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Abstract
This paper will describe the design and testing of an electromechanical damper assembly for the Mars
Science Laboratory as well as provide the current program status. Unique test equipment was developed
for verification of flight requirements and is presented. Included in this paper are the problems that arose
during design and testing that are peculiar to a device intended to dissipate energy. Also discussed are
the lessons learned relating to assembly and test anomalies and the resulting corrective actions.
Introduction
The primary mission of the Mars Surveyor Lander (MSL) program is to deliver the 900-kg Curiosity rover
to the surface of Mars in the year 2012. Its “Skycrane” landing system uses a free-flying rocketdecelerated descent stage to set Curiosity down on the surface, which hangs on a 7.5-m-long bridle cord,
without ever landing the descent stage or fully powering down the engines. This architecture enables safe
delivery of Curiosity onto rugged terrain. A key component of the Skycrane landing system is the device
which allows the rover to be lowered by a distance of 7.0 m to fully extend its bridle. The Descent Brake
allows this deployment to happen quickly and with controlled speed that decreases toward the end of
deployment for a soft stop at the full bridle length. The amount of energy dissipated by the Descent Brake
during the event is approximately 24 kJ.

Figure 1 - Sky Crane Landing Sequence
Descent speed control is achieved passively by deploying the bridle cord from a tapered spool. The
tapered spool allows an ending descent speed that is less than the average speed. The radius from which
the cord deploys is decreased as the cord is deployed. Initially the vertical velocity of the rover is high
relative to the angular rate at the input shaft. As the bridle deploys, the diameter of the spool decreases
and the angular rate, at the shaft, increases relative to the rover’s vertical rate. For this design, the torque
is initially low at the Descent Brake, and then rapidly increases to slow the vertical rate of deployment,
reference Figure 2. The design chosen to manage the drop converts the rover’s potential energy into heat
with an electrical generator, driven by the bridles wrapped on the spool and dissipating the rover's energy
into a bank of resistors. This technique has the advantage of being completely passive, and unlike
1
previous friction technologies, offers highly consistent performance over a wide temperature range.
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Figure 2 - Output from MSL Lowering Device Simulation
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Figure 3 - MSL Deployment Mechanism
Descent Brake Requirements
Damping Performance
The initial nominal performance specification for the MSL Descent Brake required a nominal linear speed
dependent drag of 10.6 ± 2.3 N•m•s/rad over a temperature range of -35°C to +35°C.
Figure 4 shows the performance envelope allowed as it relates to shaft speed and torque. The
performance of the Descent Brake design needed to remain in the performance envelope over all
variations in manufacturing tolerances and environments.
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Figure 4 - Descent Brake Performance Requirement
Design Limits
Several other requirements key to the design were specified as design limits. These requirements from
the initial specification were:
 Output shaft peak speed of 28 rad/s
 Instantaneous output shaft peak torque of 340 N•m
 Event duration of 7 seconds maximum
 Power dissipation capability of 9.5 kW
 Approximate envelope of Ø265 mm (Ø10.43 in) maximum outer diameter by 230 mm (9.05 in)
maximum length (circular form factor)
Descent Brake Design
The initial step in the system design of the Descent Brake was to evaluate the driving requirements and
establish design goals. The peak power requirement of 9.5 kW drove the design to require the majority of
the power to be dissipated by a resistor bank. To ensure consistent performance with variation in
temperature the resistor bank was designed around high reliability wire wound resistors with very low
change in resistance over temperature (~±20 ppm/°C). In order to minimize the generator winding copper
2
losses (I R losses) it was desired that the generator winding current be minimized. To minimize the
generator winding current, the generator voltage was designed to be as high as practical. In order to
avoid corona issues, the maximum generator design voltage amplitude of 150 V peak was chosen.
To meet the desired performance requirement of nearly linear damping over the speed range, it was
critical that the inductive reactance component of the generator winding impedance be minimized. The
inductive reactance component of the generator impedance is a function of the generator winding
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inductance, the number of generator poles selected and the shaft speed. The shaft speed was
