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Abstract

The development of a ground testbed that can accu-
rately replicate robotic operations in space is critical to
realizing servicing and repair of on-orbit assets. This pa-
per focuses on a hardware in-the-loop simulation of the
initial capture of the satellite using a commercial manipu-
lator to simulate the servicing arm and a parallel motion-
based platform to replicate the client satellite. Achieving
a stable grasp of the satellite is highly dependent on sev-
eral factors including the satellite mass parameters, ap-
proach speed, and compliance control gains. Preliminary
results and key trends will be reviewed from simulations
conducted on the testbed assembled at the NASA Goddard
Space Flight Center.

1 Introduction

The technology for robotic servicing of satellites is
rapidly advancing, and an attempt to conduct an actual re-
pair mission is likely to occur by the end of the decade.
Two robotic servicing demonstration missions have flown
to-date: Japan’s NASDA ETS-VII, and the United States
Orbital Express. While both missions achieved their main
objectives, the client spacecraft were equipped with spe-
cial fixtures and soft capture mechanisms that enabled
successful capture by the robot arm. These missions there-
fore did not completely demonstrate the capture and ser-
vicing of a non-cooperative satellite.

To enhance the probability of success for an actual re-
pair mission, it would be ideal to demonstrate servicing on
a non-cooperative satellite for which the consequences of
failure are minimal. Regardless of whether such an oppor-
tunity presents itself, it is imperative that an accurate dy-
namic simulation of the entire nominal satellite servicing
mission be rendered on the ground to test hardware, tune
control parameters, and provide for contingency planning.
In order to achieve a realistic simulation that incorporates

Figure 1. Illustration of robotic servicer
rendezvousing with a client satellite.

the features illustrated in Fig. 1, such a testbed should pos-
sess the following key characteristics:

• testbed satellite replicates a pure inertia with flexible
appendages floating in space

• testbed manipulator emulates the dynamics of the
space manipulator

• robotic servicer replicates zero-g vehicle motion that
is coupled to the manipulator motion

• sensed contact forces must drive the simulated satel-
lite as if physical forces were being applied.

In the past, many researchers have used free-floating
masses on air-bearing tables to simulate the client satel-
lite [9, 7]. While a passive client can more accurately
replicate the satellite inertia, an air-bearing system fails
to capture the 3-D dynamics potentially leading to erro-
neous results. The Intelsat 6-F3 satellite recovery aboard
STS-49 in May 1992 was clearly a complex dynamic situ-
ation, combining the effects of rotational dynamics of the



spacecraft with the microgravity environment. Training
conducted on an inertially comparable spinning system on
an air-bearing floor failed to alert astronauts to unforeseen
problems with the capture device, requiring an alternative
capture strategy be formulated during flight [3].

Other researchers have used industrial manipulators
to simulate the satellite, but high control bandwidths and
low latency are difficult to achieve with these robots [8].
Furthermore, using the flight manipulator on the ground is
often not feasible due to the low payload capacity and flex-
ibility under gravity load. This leads many investigators
to use industrial robots to simulate the flight arm where
system latency and poor response are again problematic.
Finally, the motion of the servicer vehicle can be physi-
cally achieved by mounting the servicer robot arms on a
gantry [6] or rail system [1] . Unfortunately, these sys-
tems are often plagued by even lower control bandwidths
and higher latencies than the manipulators themselves.

The Satellite Servicing Capabilities Office (SSCO) at
the NASA Goddard Space Flight Center seeks to extend
on-orbit servicing technology using a testbed with robots
possessing sufficiently high control bandwidth, sample
rate, and stiffness to conduct a high-fidelity contact dy-
namics simulation. The research presented in this paper
will focus on using this testbed to study one of the most
challenging aspects of a repair mission – the initial cap-
ture of the satellite by a robotic arm mounted to the ser-
vicing vehicle. The design of the overall testbed will be
outlined in Section 2. The satellite simulator running on
the parallel platform is discussed in Section 3. The com-
pliance controller used by the robots will be reviewed in
Section 4. Preliminary test results for the dynamic grapple
tests conducted on the testbed are reviewed in Section 5.
Some concluding remarks are given in Section 6.

