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ABSTRACT. This paper considers the position coordination control of distributed space-
craft formation system with event triggered mechanism. Firstly, a modified event trig-
gered mechanism for multiple spacecraft system is introduced to alleviate communication
pressure. Then, based on this event triggered mechanism, an adaptive liner sliding model
control algorithm is employed to achieve spacecraft formation position coordination with
bounded external disturbance and uncertain mass. Finally, the numerical simulation is
presented to demonstrate the performance of the proposed event triggered mechanism and
control algorithm.
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1. Introduction. Recently, spacecraft formation flying (SFF) technology has attracted
much attention due to its technical advantages over single spacecraft. During most SF-
F missions, not only the whole formation needs to track the expected translation and
rotation, but also each spacecraft needs to translate and rotate in coordination with oth-
er spacecraft. To meet this demand, many effective approaches to achieving formation
coordination have been proposed [1,2]. And coordination control algorithms considering
external disturbances, uncertainties, velocity information lacking have also been proposed
[3-7].

The above-mentioned control algorithms ignore communication limitations, which is
impractical. Restricted by hardware, there are communication limitations of formation
spacecraft. To solve this problem, a non-time-periodic sampling mechanism is proposed,
called event triggered mechanism, which has been proved to be an effective way to re-
duce bandwidth occupancy [8,9]. In event triggered mechanism, only when the system
states satisfy the preset conditions can communication be carried out, thus reducing the
bandwidth occupation. Up to now, there are not many research results of event triggered
control scheme of spacecraft. In [10,11], event triggered mechanism is introduced to s-
pacecraft attitude control system. In [12], an event-triggered based adaptive decentralized
attitude coordination control law is developed. It is worth noting that all these previous
works concentrate on attitude control problem.

This paper focuses on event based relative position coordination control problem of
distributed SFF system under undirected topology, and is organized as follows. In Section
1, the research background of this paper is briefly introduced. In Section 2, the relative
position coordination problem of distributed SFF system with undirected communication
topology is described. In Section 3, a modified event triggered mechanism is proposed, and
an adaptive position coordination control algorithm based on event triggered mechanism
is designed, considering the external disturbances and uncertainty of mass. In Section 4,
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the numerical simulation is presented to demonstrate the performance of the proposed
algorithm. Finally, the conclusion of this paper is given in Section 5.

2. Problem Statement and Preliminaries. In this section, some useful basic theories
are introduced and the control problem is described.

2.1. Graph theory. Generally, the communication topology of formation spacecraft can
be expressed by graph theory. In graph A = (v,6,G), v = {vy,...,v,} is a limited
non-empty node set, ¢ C v X v is an edge set composed of ordered pairs of nodes and
G = [gij] € R™" is a weight adjacency matrix. If node v; can get the information of
node vj, it can be denoted as (v;,v;) € ¢, and the corresponding element in the weighted
adjacency matrix satisfies g;; > 0. In undirected graph, there are g;; = g;; > 0 while node
v; and node v; are connected, and g;; = 0.

Assumption 2.1. The communication topology of the distributed SFF system in this
paper is undirected and connected.

2.2. Zeno behavior. In an event triggered system, if there are countless triggering events
in a limited time interval, then there is Zeno behavior in the system. Apparently, it is
hard to save communication resources if Zeno behavior exists. However, Zeno behavior
can be avoided by offering reasonable trigger criteria. And it can be proved that there
is no Zeno behavior, if the lower bound of interval between triggered events exists and is
greater than zero.

2.3. Relative position dynamics of SFF. The nonlinear relative position dynamics of
distributed SFF system is introduced in this subsection. Figure 1 shows the relative mo-
tion schematic of SFF system, in which Sy is the leader spacecraft and S; (i = 1,2,...,n)
is the ¢th following spacecraft, C-OXYZ is the geocentric inertial coordinate frame, and
C-oxyz is the orbit coordinate frame of the leader spacecraft. It is worth noting that
Sp is a virtual leader spacecraft for distributed SFF system. In the orbital coordinate
frame C-ozyz, the nonlinear relative dynamics equation of the ith spacecraft relative to
the virtual leader spacecraft can be expressed as

pi = v (1)
m;0; = C; (0) v + D; (97 0, "“z‘) pi + Ni (r5,70) + fai + fai (2)
. To0 10
C;(8) =2mf | -1 0 0 (3)
0O 0 O
. y > 6 0
D; (97 0, ”“i) =-my—=Iz3+m; | —0 6% 0 (4)
i 0 0 0
To 1 T
(s —um | 200 g 0
NI(THT'O) e [ T + T% (5)

where 7 is the position vector from the center of earth to the center of the virtual leader
spacecraft, r; is the position vector from earth to the ¢th spacecraft, p; = r; — r¢ is the
relative position vector between the ith spacecraft and the virtual leader spacecraft, u is
the gravitational constant of earth, m; is the mass of the ¢th spacecraft, 6 is the angular
velocity of the virtual leader spacecraft, and fy, f.; are the external disturbance and
control force of the ith spacecraft.

