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The purpose of this study is to show the Artificial Potential Fields (APF) capabilities in
support of obstacle avoidance on satellite maneuver. In particular, in this work an orbital
simulator is developed for Rendezvous maneuver. The Rendezvous and Docking maneuvers
(RVD) encounter complex systems have to be performed autonomously. The main idea of this
research is based on the design of a Guidance, Navigation and Contro (GN&C) system for
rendezvous phases, able to autonomously track the target and avoid obstacles. This study
exploits a Sliding Mode Control (SMC) to track the gradient obtained from Artificial Potential
Field method, combining a first-order SMC for the position control and a super-twisting SMC
for the attitude. This strategy is applicable with an actuation system by discontinuous thruster
vector and with reaction wheels. Moreover, the proposed controllers can be easily computed on-
board, due to the low computational effort. Finally, the results show good performance of the
proposed controllers and the Chaser can avoid the obstacle security zone.

Nomenclature
AP! = Artificial Potential Field
e = error between Target position and actual position
fi = attractive artificial force
fi = repulsive artificial force
E!,,1, = force vector corponents applied on Chaser in LVLH
! = Chaser tensor of inertia
L ew = Reaction Wheels tensor of inertia
ki = attractive gain in APF

h = repulsive gain in APF

E.
1

Local Vertical/Local Horizontal
m, = Chaser mass
Mpg = total moment vector applied on Chaser in LVLH
q = (quaternion vector
4x 9y, 9, = quaternion vectorial components
R? = Rotation Matrix between the Chaser body reference frame and LVLH
u = control input
I, = attractive potential field
. = repulsive potential field
X, ¥,z = relative position components in LVLH
Xy, 7 = relative velocity components in LVLH
Iy, z = relative acceleration components in LVLH
¢,0,3 = Euler angles between L\H. andChaser body reference frame
Oy = first order sliding surface
o, = supertwisting sliding surface
o = security nominalradiusof obstacles
W = constant angular velocity of the circular Target orbit
I g = angular velocity of Chaser with respect to Chaser body reference frame
@, = angular acceleration of Chaser with respect to Chaser body reference frame
Wrw = angula velocity of Reaction Wheel with respect to Chaser body reference frame
Ory = angular acceleration of Reaction Wheel with respect to Chaser body reference frame
wy, wy!w, = Chaser angular velocity components with respect to body reference frame
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I. Introduction

ENDEZVOUS maneuverarecrucial for the success afpace missiagnexplorations and researdhis every time

there is a transfer of astronauts, realization of space stations, maintenance or simple réfufdihghe primary
purpose of this maneuver is the docking between two spacéCrafser and drget) In this study, the maneuver is
stopped when the Chaser is few meters far from the Target, because the docking is considered complex in terms of stri
requiremats. The following workprovides an optimised path for the Chaser, ableatwid possible obstacles along
trajectory. For this aim, it&Suidance and Control algorithm is developed to guaranteemgpletely autonomously
maneuver in the space cluttered withstaclesThe thematic of obstacle avoidance plays an increasingly significant
role in the space exploration, in fact, in addition to decrease the rigkissfonOs failureavoids the unconitled
increase of space debrls. 1987, Donald J. Kesslehasalreadysuggestd the NASA a scenario, baptized as KesslerOs
syndrome, which exposes the possibility of chain reactions generated by muliglercs between space debris.the
worst case scenarid, would lead to entrapment in our planet, as a testiwhich further space missions and the
function of satellite communicationecameimpossibe.! Nowadays, more than 500000 space detwiist aroundthe
Earth whether the sources be natural difial, and theyare monitored all time, while more than a million are so
small, with a diameter of less than 10 cm, for which traceability is not guaranteed.
The success of the autonomously maneueatrustsan actuation system, consisting of thrusters, able to exercise
discontinuous and constant control actions for the position cotfolle for the attitudespacecraft model emplsy
reaction wheels, that apply continuously variable moments to the syStenthe develpment of themore suitable
strategy tobe followed,it has relied a proposed methbg V.Utkin and J.Guldner in the field of roboti¢sThey
proposedArtificial Potential Field, combined with the technique of Sliding Mode Contrfidr motion planning
between obstacles.
The paper is structured as followEhe Section Il presents the remdeus maneuver. Section |ll contaisgacecraft
model, including relative translation equations, attitude dynamics and actuator nhod&dstion V is described the
guidance algorithm with the method of artificial potehfield. The proposed controller is illustrated $ection V in
detail the different sliding mode control strategies for position and attitude. In the Seti®mprésented a simulator
architecture in MATLAB/Simulink. The simulation results are in t&ec VIl. Finally, the Section VIl contains the
conclusion and future work.

