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ABSTRACT
The problem of planning a safe trajectory for a free-flying
robot to approach an uncontrolled spinning satellite is
addressed. First, a heuristic plan is presented for a simple
planar case, which constructs a collision-free path within
realistic system constraints. Second, a general numerical
optimization technique for planning a safe spatial trajectory is
presented. In it, the approach path is parameterized and a cost
function based on performance metrics is minimized in order to
find the optimal path. The results are analyzed, and it is shown
that optimization techniques can be used to produce a far safer
approach trajectory than the heuristic method.
1. Introduction
Robotic servicing of satellites, including rescue, repair,
refueling, and maintenance, promises to extend satellite life and
reduce costs, making it one of the most attractive areas of
developing space technology [1, 2]. The capture and retrieval
or repair of an expensive satellite that has lost attitude control is
an important class of future missions for space robots (Fig.1).

Nearly all of the satellite servicing missions that have
occurred have been carried out by astronauts and, in some
instances, with limited help of robotic manipulators. The use of
astronauts to capture uncontrolled spinning satellites is both
expensive and dangerous, even for slowly spinning satellites.
Thus, it is desirable to develop free-flying space robots that are
capable of carrying out such satellite servicing missions.
The high value of the satellites that are potential targets for
servicing and the considerable investment of time and money in
a robotic servicing mission make the safety of the robot and
satellite a top priority. The major danger is the potential for
collision between the satellite and the robot. For example,
collision with the panels of a spinning satellite could seriously
damage sensitive electronics or delicate appendages and render
the robot and satellite inoperable, so the chance of such
collisions must be minimized. This paper presents a method for
planning the safest kinematic trajectory during this approach
phase of capture. It is shown that optimization methods can be
used to produce an approach trajectory that is safer, as defined
by a safety metric, than a heuristically planned trajectory.
2. Background and Literature
Several on-orbit servicing tasks have been performed by
astronauts with some assistance from robotics systems.
Examples include NASA Missions STS-61, STS-82, and STS103, in which the Hubble Space Telescope was repaired by
astronauts with the help of the Remote Manipulator System
(RMS, or “Canadarm”) and Mission STS-49, the capture and
redeployment INTELSAT-VI, stranded in unusable orbit due to
launch failure. The INTELSAT-VI mission showed the
difficulty and danger of using astronaut EVAs to capture and

Figure 1. Capture of a spinning satellite by a space robot
1
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stabilize even a very slowly spinning satellite. Hence, freeflying robotic solutions to the satellite capture and service
problem are very attractive in such cases.
There has been a great deal of fundamental research in the
area of space robotics, including work on dynamics and control,
navigation, and sensor systems [3, 4]. Methods for control of
space robotic systems with complex dynamics have been
developed [5]. Work has included methods to reduce the
angular momentum of a spinning satellite by a series of
carefully planned mechanical impulses in preparation for
capture [6]. In 1997, NASDA’s ETS-VII satellite successfully
demonstrated the rendezvous and docking (RVD) and space
robotics (RBT) technologies for a cooperative target satellite
[7]. However, the problem of maximizing the safety in the
capture of an uncontrolled satellite remains largely an
unaddressed problem.
Optimization-based path planning for fixed-base industrial
robots has been addressed for a number of years. Methods
have been developed to simultaneously optimize geometric
path of a robot and its speed along the path [8]. In this paper,
both the geometric path and the speed along the path are
combined into a single parameterized representation of a
trajectory that is optimized directly. Researchers have

demonstrated an optimal control approach for planning the
trajectory of a space robot derived from Pontryagin's maximum
principal, but the robot model and cost function are very
simple, and obstacle avoidance is not addressed [9]. Others
have used a randomized motion planning method to perform
online obstacle avoidance for robots with dynamic constraints
in environments with many moving obstacles [10]. This work
is successful for quickly finding good paths for avoiding
obstacles in complex environments, but the trajectory planning
method presented here exploits the predictability of stable
motion in the space environment.
This method addresses the problem of planning the safest
possible kinematic trajectory for a space robot to approach an
uncontrolled satellite in preparation for grasp and stabilization.
Two methods are presented for planning a trajectory. The first
is a heuristic path plan for the special case where the robot
motion is constrained to a plane perpendicular to the spin axis
of the satellite (i.e. the “2D case”). This case provides insights
into the fundamental issues of the problem. Second, a more
general method for kinematic trajectory planning using
numerical optimization methods is presented. It is applied to
the representative 2D case as well as the general 3D case where
the robot is not restricted to remain within a plane.

