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Artificial Potential Field and Sliding Mode Strategies
for Proximity Operations with Obstacle Avoidance

N. Bloise!, E. Capello?, H. Park 3, E. Punta* and M. Romano®

Abstract— This paper presents a combination of guidance
and control algorithms, for spacecraft proximity operations in
presence of multiple obstacles. The guidance algorithm is based
on the theory of artificial potential field (APF) and the control
algorithm is based on the theory of sliding mode control (SMC).
The effects of both uncertainties and external disturbances are
considered in this research. The proposed strategy is validated
both by simulations and by experiments on a real testbed. The
proposed algorithm appears to be suitable for autonomous, real-
time control of complex maneuvers with a minimum on-board
computational effort. It is also able to avoid obstacles while
avoiding the local minimum issues in APF algorithms.

I. INTRODUCTION

Autonomous rendezvous and proximity operations are
essential for automated missions to assembly and repair a
satellite, to bring supplies to the International Space Station
(ISS), involving different type of spacecraft. In the last five
years, recent studies on proximity operations and close-range
maneuvers have been deeply studied, and this automated
mission has to be successfully completed by relying on a
robust flight software. The research proposed in this paper is
based on the design and validation of the on-board software,
able to generate an optimized path and to detect the presence
of unexpected events/objects along the trajectory and ensure
its avoidance.

The focus of the recent space missions is on the study
of obstacle avoidance algorithms, many scenarios involve
operations to be performed either near to large space struc-
tures or, due to the increase of space debris, in proximity of
obstacles [1]. For this reason, the objective of the present
work is the design and implementation of guidance and
control algorithms, able to avoid obstacles and able to
be implemented in real-time. The approach proposed for
the guidance algorithm is based on the theory of artificial
potential fields with paraboloid-based and hyperbolic-based
shapes. For the control algorithms, a first-order sliding mode
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controller (SMC) is proposed, motivated by the intrinsic
nature of the thrusters, which cannot provide continuously
modulated thrusts and can only be switched on and off.

In variable structure control (VSC) systems [2], [3], the
control law is a function of the system state and changes
among the possible structures according to some suitably
defined rules. In particular, in SMC systems a switching
function is designed, which implicitly defines a sliding sur-
face corresponding to the points in the state space in which
the switching function is zero. At any time, the structure
applied by the control law depends on the position of the state
with respect to the sliding surface. When a sliding motion is
established, the closed-loop system is in sliding mode and its
trajectories are constrained on the sliding surface. In sliding
mode, the switching function defines the structure of the
control law at any time, depending on the position of the
state. SMC is a general method for designing controllers
for uncertain systems and provides invariance to matched
uncertainties, that is, uncertainties that affect the dynamics
of the system acting in the input channels and insensitivity
to parameters variations.

The main features of SMC are the robustness properties
against matched and bounded external disturbances and
parameter variations, as well as the simplicity in design.
Commonly, the use of discontinuous control laws, which
commute among the allowed control structures, and the
related chattering phenomenon are considered as the main
drawbacks for the practical implementation in real systems
of SMC.

In this paper a first-order SMC is proposed for the control
of the spacecraft maneuver. Usually, this kind of controller is
not implemented in mechanical systems, since the designed
control inputs, which are forces, thrusts, and torques, are
required to be discontinuous. In the considered case the
spacecraft is actuated by discontinuous mono-directional
thrusters, therefore the first-order SMC results to be the most
suitable to be implemented due to the intrinsic technical
characteristics of the used actuators, which cannot provide
continuously modulated thrusts and can only be switched on
and off.

As introduced before, the SMC control algorithm is com-
bined with a suitable designed guidance algorithm, focusing
on proximity operations. Even if in the last years, more
attention is dedicated to proximity maneuvers as in [4],
nevertheless, usually, no disturbances or model uncertainties
are included. Instead in [5] the proximity maneuver is clearly
described, in which the Chaser is driven to a certain fixed
position along the docking port and the relative attitude is



synchronized for subsequent docking operations. In [6] the
Artificial Potential Function method (APF)-based repulsive
functions provide collision avoidance for both fixed and
moving obstacles, but it is used as control algorithm for the
repulsive force. Instead, in our paper the APF-based guidance
algorithm is designed for the definition of the desired speed
and a SMC two-channel controller is implemented as control
algorithm.