II. Rendezvous Maneuver Description

A typical RVD missioncan be divided in different phases, as shown inlFighe trajectorystrategy consists in
three maneuver after tleequisition of the communidanh link to the Trget takes place: a Hohmann transiferder
to acquire the target orbit and reduce the relative spredadial boost transfewhere theChaser approaches a few
hundred meters from the target (exacthOB(). Finally, a forced motion straighine approach, to satisfy ¢hrigid
requirements of dockingnds once the spacecrdft a few centimeters from thafiget.?

The exact solution forhe realistic case of thrust meuvres with limited thrust level ahduration is given by
considering each phases quimspulsive.
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Figure 1. Three phases of rendezvous maneuver

III. Spacecraft Model

In this study, theanalyzedChasermodelis a 6 degreef-freedom model, in whiclan actuatiorsystem, reaction
wheels anchorlinearities and external digtbances are taken into accounAs aresultof theseassumptionsit could



be possible to create ansulator in Simulink, where eactf these constitute a block, like that the relative dynamics,
Euler and kinematic equatis and the actuation model.

A. Relative dynamics equations

In RVD maneuverwhere the distance between chaser and target is small compared with the distance from the
center of the Eartithe relative translationalynamics are usuallgnalyzeda local orbital frame of the taeg is often
usedto as the locaVertical/locathorizontal (LVLH) frame?
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Figure 2. Definition of LVLH frame

Assuming acircular orbit the chaser positig speed and accelerations ax@luated fronthe numerical integrationfo
the Hill equations of the relative motion, derived from the W.H.Clshesd R.S.Whiltshire equations
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wherex = [x,y,! ] is the Chaser vector positiol¥, /u/ryr is the angular frequency of the LVLH franigy is the
distance of EarthOs center, 't Earth gravitational constanty, is the Chaser mass, which is decreasing with fuel

consumption, and = [Fx, F, FZ]Tis the total force vector, which is tisem of the forces applied by thrusters and the
forces due to external environmental dibances that act on the system,

F*= F'hr+ AFex.

This force must be transformed from the body system to the LVLF frame through the rotation matrix, whie$ tbeup
attitude and position dynamics, once the angles of Euler afgl8sy) are known s we will see in the Section B)

I =RE(p,8,Y!F.
B. Kinematic equations

For the attitude evaluation of the Chasee, the angular velodés and Euler anglesv.r.t. the LVLH frame, the
body axes frame is considered.
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Figure 3. Definition of body axes
frame

The Euler equatiadefines the attitude dynamics and the angular veloctes

@p =7 p —w Mg+ I wgpy))



wherew, ! [pB,q! ir ]T# R3 is an angular acceleration vector of the Chalser! 33 is the Chaser tensor of inertia
(diagonal and update with a center of masg) R'*® is a RW tensorof inertia (known and constant) . =
[a)! I L R ]Te R' is angular velocities of the RW aM},€ R? is an active total moment on Chaser, given by
a sum of the moments of the main external disturbances, i.e. phenomena related to the grazitdtivagheticield,
to solar radiation and aerodynamic resistance, plus the momentsreadtien wheels and thrusters
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We consider the quaterniatynamicsand we obtain the attituder.r.t. theEarth Centered Inertial (ECI) frame, et
integration of following equation

q=3%@ws,
where! ! ![!,1,q5q,]7 € R*is the vector of quaternions apdq) € R>* is calculated as
PATI T
2@ = |
1 —qi3
whereq, ! R is a scalar component of quaternibng!! 3 is an identity matrix an@. ! !! '* is skewsymmetric
matrix as
0 —-g5 4«2
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C. Actuation System

