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Abstract

The paper addresses the six-degree-of-freedom coupled control problem for spacecraft formation flying subject
to actuator saturation and input quantisation whilst considering limited communication resources. Firstly, a novel
event-triggered distributed observer without continuous communications is presented to recover the information
of the virtual leader. Remarkably, by embedding a hyperbolic tangent function-based nonlinear term into the
triggering condition, the event-based observer realises a more reasonable trigger threshold. Subsequently, an adding-
a-power-integrator-based fixed-time control algorithm is proposed for the follower spacecraft. Further, the control
scheme ingeniously compensates for the actuator saturation and the input quantisation problems without embed-
ding auxiliary systems. Finally, numerical simulations are carried out to highlight the advantages of the theoretical

results.

Nomenclature

X; ith follower spacecraft’s position states vector

V; ith follower spacecraft’s velocity states vector

u; ith follower spacecraft’s control inputs vector

8, Upnin quantiser parameters

Xs decomposition matrix of the actuator saturation

X, decomposition matrix of the input quantisation

Komin lower bound for elements in the decomposition matrix x,

X the virtual leader’s position states vector

Vo the virtual leader’s velocity states vector

Vio the ith follower spacecraft’s estimation of v,

Vio estimation error for the ith follower spacecraft, ¥,y = ¥;, — v,
H the communication topology matrix of the formation

¢, the auxiliary variable related to the observational errors

o, B fixed-time parameters

0y, 0,, 03,0, observer gains

kois ks ks t parameters of the event-trigger mechanism

B, the upper bound of ||X,||

A the ith follower spacecraft’s expected deviation formation vector
e, tracking errors for ith follower spacecraft, e, =x;, — A,y — X,
e, ith follower spacecraft’s tracking errors derivative, e,, = v, — A,;o -7
0LV VY Ki the auxiliary variable related to the tracking errors

ki, ky, ks, ky, ks controller gains
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Abbreviations

SFF spacecraft formation flying

ETM event-trigger mechanism

ASKAE attitude station keeping absolute error
PSKAE position station keeping absolute error

1.0 Introduction

The spacecraft formation flying (SFF) system has drawn extensive attention owing to its costs, robustness
and flexibility [1] in recent years, which can overcome the limitations of using a single spacecraft for
mission goal accomplishment. Numerous space missions by deploying SFF system such as monitoring
[2], remote sensing [3], and on-orbit services [4] have been successfully launched.

For the SFF tracking control problem, the convergence rate is an important performance indicator
reflecting the proposed algorithm’s effectiveness. Most of the existing studies [5, 6] achieve asymptotic
stability results only, of which convergence time tends to infinity. In contrast to the asymptotic control
algorithm, the finite-time control algorithm can provide faster convergence rate, higher precision, and
better robustness, with the adding a power integrator technique [7] the terminal sliding mode theorem
[8], and the homogeneity theorem [9] as the primary design methods. However, the prior estimation of
the finite-time control algorithm’s convergence time is decided by the initial states. As an extension of
finite-time method, the fixed-time control algorithm was introduced in [10], where the settling time is
uniformly bounded with regard to the initial states. One of the basic synchronisation algorithms for the
formation keeping and reconstruction problem is leader-follower formation, where the leader runs in a
predetermined trajectory while the followers need coordinate. Following the above frameworks, Ren first
proposed an SFF control algorithm [11] considering the two cases of whether all follower spacecraft can
access the reference trajectory. In light of this, Gao proposed a fixed-time coordinated algorithm for the
SFF system [12]. However, most scholars concentrated their research on the attitude coordinated control
or modeled the translational and rotational motions separately, ignoring the mutual coupling between
the orbit and attitude.

In practice, continuous interactive communication of formation spacecraft is challenging due to the
limitation of onboard resources, especially communication channel bandwidth. To this end, the seminal
work [13, 14] reported an event-triggered method premised on asynchronous, aperiodic communication.
Thereafter, the event-based control has drawn considerable attentions [15-20] (just to name a few). In
particular, Nowzari provides a comprehensive account of the motivation behind applying event-triggered
strategies in multi-agent systems [15]. Further, continuous communication can be avoided both in the
fixed-time controller algorithm update and in the triggering condition monitoring in [17]. Despite this,
it is worth noting that the lower limit of the trigger threshold for most existing works has a stable value,
whether in the transient or steady state of the system. In other words, the lower limit of the trigger
threshold does not increase when the error is large; on the contrary, the lower limit does not decrease
when the error is small, which results in a waste of communication resources. Bearing this in mind, by
utilising the characteristics of the hyperbolic tangent function, the change of the lower limit of the trigger
threshold with the error is discussed in [20]. Nevertheless, it is noticed that the event-trigger mechanism
(ETM) in [20] depends on continuous communications. As such, how to design an ETM for multiple
spacecraft systems, which has a more flexible trigger threshold lower limit and eliminates continuous
communication, still remains open and awaits a breakthrough.

