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AAS 21-208

AUTONOMOUS SPACECRAFT OBSTACLE AVOIDANCE AND
TRAJECTORY TRACKING IN DENSE DEBRIS FIELD

Madhur Tiwari∗, David Zuehlke†, Troy Henderson‡, and Richard J. Prazenica§

In this paper, we implement an autonomous path planning technique using artifi-
cial potential functions paired with a direct adaptive controller for spacecraft tra-
jectory tracking through a dense debris field. The debris field is modeled as fixed
debris and the spacecraft is modeled using relative orbital dynamics with distur-
bances. The spacecraft is assumed to be in proximity to a dense debris field that it
must navigate through to reach a goal destination. Obstacle avoidance trajectories
are generated using model independent artificial potential functions that rely only
on the position measurements of the debris with respect to the spacecraft. A direct
adaptive controller is implemented to track generated trajectories because it can
achieve robust tracking in the presence of model and path uncertainties.

INTRODUCTION

The ever increasing population of orbiting debris objects poses significant risk for spacecraft
collisions. Spacecraft proximity operations in the presence of debris objects require robust obsta-
cle avoidance to prevent collisions. Space debris is rising at a rapid rate due to increased interest
in space missions, decommissioned or non-cooperative satellites, anti-satellite tests and accidental
collisions between spacecrafts. Although significant amounts of space debris are cataloged in the
US Satellite Catalog, it is the smaller and uncatalogued space debris that pose the most threat to
spacecraft in orbit.1 Currently, most of the debris collision avoidance is performed manually using
ground in loop techniques. However, with the rise of mega constellations such as SpaceX’s StarLink
constellation, it is necessary to develop technologies to autonomously perform these maneuvers for
safety and less reliance on ground control.
Several researchers are focusing on developing techniques for collision avoidance. In a recent pa-
per,2 authors present a novel technique to avoid debris using attitude control in low earth orbit (LEO)
by changing the semi-major axis of the orbit. Another approach has been to use aerodynamic drag
for collision avoidance.3

Most obstacle collision avoidance techniques are dependent on the system model and require prior
knowledge of the obstacles and do not focus on avoidance with sudden unknown obstacles. Colli-
sion avoidance using Artificial Potential Fields (APF) is well studied formulation used for realtime
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robot path planning. The path planning algorithm used here does not require system model infor-
mation and can be used for sudden and unknown obstacles using sensor information only. Artificial
potential functions (APFs) have seen extensive use in robotics and navigation problems applied to
obstacle avoidance.4–7 Combining APFs with sliding mode control (SMC), provides a robust con-
trol algorithm for reaching a goal point while avoiding obstacles. APFs and SMC are used for the
case of static obstacles and reaching a goal position using a 6 Degree-of Freedom (DOF) relative
motion simulation.5 Way-point navigation around obstacles of varying sizes were considered and
successfully navigated around. Another work8 applied a similar control method for the problem of
spacecraft rendezvous with a constrained motion path. The motion constraint consideration provides
collision avoidance with “forbidden zones” during a rendezvous or docking maneuver. An example
of such a zone to avoid would be avoiding solar panels of the target spacecraft while docking with
zero relative pose error. A combined optimal control methods with APFs and SMC are used to
achieve an optimal trajectory tracking method with obstacle avoidance and guaranteed convergence
to a goal point.9

One significant drawback of the these control methods has been the assumption of relatively few,
static obstacles. Also, the artificial potential functions and force fields were written directly into the
control laws and system dynamics, adding complexity to the control algorithms and system dynam-
ics. Another drawback of robust sliding mode control is that it requires system model information
and error bounds on disturbances. Which could be difficult to formulate during uncertain conditions
while performing obstacle avoidance maneuvers. To help mitigate some of these shortcomings, this
research proposes to use a virtual particle in concert with artificial potential functions to define a ref-
erence trajectory. The reference trajectory will then be tracked by the actual spacecraft via a direct
adaptive controller to provide smooth tracking. The cases of both static and dynamics obstacles are
considered for arbitrary initial conditions. By separating the task of path planning to avoid obstacles
from the actual system dynamics, the problem of tracking a potential field for obstacle avoidance is
significantly simplified, and results in less complicated control architecture. The reference trajec-
tory for the spacecraft is generated in real-time with the system dynamics. Obstacle avoidance and
convergence to the goal position in finite time are achieved.