6. Servicing

1. Rendezvous

5. Stabilization
2. Observation

4. Grasp

3. Approach

Figure 2 - Phases of a Satellite Capture Mission
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3. The Approach Problem
A mission scenario for satellite capture and servicing by a
free-flying robot is illustrated in Fig. 2. This mission can be
divided into a sequence of separate tasks: rendezvous,
observation and data acquisition, approach, grasp, stabilization,
and satellite retrieval or servicing. Safe approach and capture
of the satellite are both critically important and technically
challenging parts of the process [11].
In the approach phase, the robot starts at a position A that is
100-500m away from the target satellite, at the origin of
reference frame R (Fig. 3). The satellite is located at (xs, ys)
and is spinning around its center s with ωs; the radii of satellite
body and satellite panel are rs and rp, respectively. At the end
of the approach phase, the robot is orbits about the satellite
with radius rc. Its end-effectors can then be extended to the
grasp point xg. The danger of a collision between robot and
satellite exists when the robot is within the panel radius, rp, of
the center of the satellite (region Sp).
A set of representative parameters for a nominal case are
given in Table 1.

xg
s (xs, ys)
rs

(50, 100) m
2m
30 m
3m
50 N

ωs

mr, mass of robot
ms, mass of satellite
Isp, specific impulse
Approach time

frame R

4. The Planar Case
To identify and study the fundamental issues of the
approach problem, a case in which a robot is constrained to
move in the plane perpendicular to the axis of rotation of the
satellite is first studied. Several paths from position A to the
position were considered, including a simple straight line path
and a blended straight-line/spiral path.

x

A

Figure 3. Satellite with robot in grasp configuration

rp

3 rpm
100 kg
5000 kg
200 sec
1 – 5 min.

In this work, it is assumed that:
1. Satellite and robot safety is the highest priority, namely,
collision between the satellite or its panels and robot should
be avoided, even in the case of a system failure.
2. The satellite is not specifically designed for capture by the
robot, and the location of the grasp point depends on
existing hard points on the satellite body.
3. The satellite has lost attitude control and is in a stable spin.
4. The space robot is equipped with two manipulator arms, an
attitude control system, and a fuel supply, which is a limited
and expensive resource.
5. Orbital mechanics and influences such as gravity gradient
torque and atmospheric drag are not significant during the
short approach phase.

rp

Sp

Table 1. Representative parameters for satellite and space robot
(xs, ys)
rs
rp
rc
Maximum
thruster
force

ωs

rc

xg
s
rs

l0
rc

vr

θr

robot
A

α0

β0
ωs

Figure 4. A straight line path
a. Straight line path. On this path, the robot enters into the orbit
rc along a straight line with constant velocity vr = rsω s as
shown in Fig. 4. To guarantee that the robot will not collide
with the satellite or its panels, it can be shown that:
(1)
θs < θr
where θ s = ω s t − β 0 is the angle of the satellite with respect to
the vector vr , θ r = tan −1 ( rc (l0 − v r t )) , and β 0 is the initial
angle of the satellite panel that is always less than π . Thus,
l0 π
3π
(2)
< + β0 <
rc 2
2
For most satellites, the solar panel radius is rather large, and
the condition of inequality (2) cannot be satisfied, so a simple
straight-line path is not acceptable.
b. Blended straight-line/spiral path. Adding a spiral section to
the path overcomes the problem of collision in the straight line
(Fig. 5). In it, the robot follows a straight line path to a distance
rb from the satellite, then spirals in to the grasp configuration.
The velocity of the robot along the path during approach is
shown in Fig. 6.

3
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The procedure to determine the path is as follows:
1. Find curve BC: For simplicity, the curve BC is assumed to
be a spiral with ωs, given by:

y (t ) = y s + r (t ) sin(ω s (t − t B ) − θ )

t

tc
(C)

5. Path Planning Using Optimization Methods

x

Figure 5. Blended Straight-line/spiral Path

x (t ) = xs + r (t ) cos(ω s (t − t B ) − θ )

t3
(B)

t2
(P)

Figure 6. Velocity change during approach

P1
A

t1
(P1)

(3)

where tB is the time from start point A to point B; θ is the
start angle of the spiral at point B; r (t ) is the radius of the
curve from the satellite center s. r (t ) can be determined
from initial condition and the condition that the path should
be smooth.
2. Find point B. After the spiral BC is determined, point B can
be found by the condition that straight line AP1PB is
tangential to point B. The force that moves the robot along
the spiral BC should be less than the maximum thruster
force. From this constraint, the time from B to C can be
determined.
For nominal case, the total time is
ttotal = 53.5 sec ; and the total fuel usage is ∆m fuel = 0.986 kg
when the given thruster force is 50 N.
These results show that, for a reasonable set of system
parameters, an approach can be completed in less than one
minute using a reasonable thruster force and modest fuel
consumption. Hence, safety becomes the critical issue during
the approach phase. By changing the departure time from A
with respect to the angular position of the satellite, it is possible
to avoid a collision, and the configuration of the robot on the
orbit at rc can also be adjusted by changing tBC and departure
time. However, for the planar case, the robot spends a
substantial amount of the total time in the region between the
rotating satellite panels. A thruster interruption, sensor error, or
computing problem could result in a collision and mission
failure.

