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ABSTRACT
This paper explores the methods used to examine Mars Curiosity Rover’s flight temperature data
to the Package Qualification and Verification (PQV) accelerated thermal cycle life test data in
response to flight anomalies. The redundant Rover Compute Element (RCE-A, B) has experienced
an inability to mount the flash memory several times. The leading cause of these anomalies is
likely the loss of electrical connectivity, which is theorized to be due to cracks on the memory
component solder joints by thermal cycle fatigue. To investigate this theory, the number of thermal
cycles accumulated in flight was compared to PQV accelerated thermal cycle life test data. The
goal of this study was to inform mission operations of the risk associated with thermal cycling
damage on the RCE. However, since the RCE-B does not have continuous temperature data from
the Platinum Resistance Thermometer (PRT) closest to the flash memory, a model was made to
correlate continuous data from two other nearby sensors on the RCE-B to the noncontiguous
sensor. Using the Rainflow Counting Algorithm, the reconstituted data was converted into the
number of equivalent thermal cycles. The Coffin-Manson Equation was used to compare flight
thermal cycles to the PQV test. The accelerated life test showed cracking on the memory
component solder joints after 500 cycles of 80°C temperature excursions. This study found that
the RCE-A and RCE-B have undergone an equivalent of 144 and 430 cycles of 80°C temperature
excursions during flight, respectively.
KEY WORDS: Thermal Cycling, Rainflow Counting, Thermal Cycle Fatigue, Package
Qualification and Verification (PQV), Correlation between Test and Flight
INTRODUCTION
Curiosity has exhibited several Rover Compute Element (RCE) flash memory anomalies during
surface operations on Mars. On Sol 200, the Rover was unable to mount the flash memory on the
A-side (RCE-A). Rover operations switched to the B-side (RCE-B). On Sol 2172, the RCE-B flash
memory did not mount. Operations were switched back to RCE-A, until a warm reset occurred on
Sol 2320 due to an inability to mount the RCE-A flash memory. Operations switched back to RCEB on Sol 2343.
A tiger team determined that the leading cause for the Sol 200 anomaly is likely due to an electrical
connectivity issue on the flash memory. The root cause of the Sol 2172 anomaly is unknown
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because data that could have proven or eliminated the remaining theories of the anomaly resolution
team was compacted and lost before it could be downlinked. The root cause of the Sol 2320
anomaly is still under investigation.
Mars has a harsh thermal cycling environment, and one hypothesis for the loss of electrical
connectivity resulting in the Sol 200 anomaly is cracks in the memory component solder joints due
to thermal cycle fatigue. This theory is supported by Package Qualification and Verification (PQV)
accelerated thermal cycle life tests performed for Mars 2020, which uses the same RCE design as
Curiosity. The PQV tests showed cracking before one Mars 2020 thermal cycle life. (Note that the
prime mission for Mars 2020 is 1.5 Martian years, whereas the prime mission for Curiosity was 1
Martian year.)
As a result of the anomaly after Sol 200, there was a need to determine a way to compare the flight
Platinum Resistance Thermometer (PRT) data on the RCE to the PQV test data to estimate the
remaining life of the hardware and to inform mission operations of the risk associated with thermal
cycling damage on the RCE.
One complication in calculating the number of thermal cycles is that there are gaps in the
temperature data from the RCE-B PRT closest to the suspect memory component. Another
complication is that the relevant flight PRT dataset contains approximately 3 million data points.
This large dataset needed to be distilled into an equivalent number of thermal cycles to enable
comparison with the as-run PQV test data.
DEFINITIONS AND METHODOLOGY
The Sol 200 anomaly has been traced to a suspect memory component on the Camera Non-Volatile
Memory (NVMCAM) slice. Figure 1 shows the as-built Curiosity NVMCAM board, the
NVMCAM PRT, and the suspect part as determined by the tiger team.

Figure 1: Curiosity NVMCAM Circuit Board

© 2020 California Institute of Technology.
32nd Aerospace Testing Seminar, March 2020.

There are three PRTs that are close to the suspect memory component. They will be referred to
using the following definitions:
•
•
•

NVMCAM PRT: on the same board, approximately 3 inches away. See Figure 1.
RAD750 PRT: located one slice away from the suspect component. See Figure 2.
Base PRT: located on the mounting interface of the RCE. See Figure 2.