determined from the gear ratio selected. The gear ratio was selected to be as high as practical to balance
the generator and gearbox sizes while still surviving the specified load conditions with margin.
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Figure 5 - MSL Descent Brake Assembly
Late in the design process several of the design limits changed as the Curiosity rover design matured.
The damping ratio was modified to 9.45 ± 0.15 N•m•s/rad. This change in damping ratio resulted in the
peak momentary torque rising to 583 N•m and independently the peak speed to 36 rad/s. The Descent
Brake design was evaluated for performance to these new requirements and fortunately was able to meet
them by analysis except for the new maximum speed requirement. Operating at the new maximum speed
requirement drove the rotor speed to over 1750 rad/s. This new rotor speed was 20% over the
manufacturer’s recommendations for the rotor bearings. A test rotor with bearings was used to show the
bearings were capable of withstanding operation at the maximum speed requirements with no issues.
The rotor bearing set was tested to speeds that equate to 40 rad/s at the gearhead input shaft. The
bearings were inspected at SNC and by the bearing manufacturer after completion of the testing with no
detrimental affects noted.
Descent Brake Components
Generator
From the established generator parameters, the generator design space was evaluated. Several
generator designs of various geometry and number of poles were created. Each design was optimized to
minimize inductive reactance while meeting all other parameter requirements. A Simulink model of the
Descent Brake system was also created. The Descent Brake performance was evaluated for each
generator design to determine the best generator configuration to meet the design requirements stated
above using the system model. The generator configuration that ended up with the lowest inductive
reactance was a 6 pole generator with a 1.1:1 length to diameter ratio. The chosen design showed very
near linear operation of the generator damping over the required speed range.
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Figure 6 - 3 Phase Generator Stator Assembly
Gearbox
The gearhead is a high torque density, 3 stage planetary gearbox with an overall gear ratio of 48.8:1. The
gearbox mass is 3.73 kg within an envelope of 98.55-mm diameter by 91.44-mm length (excluding
flanges and shaft extension). Gearhead capacity was optimized using the gearbox design guidelines
2
developed through the NASA Phase II SBIR Lightweight Gearbox Technology Program , including
material selection, design features, and analysis techniques. The gearbox was designed for an operating
high torque load case (322.5 N•m at 25 rad/sec), an operating high speed load case (298.8 N•m at 36
rad/sec), a momentary load case (583 N•m at 18 rad/sec) and a static peak torque case (700 N•m). The
required life of the gearbox is only 8 cycles of 120 radians (960 radians total) for the operating load cases
with the momentary load occurring no more than twice per cycle. With the relatively short life requirement,
the gearbox was designed to provide positive margin for the specific loads and duration specified rather
than being designed for endurance limit. Because of the high loads and speeds involved, significant
attention was paid to imbalance of loads between the planets and the resultant net load applied to the
supporting bearings. At the high speeds required, the centrifugal force on the planet bearings was
factored into the analysis in addition to the resultant gear forces. Thermal impacts upon the lubricant
during high speed operation were also considered.

Figure 7 - First, Second and Third Stage Carrier Assemblies
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Resistor Bank/Structure
The design of the Resistor Bank for the Descent Brake was a challenge in packaging. The Resistor Bank
consists of three 1.5-ohm phase resistances wired in a wye configuration. Each phase consisted of two
Printed Wiring Boards or PWBs containing 25 resistors on each board. The resistors were set in
series/parallel configuration to result in the required phase resistance. This number of resistors was also
utilized to ensure the maximum power dissipated in any resistor never exceeded 10 watts. An additional
PWB was used to make all the connections between the Resistor Bank and Generator Assemblies. The
resistors were arranged in a radial pattern on the donut shaped PWBs due to the circular form factor of
the required envelope. The PWBs were mounted onto aluminum chassis components that were optimized
for weight under the required structural loads. Individual resistors of different values could be chosen to
tune the damping of the assemblies as required to meet the desired requirement in the range of
approximately 7.0 N•m•s/rad to 12.0 N•m•s/rad.