2 Testbed

The configuration of the SSCO satellite servicing
testbed is illustrated in Fig. 2. A pair of Motoman SIA50D
robots mounted to the floor are used to simulate the ma-
nipulators on a robotic servicer spacecraft. A Rotopod
R2000 parallel robot platform equipped with a satellite
mockup is used to simulate the satellite. A force sensor
mounted to the back of the marman ring on the satellite
mockup sends forces to a full dynamic model of the satel-
lite which then outputs the satellite velocity. Tool forces
derived from the robot’s wrist force sensor are input to
a dynamic model of the robot servicer which then outputs
the servicer motion and desired joint angles of the servicer
manipulator. The joint angles are sent to the Motoman
servo controller, and the satellite and servicer motion are
differenced and input to the Rotopod controller to achieve
the correct relative pose between servicer and satellite.

The hardware realization of the SSCO testbed is

Figure 2. System block diagram of SSCO testbed.

Figure 3. NASA/SSCO satellite servicing
testbed with satellite mockup on left and
Motoman manipulator on right.

shown in Fig. 3. A Motoman SIA50D robot equipped
with a customized Schunk gripper is shown on the right,
and a mockup of the aft-end of the GOES-12 satellite is
mounted to Rotopod on the left. The marman ring that
secures the satellite to the upper stage of the launch vehi-
cle is used as the the capture interface. A section of this
ring is cut out and connected to the mockup through a six-
axis force-torque sensor which then feeds into the satellite
simulator.

The main requirements for the satellite simulator were
that it be very stiff in order to achieve high control band-
widths and that it also be physically capable of moving
large, heavy satellite mockups. Parallel robots such as
Stewart platforms are far superior to serial manipulators
in this regard, but they also have poor range of motion.
While large translation is not required for short duration
capture tasks, it was desirable that the satellite mockup be
capable of spinning and precessing during the capture ma-
neuver to simulate realistic conditions. The Rotopod is a



Figure 4. Processing sequence for satellite simulation.

unique hexapod design that is capable of 360◦ of rotation.
Unlike a Stewart platform, the six struts are of fixed length
but the base of each strut travels along a circular track to
produce full 6-DOF motion of the platform. The system
is also very stiff and has a bandwidth that exceeds 40 Hz.

The main requirements for the ground simulator ser-
vicer arms were that they have seven degrees of freedom
(DOF) like the proposed flight arm and be capable of car-
rying at least 20 kg of payload to support the end-effector
and tool mechanisms. The Motoman SIA50D robot is the
only 7-DOF arm commercially available that meets these
requirements. The Motoman controller running on a PC
calculates the forward/inverse kinematics and closes the
loop on the force input, and then sends joint commands
via ethernet to the servo controller. The round trip delay
measured between when a command issued by the high
level controller and movement is detected in the telemetry
is under 15 ms.

3 Satellite Simulator

The satellite simulation block diagram is shown in
Fig. 4. The sensed contact forces on the marman ring
are first converted from the force sensor frame {W} to the
satellite body frame {S }. The body frame forces are then
input to the satellite forward dynamics with the desired
satellite mass parameters, which outputs the desired po-
sition and orientation of the satellite in the inertial frame
{I}. The desired Cartesian position of the satellite is then
input to the inverse kinematics of the Rotopod to produce
the desired strut base radial positions along the track.