Let p¢ be the expecting position vector of the ith spacecraft, and v¢ = p¢ be the
expecting velocity vector of the ith spacecraft. The position and velocity tracking errors of
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FIGURE 1. Schematic representation of the SFF system

the ith spacecraft to the expecting trajectory are defined as e,; = p;—p¢ and e,; = v;—v¢,
and then we can obtain the relative error dynamics equation of the ith spacecraft

€pi = €y (6)
mié,; = C; <9> v; + D; (9, 97 ""i) pi + Ni(ri,mo) — mii’g + fai + fai (7)

2.4. Problem formulation. The intention of this paper is to design a relative position
coordination controller of distributed SFF system based on event triggered mechanism,
which means we need to ensure that e, — 0P, e,; — OP and e,; — €,;, €,; — €,j, as
t — oo.

Assumption 2.2. Assume that the external disturbance is upper bounded, which satisfies
k < d;, where d; > 0 is a constant. And there are

2

—p; = —3akp; 8
e akp (8)
Lemma 2.1. Supposing x; (i =1,2,...,n), q € (0,1) are all positive constants, then the

following inequalities hold
1+g

n n 2
S a0 > (z w) o)
=1 =1
(Jzi| 4+ -+ lza)? < |+ -+ |z, ]? (10)

Lemma 2.2. If x is an arbitrary real number and y is a non-zero real number. For x
and y, the following inequalities hold

0 <[] (1 = tanh(|z/y])) < aly| (11)
where o« > 0. Let o* = z* (1 —tanhz*) be the minimum value of a and z* satisfies
e 41 —22% =0.

3. Main Results. In this section, an event trigger based adaptive control algorithm is
proposed to achieve relative position coordination with external disturbances and mass
uncertainties.

First, a sliding surface is defined as

S; = Vi€p t €y (12)
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Suppose the mass of the ith spacecraft is unknown, and the estimated value is represented
by m;. m; = m; — m,; is the mass estimation error, where

W, =C; <9> v; + D; (9, 0, "“i) pi + Ni(ri,m0) — md! + miy;eq (14)
Then a static threshold was introduced into traditional event update rule

e;(t) = sl(,m) s;(t) (15)

th, o =min {t: ¢ >t qi(t, ¢ (t), hy(t) > 0} (16)
ai(t, ei(t))
Z Gij 31 tkl) — S ti;g H He H — AO — 0 ZQU HSZ z — 8 (ti])Hz (17)
JEN; JEN;

where e;(t) represents the triggered error of the ith spacecraft, ¢;(t, ¢i(t), hi;(t)) is the
trigger criteria, o is a constant which satisfies o € (0, 1) and static threshold Ay > 0 is a
very small positive constant, g;; is the weight coefficient of the weighted adjacency matrix
G, s (t;) is the triggered state of the ith spacecraft by the k;th updating, and t}; satisfies
0<t,<ti<th<
Then an event trigger based adaptive coordination control algorithm is given by
fai = =1, W; — Bs; — ktanh (si/p]) — > gij [8i (tha) — 85 ()] (18)

JEN;

Theorem 3.1. Consider the SFF system (1), (2) with external disturbance and mass
uncertainty. If Assumption 2.1 and Assumption 2.2 hold and the event triggered control
law is provided by (18), the relative position error can converge to the neighborhood near
the origin.

Proof: By substituting the controller (18) into the error dynamic model (6), (7), we
have

m;8; = M, (Vi€pi + €vi) = M€ + My
= m;Yi€p + C; <9> v; + D; <9» 0, 7‘z‘> pi + N (ri,m0) — M0 + fai + Fui
= M€ + m;W; — m;y;e,; +m;d;
+ <_mim — Bs; — Z 9ij [5i (ts) — 85 (ﬁey)})
jEN;

= szVz + mzdz - 531 Z Gij Sz z j (tij)] (19)

JEN;

From Lemma 2.2 we have

3
—ks] tanh (s;/p7) + s} d; < Z siy (diy — ktanh (s;,/p7))

=1

3
< kY llsill (1 — tanh (si/p?)) = 3akp? (20)

=1

Then we have 7| s7 (m;d; — ktanh (s;/p?)) = Y1, 3akp;.
Consider the following Lyapunov function

v:%;s{misﬁi;m%;pi (1)
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Take the time derivative of V'
. n 1 n n d

= Z s] (77%‘)‘7z +mud; — Bs; — ktanh /pz Z Z Gij s2 tﬁm — s, (ﬁw)]

i=1 JEN;
Z _pz N Z m; m
= - Z SiTﬁSi - Z SiT Z Gij [Si (tfﬂ) — 8 (t{w)} + Z siT (midi — ktanh (sl/pf))
i=1 1=1

i=1 JEN;
—~ Zn: 3akp; + Xn: s; ;Wi — Ai Xn: mim; (22)
i=1 i=1 v =1

From (13) we can obtain

i=1 i=1 ¢ ;

Substituting the triggered error and (20), (23) into (22), and considering Lemma 2.1