The characteristics of the actuation system strongly influémeevay of controlling a spacecralih this modelthe
position controlis exploited bythrusters, which can use medoectional actions along fixed direction and with a
constant intensityThis means that the position and the shoot direction of theténsusre important to obtain a robust
and reliable systensee Fig.4 for the thrusters configuration check.
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Figure 4. Direction of the thrust by the i™ thruster switched on at time t,

Therefore, for eacHirection contol are activate@ pair of actuators and these thrusters coupled by direction are always
switched on together bthe controllerto avoid a thruster moment in the zero configuratidnsingle thruster can
provide either the maximum amount of thrust when switched on or no force when switched off.

- Leg 1" L E (Lo, to + Toni)
T ! P mm e U otonnto! Tew ! Topr!

where ! ., and! .., are known and constarithetotal forces on th&"thruster is describeas:

Finei = BT vy s

wheref ! RVt is a Boolean vector related to the thruster switching orffof§ the force applied by thi& thruster and
d.n is the vector representing the shoot directioif' dfruster.

Whereador the attitude control the Chaser uses three axial reasti@els, driven by electric motors powered by the
spaceraft electrical power supply. daction vheels actuators producenomens ! ., to determineits increased
angular momentungs studied in section B.

IV. Guidance Algorithm



As briefly saidin the introduction, the aim of this researihto develop an algorithmhat autonomouslyperform
autonomously the rendezvous maneuver in the presence of ofstadles study the method of Afitial Potential
Fields (APF), usually used for robotic systefmsgroposed to avoid obstacléghis technique is based on the physical
principle for which a change particle, moving in an electrostatic field, is guided toth&rdarget due to an artificial
attractive component generated by the goal, while itejeded away from obstacles as thesult of repulsive
component caused by field generated by them.
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Figure 5. The artificial attractive and repulsive forces ¢

For simplicity, the case in which the obstacles are fixed with known safety radius is analyzed.
The attractive paraboloid APF are considered and is evaluafed as

Ly ()1 SgeT (N =1t [l 2,

wherek, is the proportional positivgain of the attractive gradieng!!! is the error between the final and actual
position in LVLH frame. The relative force is calculdtgy the negativgradient of this potential, as

far(@) = VWU, ()1 1helg),

whereas, once the chaserclese to an obstaclend be able t@avoid it, a repulsve hyperbolic APF is calculategs
follows for each obstacle(! ! !l 1., )
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where! ,.; is the proportional positivgain of the repulsive field;, ; is the safety mius, that is the distance of repulsive
influence of obstacled,;(q) is the minimum distance between the chaser and the obstacle poaitidp ! 2 is
definedequal 2 for hyperbolic fieldThe repulsivdorceis & follows
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The total potential fielédind forces the sum of atactive and repulsive contributioas

Vot @ =1 o(@) ! T Uri(a!
LT (@ +Ey fr@).
In a second step, the total force is normalized to know the exact direttimsired speethat is needed for overcome

obstacles, desigdeby means of a control systeithe desired speed is so the maximum speed ¢f gla@se maneuver
valug multiplied by unit vector deriveddm normalization of total force
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where thet 4, iS the maximum speed to perform the maneuver'grid the desired speed.

V. Control Algorithm

Since the rendezvous mission is a nonlinear maneuver from the dynamic point of viéwpldgraentedcontrol
strategy first of all, mustcomply with this requiremensliding Mode Controller (SMC) can be applied to nonlinear
systems and is robust to model uncertainties and insensitive to. Miseover, a first order SMC produces a
discontinuous inputignal, as exploited by the thrusters. For this specific,dhgesystem trajectory is ford¢o slide
along a surface, called sliding surface. The only drawback of this controller is that the system becomes vulnerable
during the control of the output sigis the trajectorie®scillate around the same surface with amplitude the smaller
than the largest is the frequency (phenome@ohatteringO
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Figure 6. Sliding surface with chattering phenomena

As position contrechannel ofChaser, a first order sliding mode is designed, due to the intrinsic natimaistets. In
factas already mentionetheseprovide thrust that can not ijeontinuously modulated but simply can be switched on
or off.