A similar research based on the real-time on-board ex-
ecution of APF as a guidance scheme is analyzed in [7].
More recently, interesting applications of APF as guidance
algorithms are proposed in [8]. In [8] an adaptive artificial
field for proximity operations is considered and the com-
putational efficiency is proven in an experimental testbed.
In this case, the APF algorithm is used as guidance and
control (GC) system and an “ad hoc” field is generated. In
our work, feedback control based on SMC theory is designed
for tracking the gradient, generated by the APF algorithm.
Our idea is to propose a method able to guarantee real-time
implementations on a testbed, including hardware limitations
on the control design.

In our case, both position and attitude dynamics are
controlled by a conventional first-order SMC, that is, the
most suitable, due to the thrusters, for which the designed
control signals are discontinuous. The advantage of this
combination of GC autonomous system is twofold: (i) an
autonomous way for the desired path is designed with a
low computational effort, and (ii) an on-line update and
control of the path is guaranteed, in particular in presence
of obstacles. As in [9], a simple shape APF algorithm is
proposed to have a reliable method (the same field for all
the maneuver) and to avoid obstacles, even for the exper-
imental testbed with multiple obstacle scenario. Moreover,
external disturbances are also considered, to demonstrate the
robustness of the proposed controller. A similar problem
was already considered in [9]. Nevertheless, here important
original contributions with respect to the previous paper are
proposed: (i) a dynamic variation of the safety radius of the
obstacle, and (ii) a different sliding surface is designed for
the position and attitude dynamics. Moreover, the proximity
operations maneuver is performed and validated both in
simulations and on an experimental testbed.

The paper is organized as follows. In Section II the
considered maneuver is described and analyzed, focusing
on the spacecraft dynamics. The description of the artificial
potential field as guidance is provided in Section III, while
the control strategies are presented in Section IV. A baseline
scenario is described in Section V, including experimental
tests. A multiple obstacle scenario is presented in Section VI.
Finally, some concluding remarks are proposed in Section
VIIL.

II. PROBLEM SETUP
The developed algorithms are experimentally tested and
evaluated on the NPS-POSEIDYN! test bed [10] at the

'POSEIDYN stands for Proximity Operation of Spacecraft: Experimental
hardware-In-the-loop DYNamic simulator
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Spacecraft Robotics Laboratory. The experimental setup
includes floating spacecraft simulators (FSS), a polished
granite table, a ground station computer, and a Vicon motion
capture system, as shown in Figure 1.

Fig. 1.

The Target (left) and Chaser (right) FSS, [8].

The floating surface is a 4-by-4 meter and 15 ton granite
monolith. The FSS simulators, approximately 10 kg vehicles,
float over the granite monolith surface via three air bearings.
The relative navigation problem is solved by using the
Vicon motion capture system provides the relative navigation
information such as accurate position and orientation data
using ten overhead cameras that track reflectors mounted on
the FSS. This data is processed on an external computer and
streamed to the FSS using a Wi-Fi connection to provide a
full state estimate.

The developed controller is included in the guidance,
navigation, and control (GNC) algorithms based on a MAT-
LAB/Simulink environment including the sensor and actu-
ator blocks. The MATLAB/Simulink model is then cross-
compiled and transferred to the FSS simulator.

The FSS dynamic model consists of three double in-
tegrators, two translational and one rotational degree-of-
freedom (DoF). The dynamics is described in a state-space
formulation as

{ = A( + Bu, (1)
with the state and control matrices
. O3x3
_|03x3 I3 = 0 0
A_[03><3 O3x3]|’ B=17% Lo’ )
0 1
1.

where m and I, are the mass and moment of inertia about the
vertical axis of the FSS, respectively and the state vector is
¢ = [x,y,0]T € R3. The control vector u = [u,,u,, ug]’ €
R3 is exploited by thrusters.

The actuation system exploits thrusters and can exert
mono-directional actions, that is they can apply to the Chaser
thrusts of given magnitude and along fixed directions, which
depend on how and where the thrusters have been assembled
in the system (their orientations and application points).

IITI. ARTIFICIAL POTENTIAL FIELD AS GUIDANCE
ALGORITHMS

An analytical method and a computational-efficient algo-
rithm is proposed to reach the Target in a safe way and to



“fast” adjust the trajectory when the Chaser is close to the
obstacle. When a spacecraft is moving in an environment
with obstacles, sensors and on-board GC algorithms have to
manage the rendezvous procedure in an autonomous way as
quickly as possible. Moreover, the GC algorithm sends inputs
to the spacecraft to perform almost impulsive maneuvers,
including external disturbances and uncertainties. The APF
strategy, even in presence of obstacles, allows the reduction
of the fuel consumption and of the computational effort,
guaranteeing a simple on-line implementation. This method
constructs step by step the artificial potential field and, in the
meantime, the desired speed field to drive the spacecraft to
the goal of each phases.

