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Abstract 
 

The Global Precipitation Measurement (GPM) core spacecraft is a NASA/JAXA joint mission launched in 
2014. Developed in-house at NASA GSFC, its deployable appendages include two large solar arrays each 
driven by a single axis solar array drive assembly and a gimbal equipped high gain antenna. Lessons 
learned from the Tropical Rainfall Measuring Mission (TRMM) –Y Solar Array Drive Assembly (SADA) 
anomaly and Lunar Reconnaissance Orbiter’s (LRO’s) thermal testing, influenced the design of the GPM 
Solar Array Drive Assemblies. This paper describes the TRMM anomaly, design and development aspects 
of the GPM SADA, its on-orbit health and performance, and finally techniques and orbital maintenance 
maneuvers followed by the Flight Operations Team to minimize drag, actuator cycles, and extend the life 
of the actuators and the mission itself. 
 

Introduction 
 

The GPM core spacecraft is a joint mission between the National Aeronautics and Space Administration 
(NASA) of the United States and the Japan Aerospace Exploration Agency (JAXA). It is a Low Earth Orbit 
(LEO) spacecraft launched on February 27, 2014 with a circular 407 km altitude and 65-degree inclination 
orbit selected to provide full global precipitation coverage updated every 24 hours. GPM succeeds the 
TRMM spacecraft launched in November 1997 that measured precipitation over tropical and subtropical 
regions, from the Mediterranean Sea (35° north latitude) to the southern tip of South Africa (35° south 
latitude). Measurements from GPM core, however, provide even greater coverage—between the Arctic 
Circle (65° north latitude) and the Antarctic Circle (65° south latitude). These measurements, combined 
with those from other polar-orbiting satellites in the GPM constellation, currently provide global precipitation 
datasets every three hours. This integrated approach and unified dataset helps advance scientists' 
understanding of Earth's water and energy cycle, produces enhanced forecasts of hurricanes, floods, and 
droughts, and helps enhance Earth’s climate models.  
 

 
Figure 1. The GPM Core (left) and TRMM (right) Satellites 
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The TRMM SADA Anomaly 
 
The TRMM satellite mission ended on April 8, 2015 after more than 17 years of very successful operation. 
While the mission clearly exceeded its original three-year mission goal, it experienced a minor anomaly 
involving one of the Solar Array Drive Actuators. TRMM had two deployable solar arrays designed to track 
the sun with help of a single axis SADA. A Schaeffer Magnetics rotary actuator identical to that used on 
NASA GSFC’s X-Ray Timing Explorer (XTE) mission drove the TRMM SADA, and High Gain Antenna 
(HGA) gimbal. The rotary actuator was a Type 5 ½ (Type 5 modified with an output bearing from a Type 6 
drive). It had a 3-phase, 6-state stepper motor. The harmonic drive was a “silk hat” type with a pitch diameter 
of 2.5 in (5 cm) and a 200:1 reduction. The flexspline was made out of 304L Stainless Steel (SS), the 
circular spline and wave generator used 17-4 PH SS and 440C SS respectively. Pennzane 2000 synthetic 
hydrocarbon oil with 5% lead naphthenate additive was used as lubricant on the gear teeth and bearings. 
An internal rotary incremental encoder with three absolute positions provided position, velocity, direction of 
travel, and was capable of being used in open or closed loop mode [1].  
 

 
Figure 2. The TRMM SADA 

  
The SADA also included a cable wrap used to transfer signal and power across the rotary joint. Seventy-
six 20 gage wires were sewn together to form two belts that spiral around a central reel. The belts were 
36 in (91 cm) long by 2.5 in (5 cm) wide and were separated using 0.005-in (27 µm) Kapton to reduce 
sliding friction. The cable wrap had a maximum travel of ±300 degrees but the designed use was 
±175 degrees where it could operate in the region of low friction. Finally, the TRMM SADA included a main 
deployment / shoulder hinge bolted onto the output face of the rotary actuator, which rotated the wing 
90 degrees from the spacecraft body with the help of constant torque springs and a rotary viscous damper 
kept warm with strip heaters and thermostats [1]. 
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Figure 3. Sun’s View of TRMM SADA at high beta angle 

 
An initial TRMM/XTE SADA rotary actuator qualification unit partial 1000-hr life test revealed that no signs 
of deterioration could be detected by any of the tests designed to monitor health (threshold voltage, output 
torque). But post-test inspection revealed significant amount of wear in the bearing to flexspline interface 
and the gear teeth. The 304L flexspline inner diameter had galled with the 440C bearing outer race, the 
inner race had slipped down the wave generator plug, and the Pennzane 2000 oil was no longer present 
[1]. As detailed in Reference 1, a series of changes were made and then a combined TRMM/XTE SADA 
life test that covered 1.1x full TRMM life (11 million output degrees of travel) was successfully completed.  
 