The input vector, =!F,,, € R' is designed for the SME&s follows

Lol I ZTR IS,

where! ;' = m_I, is the control matrixk ! nT., with! = 2 since it represents the number of thrusters that can be
turnedon simultaneously! , is the a desired sliding output

op = (X —%g) ! c(x —xg),
wherex; € R® and! ,!! Il ' are respectively desired velocity and position vector, derived fr@mAPFguidance
algorithm,x ! ![r1r1r]T € R? andx = [x,y,z]|” € R® are measured at each time step through the Hill equations and
¢, Is a positive constant. Finally, the desired slidingface id, = 0!
For the attitude control, a secomdder sliding mode control, known as sup&isting (STW), is considered. This
technique is suitable for the actuation system to the attitude dynamics, i.e. the reactionslnvfet|sthis controlle
providesa continuous action control, without frequency limitations, by which the chattering is reduced since the
continuous generation of pairs of momefits
The inputu, =! . ! ! 3 is defined in accordance with the STWdatig mode algorithm a®llows

u, = —Ao, | h s o) + uy

_ {—u m tu| > Uy
P —asigng M| U,

where! and U, is defined theoretically defined according to the dynamics analyzed. Thegsbdiput of this
controller is

o ! Vel G,

whereC, ! R33 is a positive matrixdq, is evaluated starting from the desired attitude vegjo= [0 0 0 1]7, that is
when the LVLH frame is aligned with thetly system, and is calculate as

[, ! !Z (qa)q

whereY' (g,) € R3* is defined from the matriX” (q) includingq, definition.



The softwaretool to develop the simulator IMATALB/Simulink. The purpose of this section is to provide a
complete vision of thesimulator architectureThe three pases of the maneuver are separately analyzed inside the

VI. Simulator Architecture

simulator The firstphasedeals with the Hohmann transfer, for which the attitude is variable and whebstacle. Tie
second one is the radial booist whichnot only a variableattitudeis consdered, but alséwo obstacles. Finallyin the
approach conghe attitude izonstanendthe trajectory without obstacldsecause the Chaser is close¢he Target and
to respect the strict docking requirements, which the Chaser aligned with the Target

This simulator can be some malivided in blocks

The relativedynamics with Hill equationyreen block in Fig.7)

The artificial potential algorithras Guidance algorithifyellow block in Fig.7)

The first order sliding mode for the position contrathin the Hill equation blockgreen block in Fig.7)
The Euler and kinematic equations (light blue block in Fig.7)

The supeitwisting slidng mode for thettitude contro(blue block in Fig.7).
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Figure 7. Main Simulink model of each three phases of Rendezvous maneuver



VII. Main results

As a simulation scenario, it is assuntbdt the enter of mass of the Targetttse origin of LVLH frame and &
initial distancebetween Chaser and Targetl6 km. A cubic-shape Chaser (1.2 m) is considered with an initial mass of
600 kg, as in Table 1t is variable in function of the fuel masés already described in the Sectiona2complete
rendezvous maneuver, including Hohmann transfer, radial boost andn#iehfs been studiedAs previously
described, in the last part of the maneuver, when the Chaser is approaching the Target, APF algorithm is not considere:
TheChaser and orbit characteristen® shown in the following table.

Table 1. Chaser and orbit characteristics

Parameter Symbol Unit
Inertial mass Meo 600 kg
Initial inertial tensor Jo 144 | kg’
Altitude orbit height 500 16 m
Zero shoot time of thruster; Tsno 0.02s
Maximum thrust Tnax 1N
Specific impulse of thruterg lsp 220's
RW Maximumtorque Omax 1 Nm
RW Inertial tensor lrw 0.1 k kg’

The trajectory of the complete maneuver in the xz piarstownin the Fig.9. It can be demonstrated that the artificial
potential method can be used also for path planning in the orbital man&uitretee additionof obstacles, know and

static.

