321

AUTOMATIC DOCKING MANOEUVRE AND ATTITUDE CONTROL SYSTEM

A Ercoli Finzi

Dip. Ingegneria Aerospaziale
Politecnico di Milano
Milan, Italy

ABSTRACT

In this work the interaction between the automatic
docking manoeuvre and the attitude dynamics of the
involved spacecraft is analysed, as far as the dock-
ing manoeuvre behaviour is concerned. Three diffe-
rent docking concepts are investigated, by means of
dedicated computer dynamics simulation programs.

The simulations were run both considering rigid bo-
dies and the presence of a flexible element between
the docking port and the main body on one space-
craft; both with the docking port axis on each ve-
hicle aligned with the center of mass and with large
arms with respect to it. The need of proper attitude
control systems has been established; the importance
of energy dissipation sources has been evidentiated
by the investigations.

Keywords: Automatic Docking, Attitude Control Law,
Large Platforms, Energy Dissipation, Flexibility,
Computer Simulations.

{5 INTRODUCTION

The development of the most interesting future space
activities in terms of scientific, technological and
economic revenue, relies both on the on-orbit pre-
sence of large, multi-operative space stations and
platforms and on the possibility to periodically
maintain and supply them. The systematic and fre-
quent performance of on-orbit construction/assembly
and servicing may require the possibility to carry
out simple and reliable/safe automatic docking mano-
euvres (Ref. 1). This is indispensable for operati-
ons on geostationary orbit, but can be usefully con-
sidered for a wide range of low Earth orbit activi-
ties which do not necessarily involve the on-orbit
man presence.

The docking manoeuvre performance involves a coupl-
ing in the dynamic behaviour of the two spacecraft.
due to the exchanged forces in the contact areas.
This can have two consequences: on one side, the
spacecraft could not be able to accept the new dyna-
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mics, due to attitude and accelerations conflicting
with the operational reguirements and strength cha-
racteristics; on the other side, the relative atti-
tude and motion resulting from the coupled dynamics
between the two spacecraft could lead to an abort

of the docking manoceuvre itself. In this work, by
means of computer dynamics simulations this last
item has been investigated, i.e. the interaction
between the docking manoceuvre and the attitude dy-
namics of the two bodies. This interaction depends
heavily on the characteristics of the spacecraft
(inertias, docking port positions) and on the cho-
sen concept. Three different docking systems are
analysed: a cone-cone one; a ring-conical truss one
(these first two belonging to the soft docking cla-
ss) and a non-impact deployable booms electromagne-
tic system. The latching mechanism, establishing the
final structural connection is not considered, but
the capability of the docking system to allow to
reach very small distances (in the order of milli-
meters) while reducing initial relative errors is
investigated. As far as the inertias and the confi-
gurations are concerned this work refers to a speci-
fic system, that is a large telecommunication plat-
form studied in the previous years by ESA (Refs.2,3):
it was conceived as a modular system composed by
four elements connected by trusses, launched separa-
tely by Ariane and assembled in geostationary orbit
by means of automatic rendez-vous and docking mano-
euvres (Fig. 1). Particular emphasis has been placed
in the study of the manceuvre with a docking port

on the target not aligned with the body center of
mass and in considering the effect of flexible trus-
ses on the target.

2.  CONE-CONE CASE

The cone-cone system is analysed as an example of
soft impact docking system. Two cone frustum eleme-
nts, one as male, the other as female are placed on
the vehicles (fig. 2): during the manoeuvre, the in-
teractions between the surfaces are such that as the
compenetration of the cones increases, linear and
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angular errors are reduced and pitch and yaw ali-
gnement is obtained., In this case a simplified ap-
proach resulting in a bidimensional treatment of

the problem has been carried out, this representing
a particular case of the docking of the central pay-
load. A 2-D approach was considered sufficient for

a first analysis of the system and the understanding
of the main behaviours and problems. The spacecraft
have been considered as rigid bodies and the impacts
are treated according to the impulsive dynamics laws.
With reference to the degrees of freedom described

in fig.3 and assuming an inertial motion of the
centers of mass (correct hypothesis if the manoeu-
vre time length is small with respect to the orbit
duration)the assumed dynamics equations between two
consecutive impacts are :

x‘=0 :x:q-=o
=0 =0
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where M is the attitude control torque for the tar-
get, the first simulations showing the need for an
attitude control system for the success of the ma-
noeuvre, reducing the target rotations induced by
the impacts. The chaser is not controlled in atti-
tude. A simple linear-derivative control law has
been chosen :