The satellite parameters are the mass, ms, center of
mass position, rcms, and inertia about the body frame axes,
Ios . The equations of motion for a rigid body satellite are
given by:

[
msI3x3 −msr̃cms

msr̃cms Ios

] [
v̇s

ω̇s

]
=

[
msω̃sω̃srcms

ω̃sIosωs

]
+

[
Fext

Text

]
(1)

where vs is the translational velocity and ωs is the rota-
tional velocity of the satellite in inertial coordinates. I3x3
denotes a 3 × 3 identity matrix, and r̃ is shorthand for the
skew symmetric matrix cross product operator r×. The

Figure 5. Block diagram of admittance
controller used on the Motoman.

dynamics in (1) are then solved for the accelerations v̇s

and ω̇s and integrated using a fourth order Runge-Kutta
method for the given force and torque external inputs Fext

and Text. Flexible-body dynamics can also be included in
the satellite dynamics to study the effect of appendages
such as solar arrays and large booms but was not consid-
ered in this initial effort [2].

4 Compliance Controller

The Motoman uses the admittance controller shown
in Fig. 5 [5]. This is an indirect force controller
with an inner position servo loop, which is also re-
ferred to as “position-based impedance control” [4]. The
disturbance rejection properties of a high gain servo
controller are maintained by the inner loop closed on
joint position, and the outer loop provides the desired
static impedance through position feedback and dynamic
impedance through force feedback. During free space mo-
tion, the control system is dominated by the inner loop
servo. When the end-effector contacts an object, the outer
loop becomes active and modifies the inputs to the posi-
tion servo through the addition of the compensated force
signal and Cartesian position error feedback.

The PD servo controller indicated in the block dia-
gram in Fig. 5 is given by:

τdes = Kd(θ̇des − θ̇) + Kp(θdes − θ) (2)

where θ are the measured joints angles, θdes are the desired
joint angles, Kp and Kd are the servo gains, and τdes is the
desired joint torque. For high impedance accuracy, the
servo gains Kp and Kd should be very large compared to
the manipulator mass parameters. Integral gain should not
be used for eliminating steady-state position errors during
compliance control because the integral position error will
wind-up during contact causing instability.

The compliance loop relationship is given by

ẋad j =
1

Mt s + Bt
[Kt(xcmd − x) − F] (3)



where F is the measured force at the tool tip, x is the tool
position based on the measured joint angles θ, xcmd is the
commanded tool position, and xad j is the tool position “ad-
justment”. The latter modifies the commanded position
based on the “target” mass, damping, and stiffness at the
end-effector, Mt, Bt, and Kt selected by the user. For a
target spring-dashpot (Mt = 0), the position adjustment is
obtained by integrating the right side of (3).

5 Grapple Tests

The Motoman SIA50 was equipped with a Schunk
gripper as shown in Fig. 6 which was used to grapple the
marman ring on the aft end of a GOES mockup mounted
to the Rotopod. In these initial tests, the robot servicer was
assumed fixed so that no servicer motion was included
in the Rotopod command shown in Fig. 2. Grapple ma-
neuvers were implemented using the autonomous grapple
sequence illustrated in Fig. 7. The compliance loop was
activated as soon as the robot started moving, and the ve-
locity was held constant along the glide path until the grip-
pers are totally closed to prevent spikes in the force when
high damping gains are used.

Figure 6. Motoman SIA50D manipulator
grappling a GOES satellite mockup
mounted to a Rotopod R2000 robot.

The baseline satellite parameters were a GOES mass
of 1077 kg, a principal inertia of 3700 kg-m2, and the cen-
ter of mass was 1.16 m along the thrust vector axis. The
damping gains were 10,000 N/m/s in translation and 1000
N-m/rad/sec in rotation. The stiffness gains were 500 N/m
perpendicular to the contact surface and 100 N/m in the
lateral directions. The rotational stiffness was 0 N-m/rad.
The approach speed was 1 cm/sec.

5.1 Static Impact Tests
In the first set of tests, the Rotopod was static simulat-

ing a satellite of infinite mass. The desired, commanded,

Figure 7. Commanded position during
grapple sequence.

and measured x-position of the gripper using the base-
line parameters are shown in Fig. 8. When the compli-
ance is activated at about 212 sec, the commanded and
desired positions are set to the measured position. After
the impact occurs just past 214 sec, the commanded posi-
tion continues 4 cm beyond the impact surface, while the
desired value (compliance output) halts at the surface at
approximately 1.24 m.