The TRMM –Y side array, was always on the sun, or warm side (TRMM performed routine yaw maneuvers 
to keep one spacecraft side toward the sun) and experienced temperatures greater than life test for 
substantial periods, while the +Y SADA on the cold side of the spacecraft, operated within predicted limits. 
Unfortunately, there was no operational way to reduce temperatures as the major heat input was from direct 
sun on the –Y SADA output flange and via conduction from the inboard boom and shoulder hinge. The 
excessive temperature resulted in increased (exponential) vaporization of lubricants, which are required for 
good lubrication of bearings and harmonic drive for proper actuator life. The original 1000-hour life test had 
proven that internal degradation may not be apparent from telemetry, i.e., there may be no warning until 
catastrophic failure so SADA could halt at some random position without notice. In September 2002 the  
–Y SADA showed first indication of impending failure as it was stuck during slew-to-feather for ~ 2 minutes. 
Prior to jamming, the SADA was also missing steps every 14 seconds during normal tracking (Figure 5). 
The TRMM team then decided to discontinue sun tracking and park the –Y SADA at the feathered horizontal 
position as a precaution to avoid the possibility of that array becoming stuck in a non-preferred position, 
which could have resulted in excessive drag.  
 

 
Figure 4. –Y SADA operated hotter than expected during mission 
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Figure 5. –Y SADA Anomaly: Prior to jamming for ~2 min, actuator was missing steps during tracking 

This lack of sun tracking with the -Y solar array led to slightly less available power, but still allowed sufficient 
power for nominal operations of all working instruments. In 2003, the TRMM team had to decide whether 
the +Y SADA could reliably be expected to continue operating normally until fuel considerations forced 
controlled reentry to be initiated. An anomaly investigation resulted in thorough lubricant loss, thermal and 
life analyses being performed. Key aspects taken into account included the fact that the most critical 
temperatures are at the harmonic drive wave generator bearing / flex spline / circular spline interface, and 
the outboard motor bearing. Thermal analysis assumed thermal conductivity value across ball bearings 
taking advantage of oil meniscus spanning each ball/race interface. As lubricant is driven off, meniscus 
supports less heat flow, creating higher thermal resistance and thus higher temperatures. 
 

 
Figure 6. TRMM SADAs Lubricant Loss Analysis 

 
This can lead to a runaway condition where balls eventually run dry. It is then possible that the –Y SADA 
lost lubricant and the dry running may have generated particles. Stainless steel wear particles generated 
can become ferro- magnetic due to work hardening. They can then be attracted to motor magnets and may 
clog the small air gap between coils and magnets. Without torque multiplication at the output, the motor 
may permanently jam. Another source of possible failure was the precipitation of lead naphthenate high-
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pressure additive, which was detected to some extent in the life test. This effect may be more related to 
solubility and wear cycles. The actuator missed steps every ~14 seconds corresponding to every 180° of 
motor rotation which may indicate lead precipitate at the interface of wave-generator bearing and flex spline 
that engages twice per motor revolution as each lobe passes by.  
 

 
Figure 7. +Y SADA Life Prediction 

      
Life analysis predicted that the +Y TRMM SADA could reliably be expected to continue operating normally 
until fuel considerations forced controlled reentry to be initiated. Analysis predicted that the 1.1x full TRMM 
life (11 million output degrees of travel) would be reached in March of 2006 and that 16 million degrees 
would be accomplished by July of 2010. The +Y drive operated well within temperature limits and did not 
experience the same problems.  
 
However, because of the situation with the –Y side solar array, the power subsystem required special 
attention during State Of Charge (SOC) periods, especially during periods of low Beta angle. Eventually 
the +Y SADA operated successfully for a total of approximately 21 million output degrees of travel, until the 
spacecraft was decommissioned on April 8, 2015.  
 

The GPM Solar Array Drive Assembly 
 
The GPM Solar Array Deployment and Drive System consists of two independent wings, each of which 
comprise five major elements. Shown in Figure 8, these elements include: a) Solar panel assembly 
consisting of a rigid panel that supports the solar cells with electrical wiring (cell, diode board, associated 
circuitry, temperature sensor) and coarse sun sensor on outboard panels (quantity 4); b) Deployment boom 
assembly connecting the panel assemblies to the SADA output flange. There is one boom assembly per 
wing. The hinges within the boom assembly provide the deployment force to position the panel in the 
required orientation. The booms also support the harnesses traveling between the panel assembly and the 
SADA; c) Restraint / Release (R/R) mechanisms securing the panel assembly and boom to the spacecraft 
in the stowed configuration. There are five Restraint/Release mechanisms per wing: four for the panel 
assemblies and one for the deployable boom assembly; d) Panel Hinges providing the deployment force 
for each panel assembly. There are two panel hinges per hinge line; e) Solar Array Drive Assembly (SADA) 
which rotates the boom and panel assemblies in order to track the sun through each orbit and provide 
means to transfer the power generated by the solar arrays and the sensor telemetry signals to the 
observatory. 
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Figure 8. The GPM Solar Array Deployment and Drive System 