SPACECRAFT DYNAMICS MODEL

The spacecraft is assumed to be in orbit around earth in a reference orbit at an altitude of 500km.
The dynamics of the spacecraft is given using the Clohessy-Wiltshire relative motion equations as
in Eq. (1 - 3)10−11 . Disturbances are added to the spacecraft in the form of force inputs Fd. For
scenarios with a disturbance, sinusoidal disturbances are considered in all three axes.

ẍ = 2nẏ + 3n2x+ ux + Fdx (1)

ÿ = −2nẋ+ uy + Fdy (2)

z̈ = −n2z + uz + Fdz (3)

Where, ui are the thrust control inputs, Fdi are the disturbance forces for i = x, y, z and n =√
µ
R3

0
, is the mean orbital rate of the circular target orbit, and finally (x,y,z) are the local Cartesian

coordinates of the spacecraft in the relative frame.

The system can can be expressed in the state-space form as
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ẋ = Ax + Bu + F, x ∈ R6

y = Cx y ∈ R3
(4)

where A, B and C are given as

A =



0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

3n2 0 0 0 2n 0
0 0 0 −2n 0 0
0 0 −n2 0 0 0

 ,B =

[
03×3
I3×3

]
,C = [I3×3 I3×3] (5)

It can be noted that C outputs the combination of position and velocity, also known as sensor
blending. The external disturbance F is modelled as a sinusoidal disturbance and applied to each
axis. The system and disturbance model is unknown to the adaptive controller.

The disturbance is given as

F =



0
0
0

sin(0.04(t+ π/2))
sin(0.01 ∗ (t+ pi))

sin(0.02 ∗ t+ 2 ∗ pi)

× 10−4 m/s2 (6)

ARTIFICIAL POTENTIAL FUNCTIONS

In this section the model for the artificial potential fields used for the reference trajectory path
planning are defined. Both attractive and repulsive potential fields are utilized to produce a trajectory
that reaches the goal locations while avoiding all obstacles. Because potential field functions are
scalar additive functions, a total potential field is found by simply adding the contributions of the
attractive potential, and all repulsive potentials. For convenience we can define every obstacle
(debris piece) to have it’s own repulsive potential. Define Uatt(r) to be the attractive potential
from the goal location felt at point r and Urepi(r) to be the repulsive potential felt at point r in
response to obstacle i (where i = 1, 2, ..., N up to the number of obstacles). Equations (7) and (9)
give the attractive and repulsive potential functions respectively. Note that the repulsive potential
is set to 0 beyond a chosen safety radius, d0, beyond which the obstacle can be safely ignored.
By enforcing a minimum distance before feeling repulsive potentials, avoidance of obstacles is
achieved without complicating calculations for obstacles whose potential function would be very
small at high distances.

Uatt(r) =
1

2
(r− rgoal)

TKatt(r− rgoal) (7)

Urepi =
1

2
Kobsti

(
1

dobsti
− 1

d0

)
if dobsti ≤ d0 (8)

Urepi = 0 if dobsti > d0 (9)
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The force felt by the virtual point can be found by taking the negative gradient of the potential
functions. Thus the attractive force takes the form of a simple spring force as shown in equation
(10). The farther from the goal point, the larger the force applied to the virtual particle to pull it
towards the goal position.

Fatt = −∇Uatt = −katt (r− rgoal) (10)

Similarly, the repulsive force is found from the negative gradient of the repulsive potential. Note
that just as the potential is only felt inside a safety radius d0, so the repulsive force will only be felt
if the virtual particle is within the safety radius. The repulsive force for each obstacle is defined as:

Frepi = −∇Urepi (11)

Frepi = kobsti

 1

dobsti −
1

d0

 (12)

1

d2obsti

r− robsti
dobsti

if dobsti < do (13)

Frepi = 0 if dobsti > d0. (14)

The additive property of scalar potential functions allows arbitrary numbers of potential functions
to be combined into one total potential force field. The total potential field for the virtual particle is
given by as the sum of the attractive and all repulsive potentials as shown in equation (15).

Utotal = Uatt +

Nobs∑
i=1

Urepi (15)

The total force applied to the virtual system will result from the gradient of the total potential
function shown in equation (16).