ZS 681 Z Zgw S; tkz - S; (t‘ljﬂj)}

JEN;

= —ZS 582 ZS tl Zgzg Si t;m _Sj (tgcj)]

JEN;

+Z el (t) Z gij [8i (thi) — 8 (t{w)]

JEN;

< — Zs?ﬁsi —3 Z Z 9ij Hsz (t:’tsz) — 8 (tij)HZ
- i=1 jEN;
+Z e (¢

Under the proposed event triggered mechanism, we have

2113 g [si (te) = 55 (6)] || el () = Aol < 0D~ gy [lsi (1) = s (W) (29)

JEN; JEN;

Z S; (tﬁﬂ) — 8 (t?w)} H (24)

JEN;

Then we have

n
V< — Z s; Bsi
i—1

lsi (t) — s (82,) H2

i=1 jEN;
+3 0D Aollg [si () — 85 (8] (26)
i=1 jEN;
Suppose Hsz (th,) — s; (tij) H < l,, and A is sufficiently small. Then

V< ZSTﬁ ‘|‘ Zzgm }31 ﬁm '(tizj)w—i_zongijlm <27)

i=1 jEN; i=1 jEN;
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Aolm 3 e N, 9ij
B

|s: (t3;) — s; (tij) | — Z(fj’f;’; as t — oo. Back to the (15), (25), we can obtain that e;

and s; (t.) can also converge to the neighbor of the origin as t — oo.
Consider a new Lyapunov function

Then by using bounding theory, it can be proved that ||s;|| — =ls and

Vi- 1Y e, 28)
i=1
The derivation of Lyapunov functions Vj is
Vi = i egiem- (29)
i=1
While ¢ — oo, ||s;i|| = [|vep + €will — Is equivalent to ||ey|| = — [|vep| + Ls-

Vi = Z e;";i (—vep) < — Z fye,:fiepi + I Z efi (30)
=1 =1 =1

Similarly, we have ||e,| — % and |le,|| — 0 as t — oc.

4. Simulation. In this section, the distributed formation system with three spacecraft
is simulated. Assuming that three spacecraft have equal mass m; = 100 kg, and this mass
only be used in dynamic model. The perturbation term introduced in the dynamic model
is taken as fg = 0.0001 * [sin(3t); cos(4¢); sin(5¢)] N.

The initial relative position and velocity errors are respectively set as e,; = [10 11 12]
m, e, = [13 14 15| m, e,3 = [16 17 18] m, e,; = [0 0 0] m/s, (1 = 1,2,3). And the
controller parameters are chosen as follows, v; = 2, 5; = 3, A = [0.065 0.04 0.04], k = 5,
a = 1. The weighted adjacency matrix in communication topology is

011
G=|101
110

As for the parameters of event update condition, o = 0.5, Ay = 0.001 m. In order to
be more practical, we limit the control force to 0.25 N in the simulation. The simulation
results are shown in Figures 2-6.

At the same time, we simulate the system under traditional event triggered mechanism
(Ap = 0) based control algorithm at the same conditions, shown in Figure 7, to verify the
advantages of the modified event triggered mechanism.

As can be seen from Figure 2, the adaptive mass estimates of three spacecraft converge
near the true values. From Figures 3-5, it can be seen that the formation can converge to
the desired configuration coordinately within 500 s under the proposed adaptive relative
position controller based on modified event triggered strategy. The relative position con-
trol accuracy of modified event triggered control is better than 2 x 1075 m, and the relative
velocity control accuracy of modified event triggered control is better than 2 x 1075 m,
almost the same as the control accuracy of traditional event triggered control system.

From Figure 6, it can be noticed that before the system reaches stability, the modified
event triggered mechanism can significantly reduce the communication frequency, and
after the system reaches stability, long-time non-communication can be achieved within
the allowable range of control accuracy.

However, from Figure 7, we notice that although traditional event triggered mechanism
can reduce the communication before the system reaches stability, Zeno behavior will
occur when the system is about to stabilize or stabilized. Obviously, the superiority of
the modified event triggered mechanism is verified in the simulation.
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FIGURE 2. Mass estimation for spacecraft

FIGURE 3. Coordination schematics
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FI1GURE 4. Relative position error and relative velocity error
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FiGURE 5. Control accuracy of modified event triggered control
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FiGURE 6. Triggered state under modified event triggered mechanism
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FiGURE 7. Triggered state under traditional event triggered mechanism

5. Conclusions. This paper considers the relative position coordinate control problem
of distributed SFF system with limited communication bandwidth. A modified event
triggered mechanism is proposed, and an adaptive control algorithm is designed for SF'F
system with external disturbance and uncertain mass parameters. Under this control
algorithm spacecraft can converge to a neighbor of the origin coordinately without Zeno
behavior. Both the effectiveness of the modified event triggered mechanism and the
effectiveness of the control algorithm are verified by simulation examples. For future
work, event trigger based control algorithm of SFF system with undirected or switching
communication topology should be studied.
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