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Abstract trajectory, and the followers track a transformed version
of the leader’s states. The advantage of leader following
Formation control for multiple vehicles has becomeis that group behavior is directed by specifying the be-
an active research area in recent years. Generally theteavior of a single quantity: the leader. The disadvantage
are three approaches to this problem, namely leadeiis that there is no explicit feedback to the formation. An-
following, behavioral, and virtual structure approaches.other disadvantage is that the leader is a single point of
In this paper, formation control ideas for multiple space-failure for the formation. In the remainder of the paper,
craft using virtual structure approach are presented. lfve use the following definition:
there is no formation feedback from spacecraft to theThe group feedback from vehicles to the formation is re-
virtual structure, the spacecraft will get out of forma- ferred to as formation feedback.
tion when the virtual structure moves too fast for the In the behavioral approadht® several desired behav-
spacecraft to track or the total system must sacrifice coniors are prescribed for each agent. The basic idea is to
vergence speed in order to keep the spacecraft in formake the control action of each agent a weighted average
mation. The spacecraft may also get out of formationof the control for each behavior. Possible behaviors in-
when the system is affected by internal or external disclude collision avoidance, obstacle avoidance, goal seek-
turbances. To overcome these drawbacks, a novel waing, and formation keeping. The advantage of the be-
of introducing formation feedback from spacecraft to thehavioral approach is that it is natural to derive control
virtual structure is illustrated in detail. An application of strategies when agents have multiple competing objec-
these ideas to multiple spacecraft interferometers in deefives. In addition, there is explicit feedback to the forma-
space is given. tion since each agent reacts according to the position of
its neighbors. Another advantage is that the behavioral
approach lends itself naturally to a decentralized imple-
1 Introduction mentation. The disadvantage is that the group behavior
cannot be explicitly defined, rather the group behavior is
Formation control for multiple vehicles has become ansaid to “emerge”. In addition, it is difficult to analyze
active research area in recent years. Applications in thithe behavioral approach mathematically and guarantee
area include the coordination of multiple robots, UAVs, its group stability.
satellites, aircraft, and spacecraft. Many papers have  In the virtual structure approach;*! the entire for-
been published to deal with different control strategies,mation is treated as a single structure. The virtual struc-
schemes, and applications of multiple vehicle control.ture can evolve as a rigid body in a given direction with
While the applications are different, the fundamental ap-some given orientation and maintain a rigid geometric
proaches to formation control are similar: the commonrelationship among multiple vehicles. The advantage of
theme being the coordination of multiple vehicles to ac-the virtual structure approach is that it is fairly easy to
complish an objective. prescribe a coordinated behavior of the group. The dis-
Generally there are three approaches to multi-vehicle@dvantage is that requiring the formation to act as a vir-
coordination reported in the literature, namely leader-tual structure limits the class of potential applications of
following, behavioral, and virtual structure approaches.this approach. Another disadvantage is that its current
In the leader following approach’® one of the agents development lends itself to a centralized control imple-
is designated as the leader, with the rest of the agentsmentation.
designated as followers. The leader tracks a pre-defined In the case of the application of synthesizing multiple
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spacecraft interferometers in deep space, it is desirable 2 Spacecraft Dynamics
to have a constellation of spacecraft act as a single rigid