∇Utotal = ∇Uatt +

Nobs∑
i=1

∇Urepi (16)

The virtual system dynamics are defined by a gradient steepest descent algorithm. Repulsive
potentials are defined as positive, while attractive potentials are defined as negative. Seeking the
lowest point of the total potential function Utotal gives a path that avoids all obstacles. Define the
virtual system’s position to be xv ∈ IR3, then the iteration to find the minimum of the potential
function is given by equation (17). The initial condition xv0 is taken to be the initial position of the
spacecraft, X0.

xv(i+ 1) = xv(i)− α∇Utotal (17)
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Where α > 0 controls the rate of convergence by acting as the current step size in the direction
of greatest descent. Note that if desired, α can be constant or change in size to provide steps of
equal size during the gradient descent process. After each iteration, the virtual particle’s position
is updated. While the virtual system is running, a virtual “velocity” is calculated as a vector in the
current direction of greatest descent as shown in equation (18).

ẋv =
∇Utotal
‖∇Utotal‖

(18)

Combined with the virtual particle positions, a complete reference trajectory consisting of [xTv ẋTv ]T ∈
IR6 is now fully defined for the spacecraft to track. The approach outlined thus far works ideally
for generating a smooth trajectory that avoids obstacles and reaches the goal point. However, in
order to smoothly descend to the final position, the spacecraft trajectory generation for the final few
meters is switched to an exponentially decaying reference trajectory to the goal position.

DIRECT ADAPTIVE CONTROLLER

A model reference direct adaptive controller is implemented in this paper based on the simple
adaptive control (SAC) strategy.12 The controller doesn’t require the system’s explicit dynamical
model and is capable of robust trajectory tracking under unknown random disturbances. In this pa-
per, the controller follows the reference trajectories generated through the APF and a user a defined
trajectory as given in the following section.

The form of an direct adaptive controller is followed from Tiwari13 and the control is given as

u = Ke(t)ey + Kx(t)xm + Ku(t)um (19)

Here ey is the output tracking error defined as

ey = ym − y (20)

ey = Cxm −Cx (21)

where ym and y are the output vectors of the reference and actual models respectively.

Ke(t) ∈ Rm×m is the time-varying control gain matrix, Kx(t) ∈ Rm×n and Ku(t) ∈ Rm×m
are time-varying feedforward control gains, and xm and um are the states and control vectors of the
reference model.
The adaptive gains Ke, Ku and Ku from 19 are given as the summation of integral adaptive gains
KI = [KIe KIx KIu] and proportional adaptive gains KP = [KPe Kx KPu] as follows:

Ke(t) = KIe(t) + KPe(t)

Kx(t) = KIx(t) + KPx(t)

Ku(t) = KIu(t) + KPu(t)

(22)

It has been shown in14 that in order to guarantee stability only integral gain is required. However,
the addition of proportional gains Kp improves the rate of convergence and decrease oscillatory
effects.

The integral control update law is given as
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K̇Ie(t) = −ey(t)e
T
y (t)Γe

K̇Ix(t) = −ey(t)x
T
mΓr

K̇Iu(t) = −ey(t)u
T
mΓu

(23)

Here Γe, Γr and Γu are positive definite weighting matrices (tuning parameters) for the integral
adaptive control law. It can noted that these parameters must be manually tuned. Some guidance on
how to tune these parameters is provided in Kaufman.12

The proportional control update law is given as

KPe(t) = −ey(t)e
T
y (t)Γ̄e

KPx(t) = −ey(t)x
T
mΓ̄r

KPu(t) = −ey(t)u
T
mΓ̄u

(24)

Here, Γ̄e, Γ̄r and Γ̄u are positive semi-definite matrices used to tune the proportional adaptive gain
laws.

A modified form of SAC is applied in this controller as given in Equation (25). This form does not
includes the feedforward control as the APF does not generate these terms. The stability conditions
are presented in our previous work.13

The modified adaptive control is then given as

u = Ke(t)ey (25)

SIMULATION AND RESULTS

In this section, we present results for a particular scenario.

Proximity Reference Trajectory

As the spacecraft gets closer to the goal point, the spacecraft’s speed needs to be gradually re-
duced. Therefore, a new reference trajectory model is generated in proximity of the goal point as
given below. This model ensures a smooth transition from APF generated trajectory to the goal
point. The reference also allows for spacecraft hovering at the goal point.

The reference trajectory is given as

xm = xine
αt3 + xf (1− eαt3) (26)

ym = Cxm (27)

where ym ∈ R3 is the time-varying output equation for the spacecraft to track. The tuning
parameter α = −1×e−9 corresponds to the rate of change of position which can be tuned depending
on time constraints. xin = [xinp xinv] is the initial position and velocity of the spacecraft and the
xf = [xfp xfv] is the final spacecraft goal position and velocity in the hill frame. The reference
trajectory from Equation (26) generates a time-varying smooth trajectory for the adaptive controller
for tracking. It can be noted here that the direct adaptive controller of the form of Equation (19)
requires a time-varying trajectory to track between initial and final states.
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Simulation Properties

The debris avoidance scenarios and simulation results are presented in this section. Common
scenario parameters such as the spacecraft mass and reference orbit are shown in Table 1.