The sensed forces in the frame of the gripper during
the static test are shown in Fig. 9. The force spikes quickly
to about 132 N upon impact due to the high damping gain,
and then tapers down to a steady-state force value, fss, of
about 20 N, corresponding to a stiffness of 500 N/m and
deflection of 0.04 m. The z-force upon impact is shown in
more detail in Fig. 10. There is significant oscillation of
approximately 13 Hz upon impact, which decreases after
the grapple is complete but does not disappear.

Figure 8. Command, desired and measured
position in static test.

5.2 Baseline Dynamic Test
The position of the gripper for the baseline grapple is

shown in Fig. 11. Unlike the static case, the robot is able
to push the satellite so that the measured and desired po-
sitions eventually align. This is because the robot cannot
maintain a steady-state force on the satellite after capture.

The contact forces and torques for the dynamic cap-
ture are shown in Fig. 12 and Fig. 13. The plot shows
an initial spike of approximately 85 N in the negative di-
rection when the palm of the gripper first makes contact



Figure 9. Forces in the gripper frame dur-
ing static test.

Figure 10. Force perpendicular to marman
ring during static grapple.

Figure 11. Command, desired and mea-
sured position of the gripper in the dy-
namic grapple test.

Figure 12. Contact forces during capture of
GOES satellite in baseline case.

Figure 13. Contact moments during cap-
ture of GOES satellite in baseline case.

with the ring followed by another peak in the opposite di-
rection after the fingers of the gripper close slowing the
satellite to a stop. Also visible are torques about the spin
axis of the satellite while the gripper is closing which are
caused by the fingers torquing the ring causing it to align
with the gripper. The force in the z-direction of the tool is
shown in more detail in Fig. 14. There is still oscillation
present after the grapple is complete, but the frequency is
only about 2.6 Hz, which is significantly lower than in the
static case.

5.3 Compliance Gains
The contact force response when the damping is re-

duced to 6000 N/m/s is shown in Fig. 15. While the peak
contact force decreased slightly to 65 N, the contact was
only borderline stable and resulted in a sustained limit cy-
cle of about 3 Hz. Fig. 16 shows the contact response for

Figure 14. Force perpendicular to ring after
grapple in dynamic test.



Figure 15. Force contact response for
damping of 6000 N/m/s.

Figure 16. Force contact response for
damping of 12000 N/m/s.

a damping of 12,000 N/m/s. The peak contact force was
higher at about 89 N, but the response was much better
damped. The force limit cycles at about 2.6 Hz and 40 N
amplitude after grapple.

Fig. 17 shows the contact response when the stiffness
is doubled to 1000 N/m. The peak force is about the same
as in the baseline case, and the oscillations remain at about
2.6 Hz. Higher stiffness gains resulted in bouncing on im-
pact and the gripper failed to close before excessive force
chattering halted the test. Fig. 18 shows the contact re-
sponse when the stiffness is cut in half to 250 N/m. The
peak force is about the same as in the baseline case and
the oscillations remain at about 2.5 Hz.

Figure 17. Force contact response for stiff-
ness of 1000 N/m.

Figure 18. Force contact response for stiff-
ness of 250 N/m.

Figure 19. Force impact response for ap-
proach speed of 2.0 cm/sec.

5.4 Approach Speed
The force response when the approach speed was in-

creased to 2 cm/sec is shown in Fig. 19. The contact force
increased to 145 N and the steady-state force oscillations
were about 3.2 Hz. Higher approach speeds did not result
in a successful grapple due to the higher impulse imparted
to the satellite that made it harder to stop, especially with
the increased chattering between the fingers as the gripper
closed. The force response for a slower approach velocity
of 0.5 cm/sec is shown in Fig. 20. The initial impact force
was reduced to less than 40 N and the limit cycling was
about 2.4 Hz.

5.5 Satellite Mass
The force and torque responses for a satellite with half

the mass/inertia of GOES are shown in Figs. 21 and 22,

Figure 20. Force impact response for ap-
proach speed of 0.5 cm/sec.