body in order to image stars in deep space. As aresult, |n this paper each spacecraft is modeled as a rigid
it is suitable to choose the virtual structure approach thody, with r;, v;, ¢; andw; representing the position,
accomplish formation maneuvers. In the remainder Ofvelocity, unit quaternion, and angular velocity of tith
the paper we use the tefiermationandvirtual structure spacecraft, where, v;, andw; are vectors ang; is a unit
interchangeably. quaternion used to represent the attitude of a rigid body.
In general, there is a dilemma when there is no feedwe will represent-;, v;, andw; in terms of their com-
back applied from spacecraft to the virtual structure. Onponents in the inertial fram€o. For simplicity, we use
the one hand, if the virtual structure evolves too fast, thethe same symbol to denote a vector and its corresponding
spacecraft cannot track their desired trajectories accueoordinate frame representation in the remainder of the
rately and they will get out of formation. On the other paper.
hand, the virtual structure might be slowed down suffi-  Euler’s theorem for rigid body rotations states that “the
ciently to allow the spacecraft to track their trajectoriesgeneral displacement of a rigid body with one point fixed
accurately. However, this results in unreasonably slows a rotation about some axis.” Letrepresent a unit
formation dynamics. Also, when performing formation vector in the direction of rotation, called the eigenaxis,
maneuvers, the total system is often disturbed by interand let¢ represent the angle of rotation abaytcalled
nal or external factors. For example, some spacecrafthe Euler angle. The unit quaternion representing this
may fail for a period of time due to mechanical or elec- rotation is given byg = [z7sin(¢/2), cos(¢/2)]T =
trical malfunctions or may disintegrate from the forma- [¢7 )T , whereq is a3 x 1 vector with its compo-
tion due to external disturbances in deep space. If therg@ents represented in the given coordinate framegaisd
is no formation feedback from spacecraft to the forma-a scalar. Itis easy to see theand—q represent the same
tion, the failed or disintegrated spacecraft will be left be-attitude. To simplify our discussion in the remainder of
hind while the other spacecraft still keep moving towardsthe paper, we assunge> 0.
their final goals, and the entire system cannot adjust to Given a vectop, the corresponding cross-product op-
maintain formation. Formation feedback from spacecrafterationp* is defined as
to the virtual structure provides a good compromise be-

tween formation keeping and convergence speed as well 0 —p3 pe
as improved group stability and robustness. p =1 p3 0 -pu |,
In Ref. 11 the authors introduce a coordination ar- —P2 D1 0

chitecture for spacecraft formation control which sub-
sumes leader-following, behavioral, and virtual structurewherep = [p;, p2, p3]” in terms of its components in the
approaches to the multi-agent coordination problem. Ingiven coordinate frame.
Ref. 11 formation maneuvers are easily prescribed and If we let Co/o be a rotation matrix that represents the
group stability is guaranteed, but formation feedback isorientation of the frame& s with respect toCo, then
notincluded. In Ref. 7 formation feedback is used for thero: = Co oro, wherero: andro represent vector
coordinated control problem for multiple robots. This in terms of its components in the frant&, and Co
paper is aimed as a further development for Ref. 11 andeparately. The relationship between the unit quaternion
Ref. 7. The main contribution of this paper is to proposeq represented in the fram@y and the rotation matrix
a novel idea of introducing formation feedback from Cy o is defined a¥
spacecraft to the virtual structure and apply this idea to
the spacecraft interferometry problem so that formation Coo = (27 — DI + 247" — 2qq3™.
keeping is guaranteed throughout the maneuver and the
total system robustness is improved. The decentralizedhe relationship between two rotation matric€s o
control implementation of the virtual structure approachandCoor is given as
needs to be explored in the future. - 72 o o

The outline of this paper s as follows. Insection2we ~ Coor = Coo = (24" = DI +24g° +2q4™.
introduce spacecraft dynamics. In section 3 we describe L . L
virtual structure equations of motion for spacecraft. In The multiplication of two quaternions is given by
section 4 we present formation control strategies Withthe_ formyxla Ty = Q(@)ga, wWhere Q(as) =
formation feedback. In section 5 we illustrate simula- ( @l :Tqb B > . Letg* be the inverse of the quater-
tion results for spacecraft formation control. By compar- % v .
ing the results with and without formation feedback, we niong given byg* = ( fi’) _ ( —_(T > Suppose that
demonstrate the superiority of the system with formation q q
feedback over the one without formation feedback. the unit quaterniong andq? represent the actual attitude
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and the desired attitude of a rigid body respectively, then

the attitude error is given by, = ¢*¢?% = g_e > .
[

The translational dynamics for the spacecraft are

fl' =v;
M;b; =fi, (1)
wherel; is the mass of théh spacecraft, and; is the

control force.
The rotational dynamics for the spacecraft are

Figure 1: Coordinate frame geometry.