 
The design of the GPM SADA was driven mostly by structural, thermal, and life / Number of cycles 
considerations: structural as it had to help meet the 0.6 Hz minimum fundamental frequency for the largest 
Solar Arrays every built at NASA Goddard with a inertial load of 255 kg-m2; thermal as it had to ensure the 
actuator was kept within its acceptable temperature limits to prevent the issues that caused the TRMM –Y 
SADA anomaly we previously described; and life as it had a requirement of 17,500 cycles ~ 8,750,000°. 
 
The GPM Solar Array Drive Assembly consists of 4 main subsystems: electro-mechanical (rotary actuator), 
structural (actuator output & Harmonic Drive (HD), spacecraft and hinge interface plates), thermal 
(radiators, hinge interface plate, and thermal tube), and harness management (cable wrap). The rotary 
actuator designed and manufactured by Sierra Nevada Corporation’s (SNC) Durham, NC facility, is 
comprised of a three-phase redundant stepper motor with a 200:1 reduction, a Size 25 T-Cup harmonic 
drive gearbox, with position feedback provided by integral redundant coarse and fine optical encoders. The 
actuators provide positioning within the SADA. The GPM SADA actuator has two hard stops limiting travel 
to ±125° and it uses a SuperDuplex™ thin section output bearing lubricated with Pennzane 2001-3PbNp 
oil and 2000-3PbNp grease. GPM’s structural, thermal, and life requirements were considerably more 
severe than previous NASA missions that had used this same type of SNC rotary actuator (SDO, LRO).  
 

 
Figure 9. The GPM Solar Array Drive Assembly 
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On the structural side, the solar arrays had a 0.6 Hz minimum fundamental frequency requirement. Since 
the first mode of the array is cross-axis bending,  it was designed to maximize the stiffness in that axis as 
much as practical. To this purpose, numerous technical interchanges with the actuator manufacturer were 
conducted to modify the actuator design in order to develop an actuator that could meet our requirement 
for a bending stiffness of at least 339,000 N-m/rad. To maximize the bending stiffness, the output bearing 
was changed from a traditional duplex back-to-back pair with a set of spacers between the bearings to a 
SuperDuplex™ bearing with a one-piece outer ring to minimize the number of components and sliding 
interfaces. 
  
The Super Duplex™ thin section bearing has a common ring, either a single outer (as in GPM’s HGAS and 
SADA actuator output bearings), or a single inner, which has two bearing paths in it. Because this type of 
bearing had never been used before on a GSFC mission, an evaluation and comparison of SuperDuplex™ 
vs the standard duplex DB pair was conducted. Stiffness: Having a “one piece” rigid outer ring provides 
improved ring stiffness and reduced distortion, as there no longer is a two-piece assembly; Geometric 
Dimensioning and Tolerancing (GD&T): two key GD&T parameters that will affect the performance of thin 
section ball bearings are the radial and axial runout. The radial runout is a measurement of the thickness 
variation of the bearing rings. The outer ring is measured from the ball path to the outer diameter of the 
ring, and the inner ring is measured from the ball path to the bore. The radial runout is defined as the wall 
thickness variation of the rotating ring. The axial runout on the other hand, is measured from the ball path 
to the face of the bearing rings. The variation in thickness measured is the axial runout. The SuperDuplex™ 
bearing has a common ring, which has two bearing paths in it. As these are ground at the same time, they 
“run-out” together. This helps smooth out potential torque variations that would be caused by the variations 
in axial and radial runout adding torque into the bearing; Assembly & Installation: the disadvantages of 
using two separable bearings are potential errors in misalignment and orientation during assembly. If 
however, a SuperDuplex™ bearing is used, since the assembly is not separable, the possibility for 
installation orientation errors is eliminated [2].  
 