Another practical problem for spacecraft is that the onboard actuators are susceptible to suffering
from quantisation errors and magnitude constraints. Data transmission between the attitude control mod-
ule and actuator module would introduce input quantisation errors, which may lead to the degradation
of the control performance. To alleviate this concern, control algorithms that take account of input quan-
tisation were investigated for spacecraft systems. In [21] and [22], the functional relationship between
the control input and the quantised input is established by the non-linear decomposition of the quantised
signal. Suffering from the piece-wise quantised input, most relevant literatures have used the above
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or similar methods to overcome the technique difficulty. Additionally, actuators have saturation con-
straints due to physical structure and energy limitations, which will severely limit the performance of the
closed-loop system if the actuator is always saturated. Various methods have been designed for the input
saturation problem, such as adding a neural network-based compensator [23], introducing an auxiliary
system [12], constructing a command prefilter [24], and so on. However, the above methods of dealing
with actuator saturation dramatically increased the complexity of the control algorithm. Although schol-
ars have extensively studied the input quantisation and actuator saturation problem, nearly no research
has addressed the fixed-time anti-saturation and anti-quantisation control problem for 6-DOF SFF.

Statistically, most SFF missions are carried out by small spacecraft operating in low Earth orbit
(LEO) with a mass of less than 500kg [25]. The light mass of the spacecraft means limited onboard
resources, such as communication bandwidth, actuator capability, and energy. Given these onboard
resource constraints, it is worth investigating the design of a distributed controller to meet the demands
of increasingly complicated SFF missions for the spacecraft’s rapid and precise manoeuver capabilities.
In this paper, we consider the onboard resource constraints for the problem of limited communication
resources, actuator saturation, and input quantisation. Here, limited communication resources implies
that only a portion of the spacecraft can access the virtual leader. Besides, for SFF operating in LEO,
simultaneous attitude and constellation control are essential for timely identification and counteracting
time-critical orbit spacing violations. In other words, designing a six-degree-of-freedom controller for
the SFF mission that considers the attitude-orbit coupling is necessary. Bearing the discussion above in
mind, we address the attitude and position coupled tracking fixed-time control problem for SFF systems
considering limited communication resources, actuator saturation and input quantisation. A distributed
event-triggered observer is first proposed to recover the virtual leader’s velocity states. More impor-
tantly, the event-based observer realises a more reasonable trigger threshold and less communication
resource usage by embedding a hyperbolic tangent function-based nonlinear term into the triggering
condition. Subsequently, a fixed-time distributed control algorithm is developed for the SFF system,
handling the actuator saturation and the input quantisation problems ingeniously without embedding
auxiliary systems. The main contributions of this paper are summarised as follows.

(1) A novel distributed event-based fixed-time observer is developed to estimate the states of the
virtual leader for SFF system. Compared with the traditional observer presented in [12], the
observer proposed in this paper alleviate the chattering caused by symbolic functions. Besides,
an additional nonlinear term is adopted by the observer to guarantee the asymptotic stability of
the whole closed-loop system.

(2) Compared with the existing ETM in [17], the ETM of the observer proposed in this paper realises
a more reasonable trigger threshold and a lower bound of trigger threshold with characteristics
of the exponential function and the hyperbolic tangent function in the transient and steady state.

(3) A distributed fixed-time attitude control scheme is established in the presence of the actuator
saturation and the input quantisation problems by utilising the adding a power integrator tech-
nique. In contrast to the existing methods in [26], the proposed control scheme compensates the
actuator saturation and the input quantisation problems ingeniously without embedding auxiliary
systems.

The remainder of this paper is as follows. Section II introduces some preliminaries. The observer-based
distributed control scheme is provided in Section III. Section I'V offers numerical simulations. Finally,
Section V gives a conclusion.