Figure 2: Rover RCE-A and RCE-B
PQV Test:
A PQV accelerated thermal cycle life test was completed on a flight-like sample NVMCAM slice
for Mars 2020 project. The PQV test used the following definitions of one Mars 2020 thermal
cycle life:
•
•

Summer Cycles: 350 cycles from 0°C to 80°C (ΔT of 80°C)
Winter Cycle: 150 cycles from –40°C to 40°C (ΔT of 80°C)

Table 1 lists the total number of 80°C ΔT cycles versus observations made at 1×, 1.25× and 1.5×
life for Mars 2020. It lists the number of actual 80°C ΔT cycles as well as the equivalent number
of 155°C ΔT NASA Handbook (NHB) (Ref 2) cycles.
Table 1: NVMCAM PQV Test Results

Coffin-Manson Equation:
The Coffin-Manson equation (Equation 1) was used to compare the flight thermal cycles to the
PQV test data because of the different temperature ranges. This equation is also used to determine
the equivalent number of NHB standard 155°C ΔT cycles.
Equation 1:Coffin-Manson Equation N1/N2=(ΔT2/ΔT1)m
Where N=number of cycles, ΔT=temperature range, m=fatigue exponent (2 assumed for solder)
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Rainflow Fatigue Algorithm:
The actual number of thermal cycles seen on Mars was calculated using the Matlab Rainflow
Fatigue Analysis Algorithm, which was written by Matlab. The flowchart presented in Figure 3
describes how the algorithm functions.

Figure 3: Rainflow Fatigue Algorithm Flowchart (Source: Ref 1)
To verify that the Rainflow Fatigue algorithm works properly and calculates the right number of
cycles, it was run on simulated PQV data. The simulated PQV data was 350 cycles of 0°C to 80°C,
and 150 cycles of –40°C to 40°C. The ramp rate was assumed to be 5°C/min, and the dwell time
was assumed to be one hour.
The Rainflow Fatigue Algorithm calculated exactly 499.9375 cycles, as expected. The same code
was used to find the number of cycles on the NVMCAM and RAD750 PRT data.
RECREATING TEMPERATURE DATA FOR NVMCAM-B
The flight data from the NVMCAM, RAD750, and RCE Base PRTs was obtained for both side-A
and side-B; however, the PRT on the NVMCAM board on RCE-B only reports data intermittently.
There are approximately 3 million data points in the full dataset.
All timestamps were converted into seconds. Non-unique timestamps were removed from each
individual dataset and plotted for both RCE-A and RCE-B during the operational and idle states.
Figure 4 shows a sample of the PRT data over 4 Sols when the RCE-A was operational and RCEB was idle. Figure 5 shows a sample when RCE-B was operational and RCE-A was idle. Figure 4
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has a spike in the RCE-B PRT temperature around Sol 2261. This was due to a functional checkout
that was performed on the hardware. It should be noted that the NVM data was not continuous for
most part of the mission. The green asterisks show the actual data points.

Figure 4: RCE-A Operational, RCE-B Idle

Figure 5: RCE-A Idle, RCE-B Operational
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From inspection, it appears that the NVMCAM temperature is a function of the difference between
the Base temperature and the RAD750 temperature. When the RAD750 is higher than the Base
temperature, Equation 2 shows a proposed relationship between the three PRTs. When the Base
temperature is higher than the RAD750 temperature, Equation 3 shows a proposed relationship
between the three PRTs.
Equation 2: NVMCAM Temp = Base temp + Positive Multiplier*(RAD750 temp–Base temp)
Equation 3: NVMCAM Temp = Base temp + Negative Multiplier*(RAD750 temp–Base temp)

The positive and negative multipliers are not constants—they change based on the magnitude of
the difference between the RAD750 temperature and the Base temperature. They also change
based on the absolute temperature of the RAD750. A surface plot showing the multipliers for RCEB is shown in Figure 6. The surface plot that shows how the multiplier changes with respect to
both RAD750 absolute temperature and percent difference between RAD750 and Base
temperature will be referred to as the transform.
Since unknown data is being projected for NVMCAM-B (the NVMCAM in RCE-B), not all
multipliers will be found. In cases where there are unknown multipliers from the transform shown
in Figure 6, the average local multiplier will be used. Note that this only applies to the NVMCAMB. The transform for NVMCAM-A is quite similar and was omitted for brevity.

Figure 6: NVMCAM-B Transform
The multiplier transform was used to project continuous NVMCAM temperatures as a function of
the RAD750 and base data. Since the RAD750 data was taken at a higher sampling frequency than
the NVMCAM data, it increases the projected NVMCAM sampling rate. If the Base data did not
have a data point taken at the time of the RAD750, the nearest two data points were linearly
interpolated to find the Base data. The RAD750 and Base data were then used to calculate the
projected continuous NVMCAM temperatures using the equations mentioned above.
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The projected NVMCAM data was graphed to visually show how well it correlated with the
NVMCAM PRT data. Figure 7 shows a sample of the projected and flight data when RCE-A is
operational, and Figure 8 shows a sample of the projected and flight data when RCE-A is idle. The
actual NVMCAM data points are marked by asterisks to demonstrate how the projected data has
a lower time step between data points.

Figure 7: Projected and flight data when RCE-A Operational, RCE-B Idle

Figure 8: Projected and flight data when RCE-A Idle, RCE-B Operational
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As a sanity check, Figure 9 shows all flight data for NVMCAM-A and B plotted against the
projected data.