 
Figure 10. SuperDuplex™ (left) vs. Duplex DB (right) [2] 

To maximize the bending stiffness of the actuator the internal contact angle of the bearing was increased 
by 50% and the internal preload was increased by 300%. The machined components that support the inner 
and outer output bearing raceways were changed from Titanium to Stainless Steel for a higher modulus of 
elasticity and the inner raceway support was thickened to add rigidity. Finally, to minimize the influence of 
bearing mounting clearances, the tolerances on the mating journal diameters were tightened, the minimum 
installation clearance was reduced, and bearings were matched with the mating machined components to 
minimize the clearance fit across all deliverable units and provide more consistent results. Detailed bearing 
analysis was performed to ensure the final bearing parameters and fit-up resulted in acceptable stresses 
for operating and static loading conditions. A detailed Finite Element Model of the actuator was correlated 
with preliminary subassembly stiffness testing to gain confidence that the final design configuration would 
meet overall actuator stiffness goals. The as-delivered actuators demonstrated bending stiffness in the 
range of 341,000 to 370,000 N-m/rad, above the target goal to meet the desired fundamental frequency.  
 
The increased contact angle and preload result in increased bearing friction and contact stress relative to 
the SDO/LRO heritage. Therefore, a successful 6.5x life testing was performed to verify the expectation 
that lubricant life would still be more than adequate for the mission. One of the main lessons learned from 
the TRMM anomaly to ensure that mission life requirements are met is that the harmonic drive materials 
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and lubricants must be properly selected. This was particularly important given that the life requirement of 
GPM SADA and HGA gimbal actuators significantly exceeded that of previous GSFC missions that had 
used the same actuator: SDO had a life requirement of 2500 cycles/900,000°; LRO’s was 
5700 cycles/2million degrees; GPM’s SADA is 17500 cycles/8.75million degrees and GPM HGAS is 
48,600 cycles/18.5million degrees. To ensure the SADA and HGAS actuators would meet their life 
requirements Sierra Nevada Corporation (SNC) Durham, NC facility and NASA GSFC performed a series 
of harmonic drive accelerated life tests with different combinations of circular splines and flexible splines 
materials in both ambient (2x life) and vacuum environment (100,000 cycles)  [3].  
 
An exceptional description of the testing process and results obtained is provided in Reference 3, and main 
results are summarized here. Based on discussions between Harmonic Drive LLC and SNC, the material 
combinations shown in Table 1 were selected for comparative life testing. All HD gear configurations were 
customized HDT-25, 200:1, T-cup component sets manufactured by Harmonic Drive LLC and all were of 
the same dimensional design. All combinations used the same wave-generator bearing material and 
design, and each was identically lubricated with Pennzane 2001-3PbNp oil and Rheolube 2004 grease per 
standard procedures. For the ambient test (conducted in air at room temperature), the input to the harmonic 
drive gear was set at 500 revolutions per minute (rpm) and a constant 2.93 N*m of friction load was applied 
to the output. The main results for this test were as follows:  the two Melonite Harmonic Drives showed a 
reduction in torsional stiffness at the end of life and the presence of relatively large particles of metallic 
debris in the gear mesh and were eliminated from consideration. The two non-Melonite gears were relatively 
comparable. The 15-5 vs. 15-5 gear visually looked slightly better with regard to the circular spline teeth 
and gear lubricant but the Nitronic vs. 15-5 gear was also acceptable. This latter one was selected as the 
least risky path forward due to concerns over how the 15-5 vs. 15-5 would perform during vibration and in 
a vacuum environment [3]. 
 
Table 1. Harmonic DriveTM Materials Selection Ambient (2x life) & Vacuum (100K cycles) Test Results [3] 

 
 
Based on the above results it was decided to perform a second round of testing for the two leading 
candidates but in a vacuum environment under thermal cycling. The vacuum test consisted of 
100,000 cycles of reversing 180° output revolutions in a <5.0x10-5 Torr vacuum enviornment cycling 
between 0 and 40°C. Input to the harmonic drive gear was set at 500 rpm and a constant 2.93 N*m of 
friction load was applied to the output. Results showed that innthis case, the vacuum environment had little 
to no effect on the wear rate of the two harmonic drives tested with small differences in wear between the 
units. The vacuum test confirmed the program’s decision to use the 15-5PH flexible spline against the 
Nitronic 60 circular spline as the final configuration to be used on the GPM SADA and HGAS actuators [3].  
 