2.0 Preliminaries
2.1 Notations and lemmas

Define ||-|| as the induced norm of a matrix or the Euclidean norm of a vector. I, denotes
the n x n identity matrix. ® is defined as the Kronecker product. A.;,(-) and A, () represent
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the minimum and maximum eigenvalues of a symmetric matrix. The basic operations of the
dual number, quaternion and dual quaternion are defined in the appendix. Given a vector x =

[x1, X2, ..., x,]" € R" and & > 0, we denote sig”(x) = [sign(x,) |x,|%, sign(x,) [x|%, . . ., sign(x,) |x,,|"]T
and |x| = [|x], [x2], . . ., [x,|]7, where sign( - ) is the signum function. diag(x,, x,,...,x,) denotes a
block-diagonal matrix. max(x;, x,, . . . , X,,) and min(x;, X, . . ., x,,) denote the maximum and minimum
value in (x, x,, . . ., x,,), respectively.

In order to get the main results of this paper, the following lemmas are introduced.

Lemma 1. [27] If the time derivative of a Lyapunov function V satisfies V < —k; V' — i,V where
k1 >0,k,>0,0 < p; <1, and p, > 1 are some constants, the value of V converges to zero in fixed-time.
The settling time satisfies T <1/ [k;(1 — p))] + 1/ [k2(p, — 1)].

Lemma 2. [28] For any x € R,y € R, the inequality |sig*(x) — sig®(y)| < 2'"%|x — y|* is tenable if a €
(0, 1] holds.

Lemma 3. [28] For any x€ R,y e R, the following inequality is tenable when o > 1. |x —y|* <
201 |sig¥(x) — sig*(y)|

Lemma 4. [29] For any positive constant a,, a,, - - - , a,, the following inequality is tenable if p € (0, 2)
holds. (a2 + 2+ -+ +@)) = (& + i+ +a)’

ybedtd 4 _dpit?

Lemma 5. [30] For any xe R,y eR,c>0,d > 0,y > 0, the inequality |x|°|y|* < o Herd) is

tenable.

Lemma 6. [12] For any x;,€R,i=1,2,...,n, the following inequality is tenable if v € (0, 1].
(0 bal) <20 bl <n' (2L, 1xl)

Lemma 7. [9] For any x; € R,i=1,2,...,n, the following inequality is tenable ifv>1. Y "  |x|" <
(Z?:l |Xi|) <n! 27:1 [x;]".

Lemma 8. [31] For matrices X,Y with equal dimensions and positive constant 7, the following
inequality satisfies: 2X'Y < %XTX +Y'Y.

2.2 Mathematical model

The coordinate system used in this paper is shown in Fig. 1, which defines the Earth-centred inertial
frame OX,Y,Z; and the jth spacecraft body frame O Xy Y5 Zs. O is the centre of the Earth and Oy is
the centre of mass of the jth deputy.

Based on dual quaternion, the states of ith spacecraft can be described as ¢, and @;, where ¢, =
q;+ E%qi or;, ®; = ®; + &(F; + @; X r;), ¢ is the dual unit that satisfies e =0, ¢ # 0. ¢, is the quaternion
describing the rotation of the ith spacecraft body frame relative to the inertial frame. r; = [0, (E)T]T €
R*, F; € R? denotes the position of the ith spacecraft expressed in the spacecraft body frame. o, =
[0, (E),-)T]T € R*, ®; € R? is the angular velocity of the ith spacecraft body frame relative to the inertial
frame expressed in the body frame. The dynamic equations of six-DOF motion are [32]

o1
o= 1i0a n
b= M [ P, +sat [Q(F)] B, — o x (M%&) } 2)

where f’,-g :fig +eT,, = —um,-rl-/||r,-||3 + e3ur; x (j,-r,—) /||r,-||5 denotes the gravity dual force, IAT,-E =
f.. + et denotes the control dual force that is yet to be designed, sat[Q (f" ,-(.)] denotes the control

dual force with actuator saturation and input quantisation, F;, =f, + ¢t;, denotes the disturbing dual
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Figure 1. Coordinate system.

force. p is the gravitational parameter of Earth. Define that m; and J; € R*** are the mass and inertia
matrix of the ith deputy, respectively. The matrix M; is

04><4 mi
M, = e R 3)

Ji 04><4

where

- 1 0]><3 1 0]><3
Ji — c R4X4, _i — c R4><4
03,1 Ji 031 mdsy;

Remark 1. As an extension of quaternion, the dual quaternion is one of the most commonly used
methods for modeling the six-degrees-of-freedom coupled spacecraft. In contrast with other six-degree-
of-freedom modeling methods, such as the Vectrix approach [33] and the Cayley description [34], the
dual quaternion approach is more explicit in physical meaning and compact in its mathematical descrip-
tion. In particular, the introduction of dual numbers allows us to describe the six-degrees-of-freedom
coupled dynamics with a unified equation, implying that we do not have to design separate controllers
and Lyapunov functions for the rotational and translational parts of spacecraft.