Figure 8 - Resistor Bank Assembly

Test Program/Equipment
Functional testing of the Descent Brake can be thought of as essentially dropping the equivalent of a Mini
Cooper from the roof of a second story building on a spooled cable system. Although the requirements
could be met with this type of test setup it was not ideal for many reasons. The functional testing needed
to be performed in many different configurations including in a thermal vacuum chamber. The test method
chosen was to use a brushless DC servo system to supply the required torque at the Descent Brake input
shaft and a reaction torque cell to measure reacted torque at the mounting flange. The DC servo was
sized to be able to meet all torque requirements without any gearing to keep sources of error at a
minimum. This type of test setup allowed for a flexible test rig that could be adapted to many different
scenarios. The DC servo system also allowed for flexibility in test profiles with only changes in
programming. Figure 9 shows three of the test setups used for in-process, acceptance and qualification
testing. The upper left photo shows the test configuration used for component level verification and
resistor bank tuning. An additional torque cell is added between the generator rotor shaft and input to the
gear head.
This allowed for easy measurement of gear head efficiency and generator performance in the system.
The upper right photo shows the ambient test configuration for a fully assembled Descent Brake. This
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setup was extremely robust and allowed for consistent test results from the Descent Brake. The bottom
picture shows the test configuration for thermal vacuum testing. This setup is essentially the same as for
ambient except the addition of a fluid coupling to pass torque through the thermal vacuum chamber wall.
Although the fluid coupling does have some drag associated with it, the magnitude is small compared
with the torque input so had little affect on the overall test results.

Component Verification Configuration

Ambient Test Configuration

Thermal Vacuum Test Configuration
Figure 9 - Performance test setups
The tests performed on the flight Descent Brake included the following:
 Structural/Stiffness test
 Initial ambient functional test
 Vibration test
 Ambient functional test
 Thermal cycling
 Functional testing at thermal extremes
 Final functional test
The flight unit completed all acceptance testing without issue. The measured damping rates for the
functional tests performed were 9.51 N•m•s/rad during initial ambient, 9.42 N•m•s/rad during thermal
vacuum hot extreme, 9.51 N•m•s/rad during thermal vacuum cold extreme and 9.36 N•m•s/rad during
final ambient functional testing. The torque vs. speed curves for these tests are shown in Figure 10 and
shows the consistency of operation under varying environmental conditions.
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Figure 10 - Flight Acceptance Performance Curves
The Qualification Unit completed the same tests as the Flight Unit with the addition of shock, more
extreme temperature limits during thermal vacuum and life testing. All tests were completed with no
issues. After completion of the life test the qualification unit was disassembled and all parts inspected. No
issues were found during the inspection.
Lessons Learned
Collaboration and Robust Design Margins
One of the biggest challenges on the program was reacting to changes in requirements throughout the
program and in particularly after completion of the design phase of the program. At the point the last
requirement changes occurred there was a lot of schedule pressure to complete the program to support
launch date at that time. Fortunately, the gearbox and resistor bank were designed to take advantage of
the required envelope and had adequate design margins. We were able to perform analysis to the new
requirements and show that the gearhead and resistor were still compliant. The generator rotor bearings
were the only components we could not show compliant to the higher limits via analysis. This verification
was handled through empirical testing and turned out to be a nonissue. The highly collaborative
environment cultivated between JPL and SNC throughout the program was instrumental in working
through the requirement changes effectively. This type of relationship is a necessity in order to effectively
work through a program with dynamic requirements.
Robust Test Set
Besides the design of the deliverable hardware, the test set was also a challenge. The size of the
Curiosity rover drove torque and speed test requirements outside our normal range. Using the large direct
drive DC servo system worked extremely well. The combination of size and flexibility allowed us to
perform many different tests in essentially the same test setup.
Development Test Anomaly
The generator rotor is composed of three main parts, a stainless steel rotor hub, permanent magnets and
a thin metal rotor band. The permanent magnets are bonded to the stainless steel rotor hub and the rotor
band is thermal fitted over the outside diameter of the permanent magnets. The function of the rotor band
is to provide secondary mechanical retention and to protect the magnets within the air gap between the
rotor and stator. Under nominal conditions there should normally be 0.25 mm (0.010 in) clearance, typical
for this type of device, between the rotor band outside diameter and the stator inside diameter. During
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initial testing of the development generator, abnormalities in the generator torque were noticed during inprocess run-in. The generator was disassembled and it was found that the rotor band had been rubbing
the generator stator inner diameter, reference Figure 11.
In order to determine the cause of the rubbing, all the dimensions were verified and a rotor deflection
analysis was performed. The result of the analysis was that everything appeared correct. The only
abnormality noticed in the test data was that the no load generator torque measurements indicated higher
than expected torque. No load generator torque measurements are an indication of the losses in the
generator magnetic core and bearings. From the higher than expected generator torque, it was
determined that approximately 50 W of power was being generated in the rotor band at the higher speeds
due to varying magnetic field. In a normal generator design, the magnetic field in the rotor band does not
vary to the extent that any significant losses are generated in the rotor band. However, the optimization
done to the generator stator design, in order to minimize inductive reactance, created larger than normal
magnetic field variation in the rotor band. The rotor band is a thin metal band which is primarily in direct
contact with the rotor magnets. The rotor magnets are Samarium Cobalt, which has relatively low thermal
conductivity. Due to the relatively low thermal conductivity of the magnets, the 50 W of power generated
in the rotor band caused the rotor band temperature to increase. Due to this, the band expanded
significantly which caused it to rub the generator stator inside diameter. Normal operation duration for the
Descent Brake is seven seconds, which does not generate enough heat to cause the interference. This
issue did not show up until the run-in was performed for 1 hour in each direction at 6 rad/s.