As it can be seen on the cross sectional view Figure 9, the Spacecraft Interface Plate (SIP) is used to attach 
the Solar Array Drive Assembly (SADA) to the Lower Bus Structure panel. The design and analysis of the 
SIP was driven by the deployed fundamental frequency requirement of the Solar Array which translated in 
the need to have a very stiff SIP. The Cable Wrap attaches to the bottom of the SIP and both are stationary. 
The mounting flange of the actuator is attached to the bottom of the SIP and is also stationary. The Hinge 
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Interface Plate (HIP) on the other hand is mounted on the top of the actuator output and it rotates with it. 
The HIP provides an interface between the actuator and the shoulder hinge. It blocks the sun from the 
actuator output, and it also provides some bending stiffness. The design of the thermal radiator from the 
structural point of view was driven by the minimum fundamental frequency requirement of 100 Hz. SADA 
structural design was both simple and effective. The solar array loads travel through the shoulder hinge 
and the HIP to the output of the actuator, and then out to the lower bus structure through the SIP. The cable 
wrap inertial loads are transferred to the SIP via the cable wrap housing. The following load cases were 
analyized using finite element analysis:  22 Gs in X,Y,Z (Mass Acceleration Curve loads); 2050 N shear, 
440 N axial, 290 N-m moment (Combined Qual Limit Loads); 55°C and -15°C (thermal stress). Stress 
analysis showed positive margins of safety on yield and ultimate for all components. 
 

 
Figure 11. Cross Section View of SADA Finite Element Model 

A superb thermal design was of critical importance for the succesful operation of the SADA which had to 
handle the thermal load due solar cell power, motor, and solar impingement. On top of the previously 
described issues experienced during the TRMM mission, the GPM SADA thermal design was also driven 
by lessons learned from the LRO mission. During the LRO observatory level testing it was discovered that 
the rotary actuators were exceeding their temperature limits as the power loses (P=I2R) within the solar 
array harness were very significant and dumping heat direclty into the actuator. Modifications to the LRO 
SADA during and after thermal vacuum testing, such as adding radiators and removing Multi-Layer 
Insulation blankets still did not resolve the issues. This resulted in LRO having to make major changes to 
the on-orbit solar array operations to ensure functionality of the actuators. Furthermore, GPM had close to 
two times the solar array harness power as LRO and 3 times the mission life. Due to this, the GPM SADA 
underwent a significant design effort to accommodate the motor power, harness heating, and extreme 
environment. 
 

Table 2. Key thermal requirements 

 
 

The actuator design could not be modified due to contract with the vendor. Thermal design was then 
focused around the rest of the SADA components. Coatings and tapes were applied on the Hinge Interface 
Plate, Cable Wrap Housing / end plate, spools, as shown in Figure 12. A large radiator was attached to the 
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edge of the Spacecraft Interface Plate as shown in Figure 9. The cable wrap was modified to absorb / reject 
the heat generated within the harness:  an aluminum thermal tube extends into the actuator quil shaft to 
isolate the harness from the quill shaft; the Cable Wrap housing is directly attached to the Interface Plate 
instead of the actuator’s accessory flange for direct heat path to the radiator; a 3-piece Titanium spool is 
used to isolate the Cable Wrap bearings from harness heat, minimize bearing gradients, and minimize 
thermal expansion loads into the Cable Wrap bearings; heat straps going from the Cable Wrap housing to 
the lower bus structure were added to help stabilize any transient temperature swings, and provide a stable, 
well-characterized heat sink; the Cable Wrap bearings use Pennzane lubricant instead of Braycote. This 
was consistent with the actuator bearings to ensure no cross contamination of lubricants. Also, Pennzane 
has more restrictive temperature limits but longer life than Braycote.  
 

 
Figure 12. GPM SADA Thermal Design 

 
The Cable Wrap (CW) acts as the harness management device. It allows electrical & power signal wires to 
pass across the rotational joint with no relative harness motion external to the housing. The CW Mechanism 
is driven by actuator motion / rotation of the Solar Array. Both are connected using an Oldham type coupling 
with the female portion attached to the actuator quill shaft, and the male side attached to the cable wrap 
spool subassembly. This coupling design allows for positional, linear, and angular misalingments between 
the CW and the Actuator and transmits torque without placing side loads to either shaft. Invidivual wires 
are sewn together to form two belts that spiral around a central rotating spool. This ribbon portion of the 
harness is clamped to both the rotating spool and the CW housing as shown in Figure 13. By “mechanically 
grounding” the ribbon harnessing to the housing and rotating spool, in addition to “mechanically grounding” 
the round bundle to the S/A boom, all motion of the harness occurs within the Cable Wrap housing as 
“winding & unwinding” in a spiral motion about the rotating spool [4]. 