Figure 9: All Flight Data and Projections
It should be noted that the NVMCAM-B projection appears to be much lower than the actual
temperature data from about Sol 400 to approximately Sol 2172. On Sol 400, “Dream Mode” was
enabled. This mode took the temperatures of the RAD750 and Base overnight, but not the periodic
NVMCAM-B data. The NVMCAM-B data was only taken during the operation, which is why the
projected data includes lower temperatures than the measured data.
A script was used to calculate the error associated with the projection. The average percent error
and Root Mean Square (RMS) Celsius error for NVMCAM-A and B are shown in Table 2. A 3D
visualization of the percent error compared to the temperature is shown in Figure 10 for RCE-A
and Figure 11 for RCE-B.
Table 2: Projection Errors for RCE-A and B

RCE-A
RCE-B

Average
Error, %
2.30
2.38

RMS Error,
°C
0.70
0.67
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Figure 10: NVMCAM-A Projected Data Error Distribution

Figure 11: NVMCAM-B Projected Data Error Distribution
The percent error of the projected data is highest for temperatures around 20°C. This is useful to
note because it means that the error at the high temperatures associated with high ΔT cycles is
smaller. Since large temperature changes are the main driver of thermal cycle fatigue damage, it
is critical to have accurate high temperature predictions.
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NVMCAM RAINFLOW FATIGUE ANALYSIS
After obtaining the projected NVMCAM temperatures, the Matlab Rainflow Fatigue Analysis
algorithm was used to calculate the number of cycles and temperature range of all cycles that the
hardware experienced. Figure 12 shows a logarithmic plot of the temperature range of the thermal
cycle versus the number of cycles for NVMCAM-A. Figure 13 shows the same for NVMCAM-B.
Both have a large number of cycles with a ΔT of 10°C to 20°C. By inspecting the data shown in
Figure 4, the temperature change due to the day/night cycle results in a ΔT of approximately 15°C.
This could explain the large number of thermal cycles with a ΔT between 10°C and 20°C.

Figure 12: NVMCAM-A Logarithmic Plot of ΔT vs. number of Cycles

Figure 13: NVMCAM-B Logarithmic Plot of ΔT vs. number of Cycles
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Equation 1 was used to calculate the equivalent number of 80°C and 155°C ΔT cycles accumulated
during flight. It should be noted that this equation linearizes the fatigue associated with high versus
low ΔT cycles, which is a source of error. There are other methods that could be used to find the
equivalent number of cycles. Table 3 shows the number of equivalent 80°C and 155°C ΔT cycles
for each NVMCAM. The ground and cruise thermal cycles are not included in Table 3. Both the
projected data and the actual data were used for NVMCAM-A in order to estimate the error
associated with the projection.
Table 3: Equivalent Thermal Cycles for NVMCAM-A and B
Number of 80°C
Number of 155°C
ΔT cycles
ΔT cycles
NVMCAM-A Flight Data
144.21
38.42
NVMCAM-A Projection
149.91
39.94
NVMCAM-B Projection
429.42
114.40
NVMCAM-A has far fewer thermal cycles compared to NVMCAM-B because the RCE-B was
used for the majority of the mission. The projected NVMCAM-A data has 3.95% more cycles than
the actual data. This might be due to the fact that the projected dataset is larger than the data
collected by the NVMCAM-A PRT, since it is based on the timestamps of the RAD750 data. The
projected dataset for NVMCAM-A is 1.77 times larger than the measured dataset and may account
for more small temperature fluctuations.
SUMMARY & CONCLUSIONS
Figure 14 shows the cumulative equivalent thermal cycle fatigue input for NVMCAM-A and
NVMCAM-B. All flight cycles are given as equivalent thermal cycles of ΔT of 155°C NHB cycles.
The actual NVMCAM-A data was used. A one times thermal cycle life has been included to show
the status of the hardware in comparison to the PQV test. The Sols where the RCE anomalies
occurred have also been marked. This graph was given to Mission Operations to inform them of
the projected remaining thermal cycling life on the NVMCAM hardware.
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Figure 14: Cumulative Fatigue NVMCAM A and B
Given the low number of thermal cycles on the NVMCAM-A board prior to the failure, the Sol
200 anomaly was likely exacerbated by a piece-part defect or workmanship issue. This is
interesting because parts of NVMCAM-B had been reworked several times while NVMCAM-A
(built after B) had clean paperwork.
One future application of this method could be a real-time thermal fatigue monitoring application
tied into the flight sensor database. With an understanding of the current level of thermal fatigue
on the NVMCAM (or other sensitive hardware), the project can alter operations to reduce thermal
cycling if necessary. This method could also be used on other projects where the temperature
history is known and there is a need to compare the flight thermal history to as-run PQV
accelerated thermal cycle fatigue test data.
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