A. Definition of the APF

An attractive paraboloid APF and a repulsive hyperbolic
APF are considered. The guidance algorithm gains and the
APF algorithms are defined to obtain a decreasing of the
Chaser speed, as it approaches the goal (Target spacecraft).

As in [9], the attractive potential field is evaluated as

Ua(x) = 3kalle)II?, 3)
where k, is the proportional positive gain of the attractive
gradient, e(x) is the error in position, x = [z,y]T € R? are

the positions in LVLH frame. The connected attractive force
fa(x) is obtained by the negative gradient of this attractive

fa(x) = =V Ua(x). )
To avoid the obstacles, a repulsive potential field is de-
fined, one for each obstacle (i = 1,... Ny with Ny

number of obstacles)

kr,i :
Ur.i(x) - {,{(W%X) . noyj(X))’y lf nT(X) S 77071(X) 9
' 0 if m;(x) > n0,i(x)

4)
where k,.; is the proportional positive gain of the repulsive
field, v = 2 is defined for the hyperbolic field, n;(x) =
min, , ccoi |[X — Xobs||, Xobs € R? is the obstacle position,
and 79;(x) is the safety radius, that is the distance of
influence of obstacles. CO? is the convex set of obstacles.
A repulsive field is defined for each obstacle and assumed
convex.

As before, the repulsive force is

fr,i(X) =
k'r k3 ’Y71 :
o (i~ miw)  Ime) e a9,
0 if n;(x) > noi(x)
(6)

As previously stated, the radius 1o ; fori =1,..., Nyps is
the safety radius. This means that the Chaser starts to sense
the obstacle when they are 79 ; m far from each other.

In our case, a dynamic variation of this radius is con-
sidered, to obtain a smooth trajectory and avoiding singular
lines. An heuristic measure is proposed for the evaluation of
the dynamic radius. As in [11],
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R = 19, is the nominal safety radius, &, radial velocity com-
ponent directed toward the security circle center (considered
negative when approaching the obstacle), and €; € (0,1] is a
safety factor. The acceleration command is a;,q, = T’\’}ET
in which T7,,, is the maximum thrust provided by thrusters
f = 1073 N is related to the actuation system uncertainties,
and m, is the Chaser mass. The uncertainty f is a random
variable with known distribution, confined in a set related to
the experimental setup thrusters.

The applied artificial potential field is the sum of the
attractive and repulsive part

Rgyn = max (R —

Nops

Uy (x) +ZU”

A unit vector of the potential field is evaluated to assign the
direction of the desired speed

fa(%) + fri(x)
|V U

T cR?is

Ey =

thus the desired speed X4 = [T4, Yd]
).(d = jjd,mawEUa (8)

where &4 1,42 15 the maximum speed to perform the maneu-
ver, that is scalar and equal along the two axes.

B. Local minimum evaluation

Even if a dynamic radius is considered and a smooth path
is obtained, the problem of local minimum, that usually
affects APF algorithms [12], can be observed. Moreover,
since the attractive and repulsive gains are fixed, local
minimum and oscillation problems can arise.

If |fo(x) + fr(x,4)] > € with ¢ = 1,..., Nops for any
small e € [0,1] > 0, the robot is in a local minimum
and the attractive and repulsive forces are (almost) equal
and opposite. To avoid this condition, a rotation of the
attractive force is proposed, including the constraints related
to nominal security radius and to obtain a smooth path. Thus,
the angle of rotation is evaluated as

1
[ = arctan () . )}
|[x — Xobs|| — R
According to Egs. (4) and (9), the new attractive force is
__|cosB —sinp
fanew = {sinﬁ cos f3 ] fa

which means a deviation of the attractive force evaluated in
Eq. (4) of the S angle.



IV. GRADIENT TRACKING VIA SLIDING MODE CONTROL

As deeply discussed in [13] and described for spacecraft
maneuvers in [14], internal and external disturbances affect
the system due to the real implementation of the control laws,
as well as due to the external environment; all these uncertain
and perturbing terms must be taken into account. Sliding
mode methods can counteract uncertainties and disturbances,
if the perturbations affecting the system are matched and
bounded (first-order SMC) or smooth matched disturbances
with bounded gradient (second-order SMC), [15], [16].