 
Figure 13. GPM Cable Wrap Transversal Section [4] 
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These two arm spiral wrap transitions to a round bundle to pass through the actuator quill shaft, and 
communicates 166 wires (132 power & 34 signal) across the rotary joint to the Solar Array. The two main 
belts are separated by a .25-mm (0.010-in) thick sheet of Kapton which minimizes the sliding friction 
between the belts and their Dacron stiches. The GPM Cable Wrap has a rotation capability of  ±178° (where 
it either winds completely on the inner diameter or out on the outer diameter) in excess of the ±120° 
requirement to minimize the bending stresses on the belts and allow it to operate in the ‘sweet spot’ region 
of low friction. Harnessing is clamped to a 3-piece spool assembly (for ease of manufacturing) made out of 
Titanium. The spool is supported by two radial bearings slip fit to the housing and spool end fittings. The 
forward bearing is axially constrained whereas the aft one is not, to allow for spool assembly tolerance 
stack-up and thermal growth. Bearing inner races are clamped to the spool end fittings and forward bearing 
outer race is clamped to the CW housing. Because there is a 20°C gradient across the bearing races a 
problem arises due to the differences in Coefficients of Thermal Expansion (CTE) between the bearing 
races (Stainless Steel 440C), CW housing (Al-6061-T6), and the CW spool (Ti-6Al-4V) which required a 
0.0005 – 0.0008 in (13 – 20 µm) radial play [4]. 
 

 
Figure 14. Cable Wrap Radial Bearings [4] 

 
Over large temperature gradients such as the ones that the CW experiences, the clearances between the 
components in contact with the bearing can be eliminated and excessive loads could be transmitted into 
the bearing, loads which could potentially cause brinelling of the its races. For of this reason it is very 
important to make sure the right tolerancing is used at the inner and outer race interfaces. A thorough 
bearing thermal stress analysis was performed that took into consideration the compression of the bearings’ 
outer race due to the CTE mismatch (6061-T6 vs. SS440C) at this interface; contraction of the bearing’s 
outer race bore (where it contacts the ball) due to this mismatch and associated loss of radial play; and loss 
of radial play across entire temperature range (0 – 60°C) due to a 20°C temperature gradient between inner 
and outer race. Since there was interest in looking at possible interferences due to thermal growth because 
of CTE mismatches that could generate stresses on the bearing, the worst scenario for this condition was 
chosen: max. spool Outer Diameter (OD) vs. min bearing Inner diameter (ID) and min CW housing ID vs. 
maximum bearing OD. Analysis showed that even after loss of radial play the highest mean contact Hertzian 
Stress that the bearing balls saw was 6.5*108 Pa which was well below the 2.4*109 Pa that would cause 
brinelling on the races.  
 

SADA On-Orbit Performance 
 
The GPM Core Observatory as seen in Figure 8 operates in a near circular orbit of approximately 407 km 
with a 65-degree inclination. It is a three-axis stabilized spacecraft, nadir pointing for instrument observation 
of the Earth and its atmosphere, with the X-axis aligned with the velocity vector. Depending on Solar Beta 
angle, GPM flips 180 degrees in yaw such that it flies with either the +X or –X axis forward. However, since 
it has thrusters on both sides, it can execute maneuvers in both orientations without slewing. GPM’s orbit 



566 

was chosen to optimize science data capture for the platform’s Dual-frequency Precipitation Radar (DPR) 
and GPM Microwave Imager instruments and provide coordination with GPM Mission partner satellites. 
Both the Semi-Major Axis and Eccentricity requirement tolerance allowes for the geodetic height (HGT) of 
the Core Observatory to be maintained within 397 km to 419 km for effective DPR operation and minimize 
the altitude variation per latitude crossing over the life of the mission. The inclined (65 degrees) non-sun-
synchronous orbit allows the observatory to sample precipitation across all hours of the day from the Tropics 
to the Arctic and Antarctic Circles, and expand on the observations performed by TRMM, the Core 
Observatory’s predecessor. The Flight Operations Team (FOT) manages the fuel usage based on an orbital 
maintenance plan derived from these parameters [5].  
 

Table 3. GPM Core Spacecraft Orbit Parameters [5] 

 
 

Maintaining the orbit to these constraints required the FOT to perform orbit maintenance maneuvers as the 
orbit experienced changes due to predictable Earth perturbations and the impact of flying in a variable drag 
environment while optimizing fuel usage and actuator cycles. The first type of maneuver was a prograde 
delta-V maneuver in the velocity direction to boost GPM up into a higher orbit. This is referred to as a drag-
makeup maneuver and is used to increase the SC’s altitude after atmospheric drag has caused orbit to 
decay down to the bottom of the required control box. The second is due to the eccentricity requirement. 
GPM has a tight eccentricity requirement such that orbit remains very near circular. They only way 
eccentricity can be fixed is by preforming a maneuver, however if the SC is already at the top of the required 
control box then it can’t go up any higher, and a retrograde maneuver must be done. These are done on 
an as needed basis. Solar activity is a key factor. During periods of high activity the atmosphere expands, 
resulting in higher drag and faster orbital decay. The opposite takes place when it is low. 