1 L1
q; = — Wi X q; + $qiw;

2 2
§i=— qoi-di (2 gvenby
Jiw; = — w; X Jiw; + 13, ri(t) =rp(t) + Cor (t)rip(t)

F
4(t) =vp(t) + Cor(t)vis(t
where J; is the moment of inertia of théth spacecraft, vi(®) =vr(?) or (Hvir i
and; is the control torque on thigh spacecraft. +wr(t) x (Cor()rip(t)) 3)
g7 (t) =qr (H)qfr(t)
wi(t) =wr(t) + Cor (t)wip(t),
3 Virtual Structure Equations "

Of Motion For Spacecr aft where Cor(t) is the rotation matrix of the framé€'o
with respect toCr, and superscript/ above a vector

means a desired state for each spacecdftz is given

In the virtual structure approach, we treat the entire
formation as a rigid body with place-holders fixed in
the formation to represent the de;ired position and atti-  C,p = CF, = (2% — 1)I + 2qrqF + 24 {5
tude for each spacecraft. As the virtual structure evolves
in time, the place-holders trace out trajectories for each Group maneuvers that preserve formation shape can
spacecraft to track. The relative orientation of eachbe achieved as a succession of elementary formation
place-holder within the formation is fixed with respect maneuvers. Therefore, we will introduce virtual struc-
to each othef. The control is derived in four steps: first, ture equations of motion for spacecraft via elemen-
the desired dynamics of the virtual structure are definedtary formation maneuvers. The elementary formation
second, the motion of the virtual structure is translatednaneuvers include translations, rotations, and expan-
into the desired motion for each spacecraft, third, track-sions/contractions.
ing controls for each spacecraft are derived, and finally, Let&(t) = [&(t),&(t),&(¢)]F with its components
formation feedback is introduced from each spacecraft taepresent the expansion/contraction rates along each for-
the virtual structure. mation reference frame axis. An expansion/contraction

The coordinate frame geometry is shown in Figure 1.matrix is defined a&(t) = diag(£(t)), which is a diag-
FrameC), is an inertial frame. Since the formation can onal matrix.
be thought of as a rigid body with inertial positie, Generally all parameters in (3) can vary with time.
velocity vy, attitudeg, and angular velocity -, we de-  However, if we are concerned with formation maneu-
fine the formation reference fran&- located at- with ~ Vers that preserve the overall formation shagg, v¢,,
an orientation given by;» with respect to the inertial  ¢%, andw. are constant. To realize elementary forma-
frameCo. We also have one reference frafigimbed- ~ tion maneuvers, we can vary. andvy to translate the
ded in each spacecraft to represent the configuration drmation, varygr (gr can be transformed to the rota-
each spacecraft. Each spacecraft can be represented #fn matrix Cor.) andwr to rotate the formation, and
ther by positionr;, velocity v;, unit quaternion attitude replacerf, in the first and second equations in (3) by
g;, and angular velocitys; with respect to the inertial =(t)r{r and replace 7 in the second equation in (3) by
frame Co or by rir, vir, ¢ir, andw;r with respectto  Z(t)ré. to expand or contract the formation. Arbitrary
the formation reference fran&;.. formation maneuvers can be realized by varyindi),

Virtual structure equations of motion for each place- vy (t), qr(t), wr(t), Z(t), and=(t) simultaneously. In
holder, that is, the desired motion for each spacecraft arthe case of preserving the overall formation shape during
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formation maneuvers, the equations of motion are given The control law for each spacecraft without formation

as feedback is given by the following lemma.

r(t) =re(t) + Cor (OO Lemmasl Let X = [T,0f,q" 0!f, X =

vf(t) =vie (1) + Cor (NZ(t)ry v, w T, andlet

+wr(t) x (Cor (t)E)rF) (4) P 0
g (t) =qr () oo Kl =)~ Koo —vf)
wl(t) =wp(t) q 382w)g ’
i \Y) THEG) Jw —wx Jw+ K@ — Ky(w—w?)