To enhance the system robustness to collision, the approach
path planning problem was treated as an optimization problem.
Optimization based path planning consists of three fundamental
steps. First, the path is expressed in terms of parameters that
describe its kinematic shape and velocity profile along the path.
Second, a cost function is defined, which evaluates the quality
of the path for each set of parameters based on performance
metrics and applies a penalty for any undesirable attributes.
Finally, an optimization routine is used to determine the values
of the path parameters that yield the lowest total cost.
The performance metrics used in the cost function include
the important measures of performance during satellite
approach; safety, fuel usage, time required, and suitability of
the final configuration for grasp and stabilization. Physical
system constrains, such as maximum thruster force, can also be
represented in the cost function. As shown by the planar
analysis, reasonable approach times and fuel consumption
within a realistic maximum thruster force can be readily
achieved. However, maximizing safety remains a critical
concern.
Expressing the safety of a path in mathematical terms is a
less obvious process than conventional quantitative
performance metrics, such as fuel usage or time. Possible
safety metrics include ones that maximize distance from the
satellite during approach or minimize time within an area close
to the satellite, and each will produce a different choice of
optimal path.
Metrics used for the cost function in this study are:
1. Safety metric based on time to collision: proportional to
1/ti, where ti is the time to impact with the satellite in
the event of loss of thruster power, based on the current
trajectory (Fig. 7)
2. Fuel usage: estimated based on mass of robot,
acceleration, and Isp of propellant
3. Time to rendezvous: proportional to total approach time
squared
4. Acceleration constraint: keeps acceleration of robot
within amax limited by maximum thruster force
The trajectory of the robot is specified as

path = f ( ν)

4

(4)
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where f is the form of path representation, and ν is the vector
of path parameters.
In its most general form, the
parameterization specifies both the trajectory of the robot body
and the robot configuration (including arm joints) at each point
in time. This paper will address a subset of this general
parameterization; the translational position and velocity is
accounted for by the path parameterization, but not the angular
position or configuration of the robot.
The cost function for the optimization is a path integral
tf

P(ν) = ∫ g( pathν(t)) dt + h( pathν) + l( pathν(t f ))

(5)

t0

based on performance metrics g (e.g. fuel usage, safety, time),
with additional terms for costs h related to the path as a whole
(e.g., maximum thruster force required), and costs l related to
the grasp configuration (e.g., manipulability of grasp
configuration). The cost should be a smooth function of the
parameterization vector.
The path is parameterized using polynomic splines with
sufficient degrees of freedom on each spline section to match
boundary conditions. Subject to boundary conditions of
position and velocity, cubic splines or parabolic splines with a
single cubic section, the latter used in calculations for this
paper, are able to meet these requirements. Waypoints on each
spline section combine with the boundary conditions to fully
define the path.
For the case presented here, the robot is treated essentially
as a point mass as it moves along the path in order to simplify
evaluation of the cost function at each point. In the more
generalized case, robot configuration and end-state boundary
conditions can be parameterized to allow variation in the final
grasp velocity and configuration.
If the cost function used by the optimization routine
contains local minima within the parameter space and the
optimization routine does not rigorously search for the globally
optimum solution, then supplying different initial parameter
values to the routine may result in different paths being chosen
as optimal. These different solutions may be equally desirable
if they are caused by the existence of symmetry and yield the
same value when evaluated by the cost function. Separate
locally optimal solutions may, however, differ drastically from
one another in their total cost, and care must be taken in the
selection of initial parameter values when working with a cost
function known to possess local minima. For this reason, a

rr →s

heuristically determined acceptable path is a good choice as a
starting point for an optimization routine, if such a path is
available.
By perturbing the set of parameters ν and evaluating
Pi (ν i ) , the algorithm moves ν i in the direction that produces

the largest decrease in P and iteratively finds the parameter set
ν* which minimizes P

ν* = min ν( P( ν))

(6)