Equation (1) and Equation (2) can be rewritten as

X‘T,- =V,
| (€]
v =fx;,v) +g8:(x) sat[Q(u,—)] +d;

- . . T .
where x=q,=[a} 4] vi=a=[4," &,'|+ £ =T T @) T M Zx,v)
T@)M;'G,  g)=T@®M", w=[f" ©'], d=g@[f," ©,'], Z&,v)=
T[T @)v]MI @) v —T{MI'@)v] T @], G=[f, " ]T, the transformation
matrix I'(x;) is defined in Equation (63). g;(x;) is invertible because I'(x;) and M are invertible.

The quantiser in Equation (4) is given as Q;) = [Q(u;1) , Q(up) » - - - O(u)]". In our work, Q(u)
denotes the hysteretic quantiser, as shown in Equation (5). The subscript i and j are omitted for brevity.
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u,sign(u), <u,, i<0,or

u,
146

u .
u,-<|1,t|§1 pa,u>0

u,(1+ 8)signu), wu; < |u| < lupa,zk <0, or

Ou(r) = S E ”(51:“3‘;) 20 )
0, 0<lul < U =i <0,or
1+6
I + 8 < |u| < tmin, 1t > 0,
Ou () u=0

where u,=p'Pun,(p=1,2,...), §=1—=p)/A+p), tmn>0, O<p<1, and Qu())e
{0, £u,, +u,(1+8),p=1,2,...}. Besides, uy;, >0 denotes the range of the dead-zone for Q(u(t)),
and p > O represents a measure of quantisation density. We decompose the quantiser Equation (5) into
O(uy) = xgi(uy) uy +dyj=1,2,- - , 8, where

Q(u,-j)
Xqij (ul]) = uij ’ Q(MU) 75 O,
b Q(u,-,) =0,
0 i) #0,
gy (145) = q(uy) #
—u, Quy) =0.

It can be easily proven that the control coefficient x,; and the disturbance-like term d,;

satisfy 1 — 4§ <

Xai = < Upin- Thus, we can rewritten the quantiser as
Ou;) = X, () u; + d, (6)
. T
Where Xq(ui) = dlag[Xqil (uil)’ Xin(uiZ)a ) Xqi8(ui8)] s q(ul) - dlag[ qil (ull) dqu(”lZ) . q18
T
(uis) ] . o
Define [M, M] as the magnitude constraint of the actuator. The saturation nonlinearity in Equation (4)
is given as
sat(x) = x,(x) x = [sat(x,), sar(xy), - - -, sat(x)]" (7)

where x,(¥) = diag[ X (x1), X2(0), - -+ X (0)]" with
M/x, ifx>M,
Xa(®) =1 L, ifM, <x<M,
M,/x, ifx<M,
such that 0 < x4 < 1. We can rewritten the term sat[Q(u,-)] in Equation (4) as
sat[Q(u))] = x u;) u; +d,, ®)
where x (u;) = x, (@) x,(w) .d,=x d,.

2.3 Graph theory

We use an undirected graph G = {v, ¢,A} to describe the communication topology of a formation
with n spacecrafts, where the node set v = {v, v,, - - - , v,}, the edge set ¢ C v x v, and the adjacency
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matrix A = [a;] e R™"(i=1,2,--- ,n;j=1,2,--- ,n). If node v; can directly obtain the information
of node v, there is an edge in the graph from v; points to v;, denoted as (v, v;) € g, and v; is the
child node of v;. For an undirected graph, if an edge connects v; and v;, then the two are parent-child
nodes, that is, if (v;, v;) € g, then (v;, v;) € ¢. In the adjacency matrix A, a; > 0 if (v;, v)) € g; oth-
erwise, a; = 0. Generally, it is assumed that a; = 0. The Laplace matrix L of graph G is defined as

L =diag{> ay,---,>_ a, ¢ —A.For undirected graphs, the Laplace matrix L is symmetric.
j=1 j=1

Additionally, denote the virtual leader as spacecraft 0, of which states are given by x, and v,. A leader-
following graph G contains the virtual leader and the original graph G of n follower spacecraft. b, = 1
if the ith follower spacecraft can access the virtual leader spacecraft directly, and b; = 0, otherwise. The
graph G is connected if there exists a path in G from the leader node v, to every node v;. If G is connected,
the matrix L + B associated with G is symmetric and positive definite [35], where B = diag(b,, - - - , b,).