M=-[k(s,-B,)+>6,] (2)
where 8, resents the nominal 2ttitude. The con-
trol frequency w and the damping time constant €
are related to the constants K and D by :
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. 1 are integrated starting from the kinematic
conditions resulting after each impact. Before the
first impact, the conditions of the end of the
rendez-vous phase are assumed: together with the
approach relative velocity,V_, the linear and angu-
lar misalignements £ and ¥y ana their derivatives are
considered. The maximum values of these errors are
in agreement with the ones defines by ESA (Ref.4 )
In the impulsive hypothesis, the impact is instanta
neous so that the configuration does not change; the
values of the velocities of the two bodies after the
impact (marked with the subscript +) are obtained
from the ones before the impact (subscript -) from
the equations of the impulsive mechanics, in the
hypothesis of energy conservation :
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where I i< the impulse magnitude, y its unit vector,
P, the vector from_the target center of mass to the
contact point and Pc the vector from the chaser cen-
ter of mass to the Contact point. To quantify the
cones compenetration, a docking parameter has been
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introduced (fig. 4); as this parameter decreases the
compenetration increases, and the alignement errors
decrease; for the success of the manoeuvre the doc-
king parameter must reach and maintain given minimum
values, in such a way to allow the latching mecha-
nism to operate. A first set of simulations showed
the need for an attitude control system on the tar-
get: in fact without it, the minimum value of the
docking parameter does not allow a successfull ma-
noeuvre(fig. 5where & is the cone angle). Due to
the large arms between the docking cone and the tar-
get center of mass, the impacts induce angular velo-
cities such that the docking port is rapidly taken
away from the one on the chaser.
After the introduction of the control system, an ex-
tended parametric analysis has been carried out to
investigate the effects on the manoeuvre of several
parameters: the cone aperture (& =20° : 140°), the
approach velocity (V_ = 0.005 # 0.03 m/s); the ini-
: .a
tial errors (g,¢, £,\f}; the frequency wof the con-
trol system (the damping§ being always .7). The re-
sults have been statistically treated and they show
an optimum cone angle of about 80°-90°; an optimum
approach velocity as low as possible (0.005 m/s);
a poor dependency of the final compenetration on
the values of the initial misalignements and their
derivatives (g, ¢, €,¢). The main issue concerns
the effect of the characteristics of the control
system, exemplificated in fig. 6: the most the
response of the control is quick, the most the ma-
noeuvre is successfull. This can also be seen in
fig. 7 where the distribution curves of the minimum
docking parameter that can be reached, are plotted
for two values of the frequencyw. It can be noted
that an higher value of walso means an higher ener-
gy dissipation rate.(Ref. 5).

3. RING-CONICAL TRUSS CASE

A different docking system has been considered to
approach the three dimensional docking dynamics with
an hertzian model for the computation of the contact
forces. The system is represented by a proper des-
cription of finite cylinders and tori (fig. 8) which
can model an actual system or represents a good
discretization of the continuous elements (cone-co-
ne) (but simplifying the 3-D impact detection algo-
rithms). Cylinders and tori are described by their
axes and director circumferences, surrounded by an
interference envelope. The mathematical model can
describe the dynamics of a generic system composed
by n rigid bodies, connected by massless elements
(rigid,flexible or exerting any user defined connec-
tion force) and subject to possible contact forces
and control forces. The motion is described for each
body by the evolution of the displacement vector {zJ
of the center of mass with respect to the orbiting
reference frame considered as inertial and of the
director cosines [A1] of the local reference frame
0 x.y.z. coincident with the center of mass princi-
pa] inertia axes, with respect to the orbiting fra-
me. The motion equations take the form:
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where {uﬁ}is the angular velocity vector, iF.S force
vector, iHi} torque vector with respect to the cen-
ter of mass and [Ji] is the moment of inertia matr-
ix. The action of control systems can be implemented
and they produces torques {M} in the form:

{ni={0a1 ({4}~ {e)) = D] (b fub )} (6)

where {p,} and {we} are nominal attitude and velocity
values and [K] and [D] the control gains. The inte-
gration of eq. 5 is performed by means of a predic-
tor-corrector method (Ref.6 ), in which the predic-
tor fixes a first tentative configuration, in order
to compute the forces acting on each body. Both the
predictor and the corrector use constant forces and
torques during the integration step At, the former
considering forces evaluated at the beginning of the
step, the latter, their mean value inside the step.
The exchanged forces between torus and cylinder have
a component normal to the contact plane computed,
according to the Hertz law, as a function of the ra-
dii, of the materials and of the compenetration of
the two elements; a tangential friction component is
also considered and its direction depends on the
direction of the tangential component of the relati-
ve velocity in the contact area. In these assumpti-
ons, eq. 5 can be integrated as:

oS PR L A A WL 4 ixl At
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(7)

where the indexes 0 and 1 refers to the beginning
and to the end of the integration step. At the end
of each step, the change in the attitude can be com-

puted as:
{ae- {wboe

and the unit vector of each axis ia ] (Ref.7) is

computed as: :
fads (4] =5

(8)

(9)
where:
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The same reference configuration used for the cone-
cone case has been adopted to perform the simula-
tions (Ref.8) in order to qualitatively compare the
results (and to establish the validity of the 2-D
approach). Fig. 9 shows the effect of different ga-
in values on the docking parameter: the success of
the manoeuvre requires an active control with an hagh
damping, i.e. an high energy dissipation rate, as
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evidentiated in the 2-D case. Fig.10 shows that the
material stiffness in the contact point has not a
meaningful effect.

4.  FLEXIBILITY EFFECTS

The introduction of flexible elements on the target,
that is the truss connecting the main body to the
docking port (fig. 11) has been implemented for the
cone-cone case and the ring-conical truss case, in
order to have a more realistic model of the system
and to understand the effect of the flexibility.

To reduce the computer time consumption, much grea-
ter for each run than for the rigid case, a small
number of simulations has been carried out, corres
sponding to the best parameter values emerged from
the rigid simulations. In the cone-cone case, three
modes have been considered, with frequencies in the
order of .1 ¢ 1 Hz. The motion equations have been
written according to the Lagrangian approach, and
have the form:

[w] {3} « [x]{a} = {¥)

where [m] and [K] are the mass and stiffness matri-
ces and lpj the generalized force vector (Ref.12),
The impulsive approach for describing the impact has
been considered still applicable, as the estimated
contact length is very small with respect to the pe-
riods of the target modes. In the ring-conical truss
case, the presence of the flexible elements has been
taken into account by means of connection forces
whose values depend on the relative position/attitu-
de between the two connected bodies. In both the two
cases the structural damping has been also conside-
red. The simulations show an improvement in the ma-
noeuvre course with respect to the rigid case, due
to the presence of the flexible truss. This can be
seen in fig.s 12,13 for rigid and flexible simula-
tions with the same attitude control system chara-
cteristics. It has to be pointed out that the impro-
vement corresponds to the introduction of another
source of energy dissipation, beyond the control sy-
stem dissipation of the rigid case.

(11)

5. ELECTROMAGNETIC DEPLOYABLE BOOMS SYSTEM

An electromagnetic docking system was conceived as

an example of a non-impact docking manoeuvre. The
chaser is equipped with some flexible deployable
booms, each with an electromagnet on the tip. A pas-
sive interface on the target is represented by per-
manent magnets properly placed (fig. 14). The booms
length can be controlled independently for each boom.
The manoeuvre involves the constant velocity booms
deployment and the activation of the electromagnets
and thus the rising of attractive forces which. defor-
ming the booms, bring near each electromagnet to the
corresponding permanent magnet, till they join. At
this point, the booms length control system allows
the establishment of the nominal relative attitude
recovering the linear and angular misalignements (in
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the other presented cases, the target attitude was
controlled with respect to an "inertial" frame, the
relative alignements being obtained by means of the
docking ports coupling).When the correct attitude

is reached, the booms can be retrieved, allowing the
final connection between the bodies. Three booms di-
splaced at 120° each other represent the minimum num-
ber needed to allow to correct the misalignements

in all the directions. The motion of the two bodies
is described with respect to an orbiting reference
frame always parallel to itself, so if ¥ is the ve-
ctor describing the position of the center of mass
of one of the bodies of the system, the translatio-
nal motion ejuations are (ref. 9):

m S, = Foomw? 5, [4-Bost (b ot )]~ 2 5) 3 [2unst o2)]
(12)

m Sy = Fy-muwl -3 5 sin(ewte2z) +[4-3 50 (w5, )]