Note thatwd,. is zero sinced is constant. ©)

The derivatives of the desired states are given by

X
p ) i N whereQ(w) = ( WT w ) andg. = ¢*¢%.
75 (t) =rp(t) + Cor(OE()riy + Cor()E@)rip i —ws 0
o (t) =bp (t) + Cor()Z()rie + Cor(t)Z()riy
_ 5T _ 5T _ 7T
_l_d}F(t) x (COF(t)E(t)T?F) (5) 1 K, = KT >0,K, = KU >0, Kq = Kq > 0,
i o I K,=K! >0,
+ WF(t) X (Cop(t).:.(t)’l“iF + COF:(t)TiF)
--d

(1) =r(t)ge 2. 7 € Ly[0,00) N Lo [0, 00),
(1) =wp (). 3. ||| + [|w?|| € L2[0,00) N Lo [0, 00),

_ _ __then||X — X9|| - 0ast — .
From (4), we can see that if the velocity of the formation

is zero, thatisy,(t) = 0,wr(t) = 0, andé(t) = 0,then  Proof: see Ref. 11 and Ref. 13.

the desired velocity of each spacecraft is zero, that is, In the case of the control law for the virtual structure,
vd(t) = 0 andwd(t) = 0. Also, if both the velocity and  we need to add two equations to (6) siga@nd¢ are used
acceleration of the formation are zero, thatudg,(t) =  to represent the expansion/contraction rate of the forma-
0, wp(t) = 0, &(t) = 0, vp(t) = 0, op(t) = 0, and  tion, and pairgK,, Ky ), (kq, K.), (K¢, K;) correspond
£(t) = 0, then both the desired velocity and accelerationtO translation, rotation, and expansion/contraction gains

of each spacecraft are zero, thati§(t) = 0, w?(t) = 0, for the formation respectively. We also assume #fat
vd(t) = 0, andwi(t) = 0. andw?. satisfy the rotational dynamics. Note that in the

‘ simple case wheX ¢ is constant, the rotational dynam-
ics is satisfied obviously. The control law for the virtual

4 Formation Control Strategies structure is given as follows.

With Formation Feedback Lemma4.2 Let

Let X; = [rZT,vlT,qZT,wZT]T and Xid = TF 4 ZF y
" vd" gd" wi]T represent the states and desired | F O — Ky (rr 1_QTF) = Ko(or —vj)
states for theth spacecraft with respect to the inertial | 97 | _ d 2 (wr)gr p 7
frameCo repectively. LetX;p = [rl., vk, ¢4, wip]? “gF Wi + ko _éKw (wr — wp)

T T T T F F

and X4 = [ri _,va g w11 represent i B Ko(ep — €9) — Ko(p — £4)
the states and desired states for thk spacecraft F F E\GF T Sp E\SF T SF
with respect to the formation frame&’y respec- ()
tvely. Let Xp = [rF,of,qf,wh 5, ¢57 and L
X¢ = [P ol gl Wi el €9°]T represent re- whereg. = qj.qj..

l If K,, K,, K,, K¢, and Ké are symmetric posi-
Ive definite matrices, andl, is a positive scalar, then
| Xp — X{|| = 0ast — .

spectively the states and desired states for the virtue}
structure with respect to the inertial frani¢,. We
know thatX &, is constant since we want to preserve the

formation shape during the group maneuvers. Proof: We can rewrite the second equation in (7) as
The aim of the formation maneuver is to evol¥e: (¢)
to X¢(t) while guaranteeing thak;(t) tracks X (). ip— it = —K,(rp —rd) — Ko (rp — 7).

Accordingly, a formation maneuver is defined as follows: } )
A formation maneuver is asymptotically achieved if Let7p =rp—r%, thenrp = —K,7p — K,7 . Since
Xp(t) = XE(t) and X;(t) - X1(t) ast — oo. K, and K, are positive definite, it is obvious to see that
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|re = r&| — 0and||vp — vf|| — 0 asymptotically as
t — 00.
Rewriting the third equationin (7) as

T o

dr :E(QFWF —WFr X QF)

. 1 4,

qp =— §W£QF- 8)

Based on the assumption above, this equation is als
true forg?.,, so we can get

g1

fh = (ot — o x 21)

.d 1

dr = — 5“1% ‘ﬁr 9)

Letgr = qr — q} and@r = wp — wf . From (8) and
(9), we know that

L1 o _
qr :§(QFWF —WF X qF — Q%W% +W% X (i}dw)
1

QF:_E(

N T
wpGr — wi §)- (10)

Let Vi = ¢hgr , V2 = 30F@p , and consider the
Lyapunov function candidate:
V =k Wi + V2.
Differentiating?; , we get
Vi = 245Gy = G (Thar — @5 X @r — e dp).-

After some manipulation, we also know that

( )

which means thaf. = —¢qr + ¢ X §r + qr{f- Thus,
14

—qtqr + @ % @r + qrd}
T > _d =
dr qr + qpqr

d

Qe = qpqy =

= —okq..

