when the temperature was decreased from 85C to -40C. During
maximum power point tracking the output voltage also exhibited a negative temperature coefficient
and shifted a total of 13mV. The output voltage is unregulated and directly related to the Vmpp
regulation (controlled by the scaled RTD voltage). This increase in output voltage caused an output
power variation of 20.6mW. Similarly, during output voltage regulation, the scaled RTD voltage shifted
approximately 10mV and the output voltage limit circuit shifted 4mV as the temperature varied from
85C to -40C. This variation caused an output power variation of 13.7mW.
The MSP430 data graphed showed clear variation, although, it should be considered that the ADC input
conditional circuits are also experiencing temperature variation and could introduce sampling error. The
measured data shows a maximum power deviation over the entire -40C to 85C temperature range of
20.6mW. During output voltage limiting the output power also varied but it during output voltage
limiting operation maximum power is not needed by the load. Although the environmental testing of
the MPPT has shown variations in operation over the -40C to 85C temperature range the variations are
not large enough to significantly affect system performance.
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TID Radiation Expectation (S8)
The MPPT should be able to withstand the expected radiation environment during the 5-year mission
life of Fox-2. The Fox-2 radiation environment was analyzed and the expected TID to the internal circuits
is 30,000 Rad over the mission lifetime. This requirement drove many design features and decisions.
Spec
S8

Description
Total Ionizing Dose (TID) Radiation Tolerance

Marginal Value
30,000 Rad

Ideal Value
>30,000 Rad

Table 33 - Total ionizing dose radiation tolerance engineering specification

Results (Documentation)
TID Radiation testing is not possible within the RIT MSD program and therefore it is not feasible for the
senior design project. AMSAT will test the circuit outside of RIT, but the design has incorporated
decisions to help improve the radiation tolerance. The engineering specification has therefore been met
with “TID Tolerance” assurance using careful design to mitigate radiation risks. TID radiation data for
individual components was used where applicable. When radiation data is not available, device material,
design, and prior AMSAT flight heritage of components were used to choose components for the design.

Component
2n2222
2N2222
2N2222
2N2222
2n2222AJSR
2N2907AJSR
2N3907A

TID Limit
(kRad)
30
>100
10
60
35
100
60

LM317AT

20

LM317KTTR

20

OP484
OP484A

>22
>1000

Failed
Parameters
Hfe
N/A
Hfe
Hfe
Hfe
Hfe
Hfe
Vout degraded
slightly
Low dose rate
parameter shift
Low dose rate
parameter shift
N/A

800
>20

Input bias
current
N/A

SG1524
UC2524A

Test Data
Date
2006
2009-2011
2009-2011
2003
2012
2012
2003

Publication
NSREC06-W2NASA
978-1-4577-1283-8/11
978-1-4577-1283-8/11
0-7803-8127-0/03
978-1-4673-9/12
978-1-4673-9/12
0-7803-8127-0/03

1997

PPM-97-051

Unisys

2012

978-1-4673-9/12

NASA

2009-2011
2009-2011

978-1-4577-1283-8/11
978-1-4577-1283-8/11
IEEE Transactions on
Nuclear Science Vol, NS24, NO.6
978-1-4673-9/12

JPL
JPL

1977
2012

Organization
NASA
JPL
JPL
NASA
NASA
NASA
NASA

Ford Aerospace
NASA

Table 34 - Tabulated component radiation data
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System Design Radiation Tolerance
The choice to create the MPPT functionality using analog control and feedback was due to the ability to
choose components with radiation tolerance heritage. Many analog components used in the MPPT
have TID radiation test data available and have been proven to survive (remain within datasheet
specification) close to or above the Fox-2 mission requirements. Components that did not have radiation
test data available were chosen based on the component design and materials used to ensure a higher
probability of meeting the TID requirement. When the MPPT components reach their end-of-life due to
radiation exposure the component parameters will slowly degrade in a predictable fashion (test data).
This is preferred to the sudden failure of a digital logic based circuit such as a microcontroller.
The MSP430 was chosen due to TID test data available that showed operation close to the specified TID
requirements. Although the MSP430 outperformed many other microcontroller families there is always
the risk of a “bit flip” or other sudden radiation damage and due to this risk the MSP430 only provides
secondary telemetry data to the Fox-2 satellite Internal Housekeeping Unit (IHU). Implementing the
FRAM series of the MSP430 family was also a design choice due to radiation test data showing FRAM
memory technology as a more radiation resistance memory in comparison to traditional FLASH
technology. A latch-up protection circuit was also included on the power rails for the MSP430 to protect
and reset the MSP430 in the event of a radiation-induced latch-up condition.
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Component Height Restriction (S9)
The MPPT PCB will be stacked inside of the Fox-2 Cubesat and therefore must meet the maximum
component height requirements.
Spec
S9