= 2
ms =Fomuws,

(w,orbital angular velocity, constant as the orbit
is considered circular, e, phase angle, F electroma-
gnetic force). The angular velocity w for each body
is obtained from the integration of the equation:

d /dt = M (13)

(T angular momentum, M external torque). The changes
in the moments of inertia of the chaser, due to the
booms motion, are also taken into account. The atti-
tude is then computed by integration of (Ref.10):

{e}- [#]7{} L

where {¢] are the Euler angles and[#]is the kinematic

matrix:
~Smy, o 4
[S’I{"’*Y; sy, p 0} (15)

-Cosy, o5y, senf, °

The booms control system is an on-off one and works
when all the booms are in contact with the target.
A constant force is applied in the axial direction
of the boom when:

|(2-2) o d |7 K (16)
where ! is a reference length (fig. 15).
The 3-D dynamic simulations refers to the configura-
tion represented in fig. 14 (docking ports aligned
with the bodies centers of mass). The results (Ref.
11) show that with a proper dimensioning of the con-
trol parameters the docking manoeuvre is feasable,
and the target attitude is poorly perturbed and,
anyway, quickly recoverable even starting from ex-
treme initial errors (Ref. 4). In fig. 16 it can
be seen that the corresponding Euler angles for the
two spacecraft tend. to the same value, i.e. the con-
trol system allows te reach the alignement of the
vehicles. Two oscillating phases set up for short
periods (about 10 s.):the first, between 25 and 40 s.,
corresponds to the establishment of the contacts
between the three couples of magnetic poles; the se-
cond at 120 s. 1is due to the contemporaneous retrie-
val of the booms (fig. 17). The short duration of
these oscillations, due to a proper dimensioning of
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the control system (k=.01, e =1, € =1m) does not
jeopardize the dynamic stability of the system.

6.  CONCLUSIONS

From the presented analysis, it emerges that the au-
tomatic docking manoeuvre involves perturbations in
the attitude of the spacecraft, which could result
in the abort of the manoeuvre. The presence of a con-
trol system with proper characteristics, can allow

a sufficient reduction in the initial errors and the
fulfillment of the geometric and kinematic condi-
tions for the final latching. The importance of the
presence of energy dissipation sources for the mano-
euvre successfull course, has been also pointed out
in this work.
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Figure 8. Ring-conécal Truss Docking System

Fd (mm)
3

D = 1000

D = 5000

D = 10000

time

(3]

o 50 100 150

Figure 9. Ring-conical Truss Case: Simulations with
Different Control Characteristics



326 A ERCOLI FINZI & F VENDITTI

Bt (mm)
4 Ke = 25000 N/
5 4
time
(s)
50 100
Pd (mm)
A
Ke = 50000 N/m
5 o
o
o 50 100

Figure 10. Ring-conical Truss Case: Simulations with
Different Contact Stiffnesses

Y4

o<
|

X, X X
Figure 11. Introduction of the Flexibility of Lhe
Truss on the Target

Pd ("""J
100,

80 4
§=80°

V3>.005 my
W= 05"/

40
rigid
20 Flexible
time
5I0 160 1:50 (s)
Figure 12. Cone-cone Elastic Case Compared with the
Rigid Case
Pd (mm)
4
rigid
Flexible
5 -
tésr?z.
(] v - -

50 100

Figure 13. Ring-conical Truss Elastic Case Compared
with the Rigid Case

PERMAMNENT MAGNET

CHASER

|
|_oerrovAsLe moom
ELECTROMAGNET

Figure 14. Electromagnetic Deployable Booms Docking
System

LiMIT ercir

Atewle-k Aterfan

Fiqure 15, Electromagnetic System: Boom Length Control

“HUFE -8B R AT A RSE RIS -8R B ETE A EEA  AATE B

9[:;35:! e

r{(

— i
B raqeer

{M"‘} L-a.12

Figure 16. Electromagnetic System: Chaser ®Angle vs
Target© Angle
= . m - - - .. e i
-n %
- e
8.0 |
XvameeT

. [’.,)
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