Rewriting the fourth equation in (7) asp = kqGe —
K, o, and differentiatingl; , we can arrive al'/_z =
otop = oL(k,q. — K,@). Therefore,V = k,V; +
Vo = —0EK oF.

LetQ = {(Gr,or)|V = 0}, and() be the largest in-
variant set contained ift . OnQ, V = 0, which implies
thator = 0 sincek, is positive definite. When we plug
wr = wk into the fourth equation in (7), we can show
thatg, = [0,0,0]?", whichimplies thayr = ¢¢. . There-
fore, by LaSalle’s invariance principlégr — ¢ — 0
and ||wp — w}|| — 0 asymptotically ag — oco. Thus
|Xr — X{|| — 0ast — oo.

Therefore X (t) — X&(t) and X;(t) — X(t) as
t — oo, and formation maneuvers without formation
feedback are asymptotically achieved.

5

For a second order systemd + kis + ko = 0, if
we define rise time,, and damping ratiq , then natural
frequencyw,, is approximatelyl.8/t, . Therefore, if we
letky = w? = (1.8/t,)? andk; = 2¢w,, = 2¢(1.8/t,),
the transient specifications for the system are satisfied.
We can definek,., k,, K. according tok;, and define
K, K,, Ké according tck; .

From Lemma 4.1 and 4.2, we can see that the per-
Bormed maneuver will be achieved and the spacecraft
will track their desired states in the end. However, how
well the spacecraft will preserve the formation shape
during the maneuver is not guaranteed by this con-
trol law. For example, the errorr;(t) — r¢(¢)|| and
|qi(t) — ¢ (t)|| for theith spacecraft may be large dur-
ing the maneuver, that is, the spacecraft may get out of
the desired formation. If the virtual structure moves too
fast, the spacecraft could fall far behind their desired po-
sitions. If the virtual structure moves too slowly, the ma-
neuver cannot be achieved within a short time. There-
fore, we introduce formation feedback from the space-
craft to the virtual structure to overcome these draw-
backs. We will introduce nonlinear gainsn the control
law for the virtual structure.

let X = [XI,XxI,---,XL" and X? =
1 2 N
(x4 xg" ... X417, where N is the number of

spacecraft in the formation. The performance measure
is defined as|X — X¢|| . We would like to design
the nonlinear gains to meet the following requirements.
When the spacecraft are out of the desired formation, that
is, | X — X¢|| is large, the virtual structure will slow
down or stop, allowing the spacecraft to regain forma-
tion. When the spacecraft are maintaining formation,
that is, || X — X¢|| is small, the virtual structure will
keep moving toward its final goal. A candidate for such
gains can be defined gs= K+ K || X — Xd||2 , where

K = KT > 0is the gain when there is no formation
feedback, andsy = KL > 0 is the formation gain
which weights the performance measf{jre — X¢||. We

can see that

X=X =0=>n—K
||X—Xd||—>oo=>n—>oo.

We can use nonlinear gains, 7.,, andr; to replace
K,, K,, anng- in (7), where nonlinear gains are de-
fined as follows.

e =K, + Kp | X = X9

no =Ko + Kp || X = x| (11)
ne =K¢ + Kp || X — x7|°.
Of course, we can use differenKy and rise

times for pairs (K;,m.), (kg,74), and (K¢,mg) to
change the weights of translation, rotation, and expan-
sion/contraction effects. As a result, nonlinear gains slow
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down or speed up the virtual structure based on how faf0,0,0, 1] to the desired positiond. = [20, 20, 20]%

out of the desired formation the spacecraft are. and desired attitude}. = [u”sin(r/4),cos(w/4)]T,
The control law for the virtual structure with formation whereu = [1//14,2/v/14,3/+/14]7, and expand 1.5
feedback is given as follows. times the original size.