2.4 Problem statement

This paper committed to developing a distributed control scheme such that all follower spacecraft
can track the virtual leader with the desired formation shape considering limited communication, i.e.,
lim ”xi —Ajp—x || <0, lim ”v[ —Ay—v || < 0,, where A, is the ith follower spacecraft’s expected
t—T t—T

deviation formation vector relative to the virtual leader, and o0, 0, are compact sets around zero.

Remark 2. We consider the desired position deviation formation vector A;, to be an internal parameter
of the ith follower spacecraft, which can be obtained without external communication.

In order to get the main results of this paper, the following assumptions are adopted.

Assumption 1. The desired states x, and its first two derivatives are uniformly bounded such that ||x,|| <
Bi, %]l < Bs, |IXo|l < Bs, where B, B,, By are positive constants.

Assumption 2. The disturbance d; is bounded and satisfies ||d;|| < dy., Where d,.. is a positive
constant.

Assumption 3. [36] For a constant X, we consider the control input restricted in a region such that
Xmin S Xsk < 1

Assumption 4. [37, 38] For the practical SFF system described by Equation (4) with input saturation,
8:(x;) should be bounded and satisfies || g,(x;) || < &max-

3.0 Distributed control scheme design

The procedure for designing the distributed control scheme is presented in this section. Firstly, a dis-
tributed event-triggered observer is designed with continuous communications, based on which we
proposed an event-based distributed observer without continuous communications. Further, a distributed
fixed-time controller is proposed for the follower spacecraft in the presence of the actuator saturation
and the input quantisation problems. The block diagram of the distributed control algorithm is given in
Fig. 2.

Remark 3. For the following reasons, we only add ETM in the observer, even though both the observer
and the controller occupy communication resources. Firstly, the communication resources saved by ETM
come at the cost of system performance; secondly, since the observer converges much faster than the
controller, embedding the event-triggered mechanism in the observer has minimal impact on the system
performance. If ETM is also embedded in the controller, it will save communication resources, but the
system performance will be significantly reduced.
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Figure 2. Schematic of the distributed control algorithm.

3.1 Event-triggered fixed-time observer design

This subsection develops the event-triggered fixed-time observer with continuous and without continu-
ous communications to reconstruct the virtual leader spacecraft’s information.

Define a auxiliary variable as £, = Z/": | d (f),-,o — 13,«,0) + b; (f:m - vo) where v;, denotes the estimation
of v, of the ith follower spacecraft, %; = ¥;, — v, is the estimation error, ¥ = [¥],7,, . .. ,?f]T, C=Hy=

[¢h el ¢

3.1.1 Event-triggered fixed-time observer with continuous communications
The event-triggered fixed-time observer with continuous communications for the ith follower spacecraft
is described as:

Pio = Pio(t) = —oysig® [¢(1)] — oasig?[£,(10)]
—0381g” [;,.(tk)] — 040bsat[§i(tk)] )

foo =inf{t >0y >0,¥),j=1,---,8} (10)
where

hi(8) =| Eg(1)] — ¢ |vig| — kor v/ @+ e (s [si0]) (11)

Vuij
With O<a <1, B>1, t€(0,1),0,0,,03,04, k.1, ks, k,3 are positive observer parameters, which
will be chosen later. Ei(t)=[Ey, - ,Ej, - -]T = 0,sigs [£:(t0)] + 0sig?[£,(10)] + 03sige[ £, ()] +
os0bsat[¢ ()] — orsigs [£,(0] — 0x5ig’[£,(0] — 03sig®[£,(1)] — os0bsat[¢, (D] = —Pio(8) = vu(t) wh-
ere vu(f) = 0,sigs [,(0] + 0:sigh[£.(D)] + 03sig*[£,()] + os0bsat[£,(n)]. obsat(x) = [obsat(x), - - - ,
obsat(x,)]" where obsat(x) is designed as:

x/8,, x| <6,

obsat(x) = (12)
sign(x), |x] >34,

Theorem 1. Consider the system Equation (4) with the designed observer Equation (9) and the event-
triggered updated rule Equation (10). Suppose Assumption 1 holds. v; will estimate v, in fixed time T,
if the parameters satisfy (1 — 1)o, > B; + k, v/ e't%2. Meanwhile, there always exists a non-zero bound
time for any two triggers, which means t,., — t, > t > 0, and t is a positive constant.
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Proof. Consider the following Lyapunov function candidate:

V. = -7 H7 (13)

where H = (L + B) ® I; describes the communication topology of the formation. The time derivative

of Equation (13) along with Equation (9) is given by
=50 =¢" 30—
=—¢"[E+01sig? (§) + 0358 (§) + 0s5ig” (¢) + 0s0bsatg) + 5,0