Figure 21. Contact forces for grappling
538 kg satellite.

Figure 22. Contact moments for grappling
538 kg satellite.

respectively. The grapple is successful, but an almost un-
stable oscillation of approximately 5.4 Hz quickly ensues
that reaches a peak force of 300 N. The same oscillation
visible in the force plot also occurs as a moment primarily
about the x-axis but also the y-axis.

The force and torque responses for a satellite with
twice the mass/inertia of GOES are shown in Figs. 23 and
24. The grapple is successful and does not demonstrate
the instability of the half GOES case, but a limit cycle of
approximately 1.7 Hz persists after the grapple. The force
response for a satellite with eight times the mass/inertia of
GOES is shown in Fig. 25. The contact force increases
to over 100 N, and there is significant chattering as the
grippers close. However, the steady-state force response
is much smoother showing a limit cycle of less than 1 Hz
and amplitude of 10 N.

Figure 23. Contact forces for grappling
2154 kg satellite.

Figure 24. Contact moments for grappling
2154 kg satellite.

Figure 25. Contact forces for grappling
8616 kg satellite.

5.6 Results
The results for all of the tests are summarized in Ta-

bles 1, 2, and 3. The baseline input parameters are
marked with a dagger (†) in each table for reference.

6 Conclusions

Achieving a stable grasp was found to be highly de-
pendent on several factors including the damping gain,
impact speed, and satellite mass. The impact force in-
creased linearly with the damping gain, but the steady-
state force behavior was better for higher damping. If the
grapple was successful, then force would limit cycle at
2.5-3 Hz with an amplitude of about 20 N independent of
the gain. The stiffness had little effect on the impact force
because it was so much smaller than the damping. How-
ever, larger values of stiffness could cause the satellite to

Table 1. Force Response vs. Compliance Gains
Bt Kt fimpact fss, freq fss, amp

(N/m/s) (N/m) (N) (Hz) (N)
6000 150 65 3.0 40
8000 500 77 2.7 35

10000† 500† 85 2.6 20
12000 500 89 2.7 20
10000 1000 84 2.7 20
10000 250 88 2.5 20



Table 2. Force Response vs. Approach Speed
vapproach fimpact fss, freq fss, amp
(cm/s) (N) (Hz) (N)

0.5 39 2.4 20
1.0† 85 2.6 20
1.5 121 2.5 20
2.0 145 3.2 25

Table 3. Force Response vs. Satellite Mass
ms fimpact fss, freq fss, amp

(kg) (N) (Hz) (N)
269 61 - -
538 71 5.3 100

1077† 85 2.6 20
2154 98 1.7 15
4308 105 1.3 15
8616 106 0.9 10
∞ 132 13 10

bounce away too quickly before the grippers closed.

The impact force was also proportional to the ap-
proach speed, and it became increasingly difficult to grap-
ple successfully as the speed increased. The grippers take
several seconds to close which increased the likelihood
that contact instability would develop before the damping
compliance could dissipate the impact energy.

The force limit cycling frequency was approximately
inversely proportional to the square root of the satellite
mass. This is consistent with the lowered natural fre-
quency of the robot with a payload equal to the satellite
mass. The first mode of the robot with the gripper only
was found to be 15 Hz from impact hammer testing, and
the robot stiffness at the end-effector was measured to be
200-800 kN/m depending upon the arm configuration. For
a satellite mass of 1000 kg, the natural frequency should
be in the range 2.2-4.5 Hz, which is close to the observed
values.

The impact force increased with satellite mass, but
the grapple performance was superior. It was difficult to
capture a satellite with a mass under 500 kg because the
satellite would bounce away quickly upon impact before
the grippers could close. The effective mass of the Mo-
toman at the gripper was calculated to be 572 kg, which
is consistent with the hypothesis that the impedance of the
arm should be below that of the client satellite or it will
bounce off upon impact [9].
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