Table 1: Common Scenario Parameters

Parameter Value Unit Description
R0 6878 km Reference orbit radius
m0 500 kg Spacecraft mass
krep 50 Repulsive Potential Gain
katt 0.011 Attractive Potential Gain
rsafe 20 m Safety Radius

The initial condition and final condition for the spacecraft is given as

xp0 = [20 20 0 ]T m, xv0 = [−0.0707 − 0.0707 0]Tm/s

xpf = [0 0 0 ]T m, xvf = [0 0 0 ]T m/s
(28)

It can be noted that the initial conditions for the reference trajectory given in Equation (26) is
simply the final conditions from the APF. The integral adaptive gains are initialized with zero initial
condition. The adaptive tuning parameters are given as Γe = Γ̄e = 10 I3×3.

Table 2 gives the positions of the obstacles for the scenario in local Cartesian coordinates. Thir-
teen obstacles were placed between the spacecraft initial position and the goal position such that
no straight line path (the easiest path) would exist to the goal position. Note that the obstacles are
considered static for this case so that the spacecraft must perform an avoidance maneuver to avoid
a collision.

Table 2: Obstacle Positions

robsx 10 10 -5 1 -3 -4 -6 -1 2 4 8 6 7
robsy 8 12 0 5 8 6 3 10 4 5 7 9 13
robsz 0 0 0 0 0 0 0 0 0 0 0 0 0

Simulation Results

This section presents the results for two scenarios: (a) system model without disturbances and
(b) system model with sinusoidal disturbances added to all axes of the spacecraft. Figure (1) and
(2) shows the spacecraft trajectory in 3D space for scenarios (a) and (b). Trajectory results show
that the APF can generate an obstacle avoidance path and the adaptive control successfully tracks
the reference trajectory generated with APF resulting in obstacle avoidance and convergence to the
goal location in finite time. Due to the disturbances in scenario (b), the adaptive controller rejects
the unknown disturbances and achieves successful tracking of the reference trajectory as before.
However, the spacecraft displaces slightly before the adaptive control restores the spacecraft on the
reference trajectory as evidenced in the movement seen in the z-axis of the 3D trajectory shown in
Figure (2) and the time position trajectory shown in Figure (4 (a)).
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Figures (3(a)) and (4(a)) show the spacecraft’s position with time and it can be seen that the
spacecraft successfully converges to the goal position. Note that when an obstacle is at a distance the
spacecraft heads directly towards the goal, but when an obstacle approaches too close the spacecraft
maneuvers to avoid a collision and continue heading towards the goal location. Figures (3(b)) and
(4(b)) shows the plots for the velocity profiles of the spacecraft. The magnitude of the velocity is
kept constant at 0.05 m/s until the trajectory is switched to the final convergence trajectory.

Figures (3 (c)) and (4(c)) shows the control effort generated by the adaptive control system. The
spike (∼1450 sec) is due to the switching from the APF trajectory to the user-defined trajectory
as given in Equation (26). This spike can be further reduced depending on the velocity commands.
The maximum control effort generated is constrained to 0.004m/s2 (which corresponds to a control
force of 2N given the spacecraft assumed mass). In scenario (b), the adaptive control can success-
fully generate a disturbance rejection control effort, as shown in Figure (4(c)). Unlike scenario (a),
a non-zero control effort is required after reaching the goal position to counter the disturbances.

Figure 1: Satellite 3D position without disturbances

CONCLUSION

The model-free APF architecture is able to generate obstacle avoidance reference trajectories
in the presence of dynamic and static obstacles. Furthermore, the adaptive controller is shown to
successfully track the generated trajectories and maintain a safe distance from all obstacles. Distur-
bance rejection from the model was also achieved and shows one of the key advantages of using an
adaptive control architecture. Future work involves using adaptive potential functions and modeling
the spacecraft and debris with full two-body non-linear dynamics and disturbances.
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Figure 2: Satellite 3D position with disturbances

Figure 3: Simulation results: (a) spacecraft position, (b) spacecraft velocity, (c) control effort, and
(d) distance from obstacles and goal.
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Figure 4: Simulation results with sinusoidal disturbances in all axes: (a) spacecraft position, (b)
spacecraft velocity, (c) control effort, and (d) distance from obstacles and goal.
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