 
Figure 15: GPM Mission Solar Array Tracking Profiles vs Beta Angle 

 
Hence, per pre-launch analysis, the mission was expecting to plan and perform orbit maintenance 
maneuvers as frequently as once a week during high solar activity, and as infrequently as every eight weeks 
during low solar activity. Indeed, for the first few months post-launch, maneuvers were performed once a 
week in the higher drag conditions as predicted. The solar array tracking profile used during this period was 
Profile G as shown in Figure 15. During the on-orbit check-out phase the senior engineers determined that 
the solar arrays performance was more than adequate to recharge the batteries and provide power to the 
bus, thus a few of the solar array feathering profiles were tested on board to optimize the input power and 
drag induced. After a few months of testing, the low drag profile known as Profile K was selected in August 
of 2014. This change, coupled with the solar flux dropping slowly as the mission months passed, allowed 
for the maneuver frequency to slowly change from once a week to roughly once a month [5]. 
 
The periods of extreme low solar activity with low drag allows for more orbital eccentricity growth between 
maneuvers. And for any one maneuver during this time (constrained by an upper altitude limit), the 
eccentricity cannot be reduced sufficiently. Hence the Drag Make-Up maneuvers required to maintain the 
Semi-Major Axis within tolerances were both too infrequent and of insufficient size to control the eccentricity. 
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The FOT needed to develop an option that would allow GPM to control eccentricity growth without violating 
the geodetic height requirements, or at least one that would minimize loss of science for the remainder of 
the prime mission. Solution proposed was to increase GPM’s drag area profile by unfeathering the solar 
arrays panels. Similar to how the array profile was changed during early orbit check out to reduce drag, the 
FOT could change the array profile to one that could create sufficient drag needed to lower the spacecraft’s 
geodetic height faster than the growth of the eccentricity. The benefit would be that no additional maneuvers 
would be required to maintain orbit requirements. The predicted analysis showed that using the largest drag 
profile, profile G, the eccentricity requirement could be maintained for several months. Hence, as shown in 
Figure 16, in August 2016 the Tracking Profile was changed back to G [5]. 
 

 
Figure 16. -Y and +Y SADA Tracking Profiles used since launch date 

 
When using Profile G, trending was showing the SA profile induced additional cycles on the SA actuators, 
thus putting an unnecessary strain and risk to the spacecraft. Pre-launch analysis predicted that 3-years 
into the mission the Solar Arrays would cycle (out and back) around 18,000 times per wing. This was seen 
as unnecessary and so a switch was made to profile K. Due to the switching from the Profile G to the 
Profile K control table early after launch the +Y gimbal had only reached just under 5000 cycles, and the  
-Y gimbal had reached just under 9000 cycles. While the FOT trending of the systems shows no signs of 
motor degradation or slippage, the concern for staying on Profile G indefinitely was that the result in a large 
number of cycles could potentially lead to a solar array drive failure before the fuel projected mission end 
of life [5]. 
 
The concern was prompted from lessons learned from GPM’s predecessor TRMM. Returning to the G 
Profile to increase drag was resulting in a faster increase in the number of cycles which increased the 
chance of solar array drive failure before fuel ran out. The rate can be observed in Figure 16, where the 
green trend represents the number of cycles that would have been encountered if continuous tracking had 
been used since launch and the red trend is what was actually used when the FOT switched between G 
and K with G being the portion with higher slope. While the orbit requirements were being maintained under 
Profile G, in addition to the increased number of cycles, Profile G was discovered to cause hardware 
concerns with the solar arrays at certain beta angles as sunlight was able to reach parts of the SC that had 
not previously when solar arrays were fixed,  resulting to temperature spikes on SADA [5]. 
 
The decision to move away from  Profile G was finally aided by the fact that while the increase in drag 
helped in maintaining the requirements for the first eight months after implementation, future predictions 
showed that the continual drop in solar activity would ultimately result in repeated violations of the mission 
requirements starting in early spring of 2017. Therefore, in May of 2017, the tracking profile was switched 
back to Profile K and continued since. This current profile maximizes the amount of feathering, aimed to 
reduce the drag caused by the large solar panels during flight by strategically positioning the two wings 
alternatively depending on the beta angle variations. Feathering the wings minimizes the projected area in 
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the velocity vector directions and lowers substantially the drag on the spacecraft which reduces the number 
of propulsion burns required to maintain the SC in the desired altitude. In addition feathering also reduces 
the solar array drive movements resulting in less number of cycles and wear on the actuators. As can be 
seen in Figure 16, the use of Profile K has so far resulted in savings of 14,000 cycles on the –Y actuator 
and 23,000 cycles on the +Y one. On the other hand the reduction in propulsion maneuvers has already 
resulted in considerable savings in propulsion fuel to date which will allow GPM to have a longer mission 
life [5]. Currently the GPM Core SC is expected to be in service until 2035. 
 