Lemma4.3 Let
(@) (b)
0.035
L) ) —— spacecraft #1 —— spacecraft #1
re VF spacecraft #2 0.03 spacecraft #2

’[}F ’[.);i;. _ KT (’I"F _ T%) _ 7”,U (’[)F _ ’U%‘) ’_1'5 — — spacecraft #3 0.025 — — spacecraft #3
£ = o
i || e
u')F Wp + que —,77w (WF - wF) ’ :0'5 N 0.01
é:F . €F . . ' \\\\ﬁ 0.005
€F f}d;- - KE (fF - g%) - 775 (fF —_ g%) 00 20 um:(Osec) 60 80 00 20 nm:(Osec) 60 80
(12)

o 10° © x10™ Q]

NI
[ZENEN
NI
2ENEN

whereg. = g;q¢.
If n,, 7., and g are given by (11), then
| Xr — XE|| — 0ast — oo,

1Tl (M)
|
I

~
Gl
.p‘l

llo;-a,.

,_.
N

abs(lr-r,,, Il

Proof: We can follow the same procedure as Lemma
4.2 except that we use nonlinear gaips 7., andn; o m  w @ e o w 4w @
to replace the linear gaink,, K., andk respectiveﬁy e e
everywherein the proof. Sineg, 7., andy); are positive
definite, we can show thaitX, — X || — 0 ast — co  Figure 2: Position and attitude errors without formation
feedback (convergence time: 69 sec).
Combined with the control law for each spacecraft, we

o
1
o

know thatX () — X4 () andX;(t) — X2(t) ast — In simulation, we will plot absolute position and at-
oo. Formation maneuvers with formation feedback aretitude errors as well as relative position and attitude er-
asymptotically achieved. rors for each spacecraft to the time when the system con-

When X{(t) is specified for the virtual structure, verges. When|Xp — X¢|| + || X — X9 < 0.001,
Xp(t) will track X ¢(t) according to the control law for we say that the system has converged. Absolute posi-
the virtual structure with formation feedback. If the for- tion error is represented by absolute difference between
mation moves too fast| X — X?|| will increase. As a actual position and desired position for each spacecraft.
result of the formation feedback, the virtual structure will Absolute attitude error is represented by absolute dif-
slow down for the spacecraft to track their desired statesference between actual attitude and desired attitude for
that is, to keep the formation. Thijs¥ — X¢|| will de-  each spacecraft. Since the formation shape is an equi-
crease correspondingly, and the formation can keep movateral triangle and the three spacecraft keep the same
ing toward its goal with a reasonable speed. As this couattitude in the formation, we use absolute difference be-
pled procedure proceeds with time, the formation ma-tween lengths of the sides in the equilateral triangle to
neuver will be asymptotically achieved. represent the relative position error and absolute differ-

ence between the attitude of each spacecraft to represent
the relative attitude error. If the formation is preserved

5 Simulation Results exactly, the relative position and attitude errors should
be zero.

In this section we will consider a group of three Inthis section, we use a subscrifii < i < 3) which
spacecraft each with mass given 150 Kg. The desireds defined modulo 3 to represent the states forithe
original positions of the three spacecraft are given byspacecraft. For each figure in this section, in part (a), we

rip. = [8,0,00%, r{p = [0,8,0]", r4, = [0,0,8]"  plot absolute position errors represented|py — r{|.
meters and the desired original attitudes are given byn part (b), we plot absolute attitude errors represented
¢y = ¢y = ¢ = [0,0,0,1]7 with respect to by |l¢ — ¢f|| . In part (c), we plot relative position er-
the formation frameCr. We suppose that the three rors represented bYr; — riv1|| — [|rivs — rigel|| - IN

spacecraft start from rest with some initial errors. Thepart (d), we plot relative attitude errors represented by
three spacecraft will perform a formation maneuver of||¢; — ¢;+1]|. Note that sometimes some curves may co-
a combination of translation, rotation, and expansion.incide with each other.