The proposed control strategy consists of two SMC suit-
ably designed for the spacecraft. A first-order sliding mode is
designed, motivated by the intrinsic nature of the thrusters,
which cannot provide continuously modulated thrusts and
can only be switched on and off.

The technical characteristics of the actuators, together with
the fact that at any time the APF algorithms identify the
desired speed vector for the spacecraft, make the use of a
first-order SMC particularly suitable to design the controller.
In fact, first-order SMC is able to guarantee the finite time
tracking of the desired speed and of the corresponding posi-
tion despite the uncertainties and the disturbances affecting
the system.

The input vector ux = [ug,u,]? € R? is designed
according to the following first-order sliding mode control
strategy

ux = —By ' Ksgn(ox), (10)

where B V= mly, K = nTyes, and n = 2 reflects the fact
that two thrusters are switched on simultaneously. oy repre-
sents the designed sliding output for the position tracking.
In general, the control gain K in (10) must guarantee that
the sliding motion on the desired sliding manifold is reached
and maintained.

The sliding output o = [04,0,]7 € R2, which is the
switching function in the controller (10), is

Y

where Xg = TgmazPUu € R? is the vector of the desired
speed, evaluated with the APF algorithms (see Eq. 8).
Therefore, this desired vector includes the evaluation of the
unit vector affected by APF and can guarantee a slow motion
in the area of high curvature, as discussed by [11]. The vector
% = [i,9]7 is the actual speed vector of the Chaser. The
sliding controller for the attitude dynamics is a first-order
one, because the actuation system is provided by thrusters
(discontinuous input) and it is designed as

Ox = X — Xg,

ug = —I, Ksgn(oy), (12)

where K = nT,4., as in the previous case. The sliding
output oy, which is the switching function related to the

attitude dynamics, is
a9 = c4(0 = 04) + co(6 — 0a), (13)

where c¢; and cy are scalar and constant values, éd and 6,
are the angular velocity and the position of the Target.
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V. BASELINE SCENARIO

In this section experimental results with a single obstacle
are presented. The FSS are custom-designed vehicles that
emulate orbital spacecraft moving in close proximity of
another vehicle or object (see Figure 1), as described in
Section II. The air bearings use compressed air, delivered
by an onboard tank, to lift the FSS approximately 5 pm,
creating an air film between the vehicle and the granite
surface that eliminates their direct contact. To propel the
FSS, the vehicles are equipped with eight cold-gas thrusters,
mounted in couple to each corner of the upper part of the
vehicle, each one providing maximum thrust of 0.15 N.

A serial interface is used to communicate with an on-board
Fiber-Optic Gyroscope which provides angular velocity mea-
surements at a 100 Hz rate. Hence, the POSEIDYN setup
is able to provide full-state estimate. Two 95 Wh lithium-
ion batteries and a battery management module regulate
the electrical power to the FSS. Whereas, a Wi-Fi module
provides the FSS with wireless communication capabilities
with other FSS and the ground station. Furthermore, once
the location of the FSS is determined by the Vicon system,
an external computer streams the telemetry data to the FSS
using the Wi-Fi link. The main FSS physical properties are
resumed in Table I, in terms of mass, geometry, and Moment
Of Inertia (MOI). Additional details are provided in [10].

TABLE I
SUMMARY OF RELEVANT FSS PHYSICAL PROPERTIES, [8].

Parameter Value
Dry Mass [kg] 9.465 + 0.001
Wet Mass [kg] 9.882 4 0.001
Dimensions [m]  0.27 x 0.27 x 0.52
MOI [kg-m?] 0.2527

To clearly understand the real-time feasibility of the pro-
posed approach, the experimental tests performed for this
first phase of the research are with a nominal radius and a
single fixed obstacle, along the connection line between the
Chaser and the Target. A sample time of 1 Hz is considered
for the attitude dynamics, to avoid high fuel consumption,
and of 50 Hz for the position dynamics. Strict conditions
are required to perform the docking. The navigation filter is
working at 50 Hz. The results of two experimental tests are
included in this paper, with different initial conditions of the
Chaser, as in Fig. 2. The variation of the thruster force is in
Fig. 3. The solid line indicates the end of the experiments.
Target position is evaluated by the system.