<I¢I"IE] — 0, sige () — 0:¢"sigh ()

—03§T5iga ©) - 04§Tobsat(§) - ;T‘}nO (14)

where E = [El, E29 IR En]Ta Vo = [VO’ Vo, vO]T € RS"X1~

Considering the event-triggered update rule Equation (11) and Assumption 1, we can imply the
following relationship from Equation (14):

V, < ¢IMIE| — 0,8 sige (£) — 0,8 Tsigh(§)

n 8
—03¢"sig“(§) — 0.¢Tobsat(¢) + By Y Y [¢,]

=1 j=1

< —0y(1 — )¢ sige (£) — 0,(1 — )¢ sigh (£) — 03(1 — 1)¢ "sig*(¢)

n 8 n 8
—0u(1 =0 > " grobsat(cy) + (Bs + knv/er ) 303" g

=1 j=1 i=1 j=1

<—0,(1 =BT [ 2]l —o0,(1 —)Bn) 2 | ]| — 051 —0) || £ ]|+

n 8
01—y Z grobsat(¢,) + (Bs + kel ) 33 |5 (15)

=1 j=1 i=1 j=1
where —¢'sig(0)=—Y""_, 30 (¢ ,,) — gl and —¢sighe)=—Y"1, Y0 (¢ u)Tﬁ
—(8n)"2" || ¢||'** are derived by Lemma 6 and Lemma 7.
Noting that 7, Z]‘S:l CliObsat(Ci/) = 5%, > (EUZ) +> I:é‘,j,'
{{,-j: gyl > 80}, k € [0, 8n].

For Equation (15), one has

where & ={¢;: ¢ 8.} 4=

8

n 8 n
—0u(1-0 Y ¢yobsat(s;) + (33 + k(,l«/w_koz) ML

i=1 j=1

<-—o04(1—10) |:Z|§,,|+ (Z|§,,) ]
+ (33 +kolx/e‘+_koz> > Jel + (33 +k01~/e1+_kuz> >l

—ou(1— L)Soik(z \;,])2 + (Bs +ka e 2) 3 [
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=—0.(1=0 Y || + (Bs + ke ) 3,
—outt =05 (Xlal) +ot-0 Y o

- o,(1 — 08,k

- 4
when k # 0, where the inequalities k ) (EUZ) > (Z |E,-j |)2 which are derived by Lemma 6 has been used.
It should be noticed that —o,(1—1)) ., Zj;l gjobsat(g;) + (B3 + kola/glJrkoZ) > Zj_‘:l lc;] <0
when k=0. It seems that the discussion of whether k=0 in Equation (16) is redundant from the

results, but the application of Lemma 6 introduces a singular term % Therefore, the discussion above
is necessary. We can rewrite Equation (15) as

(16)

Ve <—0i(1—0)@m)F [ 2] —o0y(1 —0)(8n) 2 || £+

o1 o g P (a7

Noting that V, = 13" Hy = 1¢TH'¢ <

< zx,,,.w) Il ¢ ||?, Equation (17) becomes

+8

Ve < —ox(1—0)(8n) T [2Amin(H)] 2

e | lte 1-—
Y 2 + 04( 7 L)sok (18)

which implies that V, converges to a small nelghbourhood of zero in ﬁxed time 7, < 1 / [Kl (1—22)]+

1/ [Kz(Hﬂ )] where k;, = 03(1 — L)[Z)\.min(H)] e LKk =0,(1 — L)(8n) = [Z)me(H)] = . Thus, we con-
clude that the estimation error v; =¥, — v, converges to a small neighbourhood of zero in fixed
time.

For E (1) = 0,sige[,(1)] + 02sig’ [£,(1)] + 0ssig” [£,(1)] + ousign[£,(1)] — oisige [£,(D)] —
0,8ig?[£.(1)] — 03sig?[£,() | — ousign[£,(1)], we have

_03(] - L)[Z)‘*mm(H)]

|Ey(t)| = ‘[olsigé (¢5) + 0asigh (&) + ossig® (&) + mobsat({,,-)] '

19)

I 1
< Jor—sig™™ (&) + oafisig” () + osesig” ! (@) +

From Equation (18) we know that ¢; is bounded, then we define the upper bound of
‘0] 51g ({,1)+02ﬂ51g5 '(C,j)—i—o;o(mg“ I(Cu)

as n,. Equation (19) can be transformed into:
‘Ey(f)| =N ‘CU} =< MPmax I:‘A/y(f) - {}Oij(tk)]