The formation will start from rest with inertial posi- Figure 2 shows the formation maneuver without for-
tion r#(0) = [0,0,0]7 and inertial attitude;~(0) =  mation feedback. Figure 3 shows the formation maneu-

6
American Institute of Aeronautics and Astronautics



@ (b) (@) (b)

—— spacecraft #1 —— spacecraft #1 —— spacecraft #1 —— spacecraft #1
03 spacecraft #2 0.012 spacecraft #2 10 spacecraft #2 0.05 spacecraft #2
— - spacecraft #3 — - spacecraft #3 — — spacecraft #3 — - spacecraft #3

Iir=ril (m)

A

8
~ 6 i
0.004 4 0.02
\]
0.002 2 0.01
0 o — === o

0 50 100 150 200 0 50 100 150 200 0 20 40 60 80 0 20 40 60 80
time (sec) time (sec) time (sec) time (sec)

d
o
5
3
8
3
JIr=ril - (m)

x10° © x10™ @ © (d)

T
wn e
~
=4
=)
5

Ll @
o
IEE
°
S
S
rea
INE

%
°
S ¢
&

gl
I
‘
.

l9;
el

H
N

abs(| ".",

abs(|Ir-r,,.

50 100 150 200 0 50 100 150 200
time (sec) fime (sec) o 20 40 60 80 0 20 40 60 80
time (sec) time (sec)

o
I

o
ok
o

Figure 3: Position and .attit.ude errors with formation gjqre 4: Position and attitude errors without formation
feedback (convergence time: 156 sec). feedback when spacecraft #1 fails for 15 seconds (con-
vergence time: 69 sec).

ver with formation feedback. By comparing each part

of Figure 2 and Figure 3, we can see that the maximuntonyerge faster than the one without formation feedback.
absolute and relative errors of the SyStem without formaWithin the same range of convergence Speed, the System
tion feedback is |al’gerthan that of the one with formationwith formation feedback will have smaller errors than
feedback. Also the system without formation feedbackine one without formation feedback. We know that ab-
converges faster than the one with formation feedbaclko|yte and relative errors will decrease when the forma-
when we choose the same rise time for both of themtjon gain K- increases, but the convergence speed will
When we decrease the rise time in Figure 2 to let thejecrease correspondingly. At the same time, when the
system converge faster, the corresponding errors will information gaink» decreases, the system will converge
crease significantly. Similarly, we can also increase thgaster, but the absolute and relative errors will increase
rise time to decrease the errors, but the system will CoNcorrespondingly. We also know by simulation that it is
verge more slowly. In Figure 3, since the system has forhard to choose good rise time beforehand to achieve a
mation feedback, we can choose smaller rise time tha@ood performance in the system without formation feed-
that in Figure 2 to let the system converge faster whilepack. However, a wide range of rise times work well in
the errors are still maintained within a reasonable rangethe system with formation feedback.

In Figure 4 and 5, we simulate the formation maneuver
results when spacecraft #1 fails from 5th to 20th second
with and without formation feedback respectively. Since .
there is no formation feedback in Figure 4, the virtual 6 Conclusion
structure keeps moving toward its final goal even if one
of the spacecraft fails for some time. As a result, space- |n this paper we have investigated a novel idea of intro-
craft #1 cannot track its desired states satisfactorily, an@jucing formation feedback under the scheme of virtual
the system has very large absolute and relative errors duktryctures through a detailed application of this idea to
ing the period when spacecraft #1 fails. In fact, in thisthe problem of synthesizing multiple spacecraft in deep
case the spacecraft are out of formation for some timegpace. Introducing formation feedback from spacecraft
However, in Figure 5, since there is formation feedbackio the formation has several advantages. First, the sys-
the virtual structure slows down to preserve the forma"tem can achieve a good performance in improving con-
tion when one of the spacecratft fails for a period of time. yergence speed and decreasing maneuver errors. Second,
As aresult, the system in Figure 5 has much smaller abformation feedback adds a sense of group stability and
solute and relative errors than the one in Figure 4. Thegbustness to the whole system. Third, formation feed-
formation is preserved much better than that in Figure 4hack improves the robustness with respect to choosing
even if spacecraft #1 fails for 15 seconds. gains for different spacecraft. Finally, formation feed-

Within the same range of error, the system with for- back makes formation keeping more robust to synchro-
mation feedback can choose smaller rise time, and thusization issues and the variability on each spacecratft.
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