Development Rotor with BeCu Band

Development Rotor After Run-In

Development Stator After Run-In

Development Rotor with Inconel Band

Figure 11 - Rotor Development Issue
Since the rotor band is not exposed to significant varying magnetic field in a normal generator design, it is
typically made from a material that has appropriate mechanical properties for the application. In this case,
the material initially chosen was beryllium copper. Power losses due to magnetic fields are a function of
the electrical conductivity of a material. Beryllium copper has an electrical conductivity of approximately
20% that of pure copper. To solve the band power dissipation issue, the beryllium copper rotor band was
replaced with a one made from Inconel. Inconel has an electrical conductivity of approximately 2% that of
pure copper. The Inconel band resolved the power dissipation issue.
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Although the operation time of the Descent Brake is relatively short, understanding all the environments
the device is going to be used in is critical to achieving a robust design.
Commercial Components
Another issue encountered in the manufacturing process was the use of commercial needle roller
bearings. Roller bearings were implemented in the design to support the planet gears on the second and
third stage carrier assemblies due to the high radial load and speed requirements at these locations.
These bearings were procured from a commercial vendor using their standard materials. The 440C
Stainless Steel rollers were fine, but the carbon steel cages had corrosion issues even though they were
coated with a proprietary silver plating. Strict corrosion prevention process had to be implemented to
ensure parts with corrosion did not end up in the assembly.
Conclusions
Ultimately, the program achieved successful completion of validation testing of the Descent Brake design
for the qualification unit. High level collaboration between JPL and SNC led to the successful assembly
and test of the flight unit. The flight unit has been integrated into the rover and completed system level
testing. This included a system level drop test in January, 2011. The total drop time during this test was
within 0.1 second of the predicted time. The Curiosity rover is currently in transit to Mars, it was launched
November 26, 2011, and is scheduled to land on Mars on August 6, 2012.
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