Table 2. Main waypoints

Waypoint Position [m]
Initial position simulation [-16000, 0, 3000]
Terminal position simulation [0.02, 0, 0]
Obstacle #1 in Hohmann transfe [-10000,0,1500]
Obstacle #2 in theadial boost [-2800,0,0]
Obstacle #3 in the radial boost [-2100,0,200]

La traiettoria del chaser nel piano xz
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Figure 8. The complete trajectory in xz plane

In detail, we show the main results of each phases of the maneuver.

A. Hohmann transfer



For the Hohmann transfer, qudsipulsive thruss transfer the Chaser to a differeinéight, reaching the Target
altitude. The ending point in the LVLH frame is3000,0,0]m, that means 3km far than the Tardgéie input is the
relative positions of the Chaser in LVLH frame by means of Hill equation. The dstihe vector of Chasef desired
speed. The speed variation assigned by the guidance algorithm is fundtiennaéximum thrust,,,,.! andAt, that is

La traettoria di "Hohmann" nel piano
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Figura 9. Trajectory and discontinous thrusters variation in the Hohmann transfer

theguidance sample time equal to 1Hhe samplingate of the simulator is 100 HZhe thruster forces are the output

of first order SMC; it sees the upper and lower limits due to the maximum thrust value for the number of thruster that
can beswitched simultaneously, in our caseF2r the single obstacglelue to the high speed required to perform the
maneuvera bigger safety radius and an high elevated repulsive gain are defined to avoid it

B. Radial boost transfer

For the Radial Boost trsfer, quasimpulsive thrusts move close the Chaser towards the Target, until few meters.
Precisely, thdinal point in the LVLH frame is4500,0,0] m.In this maneuver, the &y radius of two obstacles and,
consequentlythe repulsive gain of artificigpotentialare changetb avoid them.
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Figure 10. Trajectory and discontinous thrusters variation in the Radial Boost transfer

C. Cone approach

For the last part ahe proximity operation, proximity approach iconsidered in which the Chaser has to stay inside
a predefined cone approacihe radius of the base of the cone is supposed tonb@rd its vertex is represented by
the final waypointa few centimeterfom the TargetNo obstacles are included in this last phase, because the Chaser is
too close to the Target. The initial speed vectsris [0.15,!,! ] m/s and the speed is decreased close to zero in the
Target point, thanks to the SMC controller. Moreoviee, s$ample time of the controller is increased to 50 Hz.
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VIII. Conclusions

A Guidance and Control algorithm for a Rendezvous maneuver between an active Chaser and a passive Target i
circular orbit has been developegbecifically, the focus of this studwas to show how the path planning for orbital
maneuver (safe, autonomous and able to avoid hypothetical obstacles) can be entrusted to the artificial potentis
method. The simulatieandemonstrate asnaAPF combined with sliding mode control return satisfyiresults An
important factor has been to create a field of vector forces appropriately weighed within the working space, in order to
drive the Chaser towards its goal, respecting safety requirenienss proven that this strategy can be easily
implemented with a minimum oeboard computational effort and can efficiently solve the problem of obstacle
avoidance However, it presents several problems and disadvantages that must be overcome in futuféhevonlasn
problem is related to the possible apeae of local minima in the function of the constructed poteriti@se could
arise in the event of perfect balance between the attractive and the repulsive potential, generating a cancellation of th
gradient that could be seen by the chase as a Qjalsehissituation trapshe satellite, which is not able tomplete
the desired pathVioreover, in this algorithm, theonsideredbstacles arén a fixed positionand known a priori: we
know their position and hypothesize a safety radius. In futueecould take into account the dynasad the obstacle,
as well as introducing the theme of real time collision avoidance through obstacle detection using LIDAR tools. With
this changethe algorithm must bable to detect objects in its vicinity, calibeahe gains of artificial potential forces
autonomously and overcome the obstadldditionally, a dynamic radius could be implementedming from this
nominal, to take into account a velocity of chaser and to obtain a smoother trajectory.
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