In this study, a numerical approach to optimization is
adopted for flexibility, and because the general cost function is
not suitable for closed-form solution. The Nelder-Mead [14]
minimization algorithm is used in this case because it does not
require explicit representation of the gradient of P(ν) .
When the path has been optimized for a given set of n
waypoints, n is incremented and a new P(ν ∗) is found. This
process is repeated while the addition of waypoints
significantly improves the total cost of the path. When
∆Pn → n +1 falls below a specified tolerance, the stopping criteria
is met optimization of the path is complete.
6. Results
6.1 2D optimization results
For the representative 2D scenario, the cost function was
discretized for numerical optimization as
m

P = kt tr + ∑ Pi ∆ti
2

(7)

1

where

Pi = k s s p + k f f p + k a a p
m = number of evaluation points on path
tr = total time for approach
and sp, fp, and ap are the metrics for safety, fuel usage, and
acceleration, respectively. The acceleration metric limits the
acceleration to values less than amax = 0.5 m/s2 based on a
maximum thruster force of 50 N and robot mass of mr = 100
kg. The constants ks, kf, and ka are weighting factors within the
cost function. The values for system parameters (xs, ys, mr, etc.)
used in the cost function are the same as those used in the
heuristic case.
A seed path defined by 2 waypoints, shown in Figure 8, was
first optimized with respect to the shape of the path, with the
time intervals on each spline section held constant.

vr

ti =

rr →s
vr

Figure 7. Safety metric based on time to collision

5
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100

satellite

90 seed path

Fuel usage is also reduced because the total length of the
optimal 3D path is less than that of the 2D path, while
acceleration is not greatly increased, as Fig. 12 indicates.

final position

80
70
60

2

y (m) 50

waypoints on optimal path

40

1.5
z (m)

30

1

20

waypoints on optimal path

0.5

10
0

satellite

initial position
-20

0

20

x (m)

40

60

80

+

0
0

100

20

initial position

Figure 8. 2D Path resulting from optimization

60 0
x (m)

Waypoints were added and the optimization routine repeated,
until the total cost of path began to converge, shown in Fig. 9.
The n = 6 path was then used as a seed path for the
optimization routine, and the time interval on each spline
section was allowed to vary, further lowering the total cost of
the path. The absolute acceleration profile for the optimal 2D
path is shown in Fig. 10. The metrics used in this case cause
the robot to accelerate most aggressively near the end of the
approach, when the robot is in close proximity to the satellite.

final position

50

40

100

y (m)

Figure 11. 3D Path produced by optimization
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Figure 10. Acceleration profile for 2D path
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6.2 3D optimization results

0.2

Using the results of 2D optimization as a seed path, the
routine was repeated for the 3D case by allowing waypoints to
vary in the z direction as well. The safety metric was modified
to take the position and velocity of the robot in the z direction
into account when checking the possibility of collision and
calculating time to impact. As shown by the cost distribution
for the 3D path in Fig. 9 and the 3D plot, shown in Fig. 11, the
cost associated with the safety metric is reduced. This is
because the robot travels above the panels of the rotating
satellite and drops down to rendezvous near the end of the path,
and there is no potential for collision along most of the path.

0.1
0
0

10

20

30
40
time (sec)

50

60

Figure 12. Acceleration profile for 3D path

6

Copyright © 2002 by ASME

6.3 Comparison with heuristic path planning method
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Table 2. Summary of Path Data
tr
(sec)
2D
Heuristically
Determined
2D
Optimized
3D
Optimized

fuel
(kg)

total
cost

safety
metric

fuel
metric

time
metric

53.5

0.986 1421600 1417800

986

2862

54.8

0.42

3650

224

420

3005

52.2

0.408

3129

≈0

407

2722

7. Conclusion
This paper presented a numerical optimization method for
planning the approach trajectory of a robot catching an
uncontrolled spinning satellite. The proposed planning method
consists of parameterizing possible trajectories via a spline
representation, then numerically optimizing the trajectory
against a cost function. The resulting paths are far safer, based
on the safety metric, than a path designed using a heuristic
method. By optimizing the kinematic shape and velocity along
the path, an approach trajectory was created that is robust to
failure in the attitude control system of the space robot. The
robot reaches the required position and velocity boundary
conditions, but its velocity at any point on the path will not
result in a collision with the satellite or its panels.
The cost function is the key element in determining the
outcome of the optimization process, and the measure of a
path's relative safety path is the most important component of
the cost function. In this paper, the measure of safety for a
given point along a trajectory was the time to collision with the
satellite from that point if the robot's thrusters were to fail. This
worked well, but introduced local minima into the cost
function, such that the chosen path was not necessarily the
globally optimal path. Other measures of safety might be more
appropriate for a given mission. The measured safety of the
path was the most significant difference between the heuristic
and the optimized paths. Fuel usage and the total time to
complete the approach are similar for both methods, and are
realistic for the nominal mission scenario.
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