Description
Component Height Restriction

Marginal Value
<8.1 millimeters

Ideal Value
<5 millimeters

Table 35 - Component height restriction engineering specification

Results
All initially used components on the MPPT PCB meet the component height restriction specification
(except for the test connectors located outside of the MPPT board outline). Due to modifications during
the construction and bring-up process, the input and output capacitors were required to be “stacked”
and therefore exceeded the 5 millimeter ideal value, but remain within the marginal value. The input
and output capacitors can be placed in parallel horizontally across the board in future PCB layout
designs to alleviate this concern.
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PCB Layout Area Restriction (S10)
The PCB layout area is constrained to fit within the FOX-2 Cubesat. The designed MPPT circuit should be
able to provide at least 4 MPPT circuit within the constrained area.
Spec
S10

Description
PCB Layout Area Constraint

Marginal Value
144.5 Cm^2

Ideal Value
<144.5 Cm^2

Table 36 - PCB layout area engineering specification

Results
The PCB was designed with a silkscreen outline of the MPPT PCB with test connectors provided on the
outside edge of the PCB. The components were successfully placed and wired within the requirements
provided by the engineering specifications.

Figure 21 - Image of the final PCB

It should be noted that not all four MPPT circuits were provided on the PCB due to design
considerations. It was concluded that due to the MSD project being specified as an engineering board to
test the MPPT methodology and operation all four MPPT’s were not needed. This reduced component
cost and complexity for the engineering design. Two MPPT “channels” are provided to test the output
ORing functionality.
A “Long” channel is provided that spreads the MPPT circuit over one half of the PCB for ease of testing
and modification. A “Short” channel is also provided that fits the entire MPPT design into 1 quarter of
the PCB, thus proving that 4 MPPT circuits can be placed onto the final flight PCB. Lastly, many do not
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populate (DNP) test components are provided within the engineering design and will not be included on
the flight version, reducing overall component space requirements.
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IHU Communications (S11)
The MPPT should be able to provide the Internal Housekeeping Unit (IHU) with the properly structured
I2C telemetry. The MPPT telemetry requirements should follow the Power Supply Unit IHU
communication specifications provided my AMSAT. It is not possible to include the Fox-1 specifications
and detailed requirements in this document due to ITAR restrictions.

Python Test Software
Python software was written to simulate the Fox-2 Internal Housekeeping Unit (IHU). This simple
software requests a power supply data packet from the MPPT. The MPPT generates this packet and
transmits it to the computer. The Python software parses the data packet and correctly scales the raw
bit values that were transmitted into the respective voltage, current, and temperature values.

Figure 22 - IHU Python simulation software

The received data is saved to a CSV file for future reference and plotting. A python program was also
created to plot the data (MATLIBPLOT library). Microsoft Excel can also be used to perform plotting of
the MPPT IHU data packets.

Results
Proper operation was observed during testing of the I2C telemetry functionality. A serial-to-I2C
converter was used (USB-ISS) to connect to the MPPT. Logged MPPT I2C data has shown correct and
reliable operation over long durations of use. The longest test performed was approximately 3 days.
Examples of received data that have been plotted are shown in Figure 19 and converted data that has
been concatenated with the AMSAT electronic load data is shown in Figure 4.
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Figure 23 - MSP430 I2C CRC generation timing capture

The MSP430 creates the telemetry data for use by the Fox-2 IHU is generated after a request is made.
Since the data is not cached and has to be created, the CRC for each packet has to be computed after
the IHU MPPT data request.
Figure 23 shows the oscilloscope capture of the I2C communication data during a MSP430 transmission.
The clock and data pins are pulled LOW after the MSP430 has detected a data packet request from the
IHU. The MSP430 then samples the ADC pins, generates the packet, computes the CRC, and then
transmits the I2C data to the IHU. As shown in the figure the approximate time for this packet
generation to complete from the initial request time is 580us.

MPPT Unit Test Conclusion and Recommendations
The test results as shown in this document have shown that the P13271 group as designed a working
temperature-based constant voltage maximum power point tracker. The test results show that all
engineering specifications5 have been met or exceeded except for the noted conditions.
The MPPT system efficiency was designed for and achieved 80% efficiency to reduce project complexity.
The MPPT efficiency reduction was approved by AMSAT prior to finalizing the MPPT design. The total
power handling capability designed for (7.24W) was determined to be a mathematical design error. The
maximum total power that the MPPT will experience is 9.122W and the MPPT unit was operated above
9.122W for 10 minutes.

5

AMSAT Fox-2 MPPT Engineering Specifications
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The AMST Fox-2 MPPT flight design should properly upgrade the power handling components of the
MPPT (buck converter/MOSFET driver) to handle the upgraded power requirements with proper NASA
derating in mind. Implementing a synchronous buck converter configuration, using efficient switching
regulators to power the UC2524, operational amplifiers, and other circuitry, and increasing the
frequency of switching to reduce the inductor series resistance further would allow 90% efficiency to be
achieved.
Lastly, additional input and output capacitance was required forcing the ceramic capacitors added to be
stacked and thus exceeding the maximum height requirement. It is noted however that the flight
version of the PCB should place side-by-side parallel capacitors to eliminate the stacked capacitors and
therefore meeting the height restriction. The AMSAT Fox-2 test results have shown the design to be
stable, scalable, and show initial results of a robust design.
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