 
Figure 17. On orbit Drag for Tracking Profiles G & K 

 
The behavior of the actuator is monitored by the Flight Operations Team at the Missions Operations Center 
located at GSFC. Temperatures, currents, voltages, and othe parameters are tracked and supervised to 
ensure no anomalies occur, or should they occur, to generate the corresponding corrective action. The 
performance of the +Y and –Y SADAs has so far been remarkable. As can be seen on  Figure 18, 
Commanded vs. Actual MAX and MIN differences are just 2 steps for both actuators. This is expected since 
the command steps occur before the rotor motion. So when the telemetry is sampled determines the 
difference. A step difference of 6 or greater means that the motor missed commutation steps. The ±2 Min 
& Max levels are consistent with ground testing and beginning of life which indicates the motors, encoder, 
and drive electronics are all performing nominally. As shown also on Figure 18, the motor current on both 
+Y and –Y SADAs has consistently remained at approximately 300 mA. Because the motors are using a 
voltage drive, the current being constant indicates that the motor back electromotive force and the 
resistance are not changing. This telemetry shows that both SADAs have healthy windings and the 
magnetics (motor constant) are nominal.  
 
The encoder consists of a metal disk with slots that block or allow light from a Light Emitting Diode (LED) 
to hit a phototransistor. The 6 tracks include 3 tracks on the motor rotor side to indicate each step and a 
once around index, and 3 on the harmonic drive gear output to indicate the output angle at unique locations. 
The HEMI (Hemisphere) Encoder Track is dark for one-half of the range of motion, and light for the other 
half. The voltage plots shown on Figure 19 show how the maximum Voltage has remained steady at around 
14.5 V for both the +Y and –Y SADAs indicating that when the light is blocked, the phototransistor leakage 
current is small and unchanged. The minimum voltage is also steady at around 0.2 V showing that the LED 
is not dimming, and the phototransistor current transfer ratios are nominal. The LED driver current set point 
has not needed to be changed due to aging or environmental degradation in the optoelectronic parts. Both 
SADA motors are driven using a single drive card, the Mechanism Control Electronics (MCE), which 
accepts the spacecraft bus voltage and a 1553 interface. The card sends an analog housekeeping packet 
updated at 1 Hz that includes the secondary voltage rails, the LED currents for each motor, and several 
thermistors on the card. The MCE also telemeters detailed status on the motor command steps, positions, 
and commanded parameters at 10 Hz. The SADAs and the MCE telemetry continue to show consistent 
performance from beginning of life to the present. As seen on Figure 19, the –Y/+Y actuators temperature 
has also remained steady at an average of 14 and 11°C respectively, indicating the thermal environment 
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is well controlled by the thermal system. This is much better than the 31°C on the –Y TRMM SADA that 
resulted in the anomaly.  
 
Temperatures of the cable wrap are also within the nominal desired values. The maximum Hinge Interface 
Plate temperature (closest to actuator output flange) is 35°C below the 40°C requirement indicating that the 
thermal design is working properly, and unlike on the TRMM – Y SADA, the GPM SADA actuators have 
good lubrication of bearings and harmonic drive for proper actuator life. 

 

.  

 

Figure 18. GPM SADA Performance Plots 
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Figure 19. GPM SADA Performance Plots 
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Lessons Learned 
 

For scenarios where a high actuator bending stiffness is required, the use of SuperduplexTM bearings with 
a high contact angle and preload mounted with a very tight slip fit can be advantageous. A thorough 
harmonic drive accelerated life-testing program with different combinations of circular splines and flexible 
splines materials can help select the right combination that provides the desired actuator life. Ensuring 
proper lubrication of the actuator bearings and harmonic drive is critical to the life of the SADA. Performing 
a detailed thermal analysis including all heat sources such as internal power, I2 R Joule heating (including 
harness going through the quill shaft), environmental loads, etc., is critical to the success of the design. 
This is because lubricant temperatures need to be within their operating ranges, otherwise critical 
components such as the harmonic drive wave generator bearing / flex spline / circular spline interface and 
the outboard motor bearing would prematurely fail. These heating loses can be very significant dumping 
heat directly into the actuator and potentially increasing lubricant depletion. To this effect, the use of a 
‘thermal tube’ in the quill shaft helps conduct the majority of the heat away from the actuator. Having a 
robust thermal design with oversized radiators, actuator output sunshades, and redundant heaters is always 
beneficial. Testing of different Solar Array tracking profiles that allow maximization of the amount of 
feathering helps reduce the number of propulsion burns required to maintain the SC in the desired altitude 
as well as reduce the SADA number of cycles and wear on the actuator.  
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