S nlhmax

;i (t) + B | (20)

where A, is the largest element in matrix H, n,;(%)= olsigi [{,-j(tk)] + 0,sig? [Cij-(tk)] +
038ig?[¢;(1) ] + ousign[¢; (1) ]- Since E;(r,) = 0, it follows when £ > f;:

’Ext)’ / 771 max

According to the triggering condition Equation (11), one has that the next event of state j of agent
i will not be triggered before h;(t)=0 or equivalently |E(r)|=10,sig?(|¢;(1)]) + tossig®(|¢;(1)]) +

ko1 V/ et w[4i0])  From Equation (21), one has:

n2zj(tk) +33’ dS (21)
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|Ei)(lk+1)| = 10,5ig’ (|§ij(lk+1) |) + tossig” (|§ij(fk+1) D

+ k()l el+kng tanh((Eij(tk+|)|)

Tkt 1
= / M max ‘nzq(tk) + B3‘ ds

3

Ie+1
S / m hmax
Ik

where 7;m. i8S the upper bound of mny(f). Equation (22) yields that #,, —# > k,/¢/
(r;.hmaX N2jjmax + B3 ) which is shown that Zeno-free is guaranteed. O

nZij max + B3 | dS (22)

3.1.2 Event-triggered fixed-time observer without continuous communications
This subsection proposes the event-triggered fixed-time observer without continuous communications
based on subsection 3.1.1. )

For the ith follower spacecraft, »; is the same as Equation (9). The triggering condition is
described as:

tk+,=inf{t>tk:g,;,->0,Vj,j=1,-~- ,8} (23)

where

t
gij(t) :/ nlhmax |n2ij(tk) +B3| dS

3

L
1 Lol ] it tanh(ko3 | &t | ) 24
l T Vj( k) + ( )

Theorem 2. Consider the system Equation (4) with the designed observer Equation (9) and the event-
triggered updated rule Equation (24). Suppose Assumption 1 holds. v; will estimate v, in fixed time T,
if the parameters satisfy (1 — 1)o, > Bs + k, v/ e't%2.. Meanwhile, there always exists a non-zero bound
time for any two triggers, which means t,,., — t, > t© > 0, and t is a positive constant.

Proof. According to Equation (21), we can obtain |E,-)(t)| < t; N1 P |12 (8) +B3| ds, te€[t, tiy).

Further, the triggering function Equation (24) enforces

|Eﬁ)}<_‘ U(tk)+_ Hk"zmh(lt'ﬁk”)‘ (25)

Noting that E; = —\;/,j(tk) — vy, Equation (25) can be transformed into

|ES@0)| 4 ¢ [958 + vis| < ¢ [D5(00)| 4 ko1 ez el ew]) (26)
which is is a sufficient condition for
<t V| + kot ¢! hoz tanb(| 0] ) 27)

Equation (27) is the same as the event-triggered updated rule Equation (11). Hence, similar to the
proof of Theorem 1, the estimation error ¥; = »; — v, converges to a small neighbourhood of zero in
fixed time T, < 1/ [Kl (1 — '+")] 1/ [Kz(Hﬂ )], and Zeno-free is guaranteed. O

Remark 4. Compared with the distributed fixed-time observer in [12], an additional term sig$ [;i(tk)]
is adopted in Equation (9) to handle certain nonlinear term generated by the fixed-time controller. As
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shown in Equation (43), we guarantee the fixed time stability of the entire closed-loop system with-
out recourse to the separation principle. Besides, the observer introduces an ETM without continuous
communications, reducing energy consumption significantly.

Remark 5. The sign function results in adverse chattering. Differing from the work of [12], the satu-
ration function is used in place of the sign function for the alleviation of chattering. The constant term
”4“4;‘)“ is thus introduced in Equation (18), implying that V, converges to a region. Nonetheless, the
region can be as small as desired by selecting parameter §. The region is correspondingly scaled down
to a smaller neighbourhood of the origin and the error caused by the approximation is negligible.

Remark 6. The ETM without continuous communications in Equation (24) is inspired by [17], where
the event-triggered mechanism is used in a consensus control scheme. Differently, Equation (24) embeds

a bounded nonlinear term /¢! unh(ks3|60[) | which realises a more reasonable trigger threshold with
characteristics of the exponential function and the hyperbolic tangent function in the transient and steady
state.

Remark 7. In view of Equation (24), the key rules in selecting the parameters are: The trigger interval
can be increased by increasing the parameter k,;. Subsequently, tuning the parameter k,, can adjust the
exponential convergence rate of the triggering condition during the adjustment period. Meanwhile, the
selection of k,; should ensure that k,; ]S,;,-(tk)‘ can cover the unsaturated area of the hyperbolic tangent
function.