VI. MULTI OBSTACLE SCENARIO

A detailed simulator of the NPS testbed described in
Sections II and V is modeled, hardware constraints and
limitations on the actuation system are included. In the
section, the proximity operations maneuver with multiple
obstacles and with different radius is analyzed. As described
in Sections II and V, the Chaser has a mass of 10 kg and
the initial conditions are ([3.5, 3.5] m) with a zero angle of
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Fig. 2. Experimental tests with different initial conditions. Trajectory on
z-y plane.

Fx [N]
)
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time [s]

AN

0 50 100 150 200 250 300
time [s]

Fig. 3. Experimental tests with different initial conditions: force.

attitude. Instead the Target is considered in a fixed position,
that is ([0.5, 0.5] m), with an attitude angle of %. The
simulation tests are stopped when the final Target position
is reached, since the docking is ensured by an attractive
force generated by the magnets on the docking interface.
The angular velocity of the Target is considered zero and
the position of the Target is fixed. The same sample times
defined in Section V are used for performing the simulations.

In detail, two case studies are analyzed.

— Case 1: The first case is Ry + Rs > d, Ry is the
radius of the first obstacle, Rs is the radius of the
second obstacle, and d is the distance between the
two obstacle centers. The simulations are performed
considering that the sum of the nominal safety radius of
the two obstacles is greater than the distance between
the two obstacle centers. In this case, to reduce the
fuel consumption, the two obstacles are reduced to one
obstacle with radius (@ + %). A dynamic radius
is considered: (i) to guarantee that the Chaser does not
enter into the nominal security radius, and (ii) a smooth
path is obtained. The trajectory is in Fig. 4. The Chaser
is able to dock with the Target and to avoid the obstacle
in a smoothing way. The sliding surfaces provided by
the SMC, for both the position and attitude control, are
visualized in Fig. 5 and in Fig. 6. The variation of the
sliding surface is due to the presence of the obstacle.
A null sliding output is guaranteeing at the end of the
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maneuver. As from Fig. 6, even if the attitude controller
(1 Hz) is slower than the position one (50 Hz), the
desired attitude is obtained after about 20 sec and is
maintained for all the maneuver, until the docking.

TARGET

x [m]

Fig. 4. Trajectory on x-y plane (case 1)

0 100 200 300 400 500
time [s]

0 100 200 300 400 500
time [s]

Fig. 5. Sliding surface for the position dynamics (case 1)

0.2

0.1

100 200 300 400 500
time [s]

Fig. 6. Sliding surface for the attitude dynamics (case 1)

— Case 2: The second case is R; + Ry < d. In this

case, two obstacles are considered, with different radius,
but without any intersection between the obstacles, this
means that the closest obstacle is the one considered
for the evaluation of the repulsive force. As in Fig. 7,
the Chaser moves through the two obstacles and the
trajectory obtained by the dynamic radius ensures the
safety requirements. The sliding surfaces are in Fig. 8
and in Fig. 9. As for the previous case, the sliding
output for the position dynamics is zero at the end of the



maneuver, but it is different from zero, if approaching
the obstacles. For the attitude sliding surface (Fig. 6),
even if the attitude controller (1 Hz) is slower than the
position one (50 Hz), the desired attitude is obtained af-
ter about 20 sec and is maintained during the maneuver,
until the docking.
Remark: The applied control signals are designed by the
(10) and (12) first-order SMC strategies. According to the
exploited actuation system, based on discontinuous mono-
directional thrusters, higher-order SMC techniques were
not chosen to control the Chaser. Therefore, as expected,
the chattering phenomenon arises in both experiments and
simulation results, see Figs. 3, 5, 6, 8, 9. Moreover, in Fig. 5,
it can be noted that chattering is more evident in the phase,
particularly affected by disturbances, when the Chaser is
avoiding an obstacle.

0.04 T T T T
0.021
o 0
-0.02
-0.04 ; . . .
0 50 100 150 200 250
time [s]
0.02
of
-
-0.02
-0.04
0 50 100 150 200 250
time [s]
Fig. 8. Sliding surface for the position dynamics (case 2)

VII. CONCLUSIONS

In this paper a computational-efficient guidance algorithm
based on the theory of artificial potential fields is proposed,
combined with sliding mode techniques. A dynamic security
radius of obstacle is proposed, to provide an algorithm that
can be applied in real-time. Both a baseline scenario and
multiple obstacles are analyzed. The experimental results
in the base scenario with one obstacle prove the real-time
feasibility of the proposed GC system. The efficiency of
the algorithms, also in terms of the computational effort,
is proven. Future works will be experimental results with a
dynamic radius and with multiple obstacles.
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