3.2 Fixed-time controller design

In this subsection, a fixed-time distributed control scheme is designed for each follower spacecraft,
handling the actuator saturation and the input quantisation problems ingeniously without embedding
auxiliary systems. Define a auxiliary vector for ith follower spacecraft as

n

0;= Z a[/’[(xi —Ajp) — (x_;‘ - A_/,m)] + bi(xi - ALO —xo)
j=1

=Y le;+be, (28)
j=1

T
T.el, ....el ], then we have o =
He,. Based on the backstepping technique, the controller is designed as follows:

T
where e,; =x; — Ao — x,. Denote o = [07],07,...,07], e, =[e]

Step 1. Design of a virtual control scheme for y, = v, — v,y — A, + k;sigf (a;), where k; is a positive

parameter.

Consider y; as a virtual control input for the system ¢ =He, = He,=H (v,- —Vio— A,-,O —1—'171-), A
virtual control scheme for y; is designed as y, = —k,sig*(0;), where k; is a positive parameter, e, =
[l en,... e ] e =vi— Ay — vy

Consider the following Lyapunov function candidate

1 Tyy—1
V= Ea H o 29)

and the time derivative of V; is given by
Vi=oTe,=0"(v—9— A, + v)=0"(y +7)
=0"(y —y,) +0"v —ko"sigh(o) — ko sig"(o) (30)

where y = [y, v, %, va=[Pa s vats o vaT]
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According to Lemma 2 and Lemma 5, we can imply the following unequal relationship:

n 8
b -r) =X el bl = 2wl
=1 j=1 =1 j=1
- Tgio® 2170‘ Toi
§1+a0 sig (0)+1 K 'sig¥ (k) 31)

n

aTﬁggg (

where «k; = sige () — sige (yu)-
Substitution of Equation (31) and Equation (32) into Equation (30) yields that

7'sige (7) (32)

) < —aTsig (o) + —
o S1 g
STta’ ¢ l+a

_ 1421
V] < —klaTSigﬂ(a) _<k2 - + > O.TSiga(a)
| Y
1—a |
+ H_OllcTsig“(K)Jr ; V'sig? (¥)
142«
< —k 48 _ k _ I4a
<=k | ol (2 1+(x>”a”
1—a
ke (33)

1+« 1+«

Step 2. Design of the control scheme for u;.
The distributed fixed-time control scheme is described as:

F, *sig?e i
u=g'(x) [——” I'sig () —kssigz‘“(lci)]
2
+g7' () [—kasigh " (i) — kssig? ™ (k) ] (34

where F; =f ,(x;,v;) — 1.3,;0 — Ao + ki Bsigh ' (0)) 6, ks, ky, ks and ¢, are positive parameters.

Theorem 3. Suppose Assumption 2, 3 hold. With the implementation of the fixed-time observer
Equation (9) and the control scheme Equation (34). The control parameters satisfy 2ks Xm,,,( 1—-96)>

k 142 148 1k i
La, ki > 11+1;, ky > +1+a 1612 ka Xmin(1 — 8)(8n) 2 ilﬂly ks Xmin(1 — 8) > c102 + (i+: +2 1+a ,ol(1—
D(8n) T > —9t  Thep the tracking errors e,;, e,; for each follower spacecraft can converge to a

(-4 (H) @
region in fixed time T,.

Proof. Consider the following Lyapunov function candidate [30]:

V, = Z Z / sigh™ (sigé (s) — sig# (yd,-j)) ds 35)
=t =t

then the time derivative of V, is given by

¥, = pTsig™ () +ZZ/ —sig*™ 31g @ (s) — sig# (yd,,)) ds (36)

1 j=1
e
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For the second term in the Equation (36), we could rewrite it as

ZZ/ —sig?” s1g (s)—51g yd,, )ds_ZZ(Z—a) k,?o

i=1 j=1

(37)
vai =1 j=1
where
vij
Y, = / sig (sigé (s) — sig# (y,,,_-,-)) ds <2 | (38)
Vij
which is obtained by Lemma 2 and Lemma 5.
Substituting Equation (37) and Equation (38) into Equation (36), it can yield
V, < p7sig? () + 2 — ki 216 |« |
< p'sig (k)
1 - . -
2 — kS Ao H) | & || |y — ¥4 47 — kisigh (o) — kosig® (o) (39)

Noting that ||y — v, = 323 2[ie, | = 2748m) ¥ e, [lysig? @) < kil Iosie® @] <
i=1 j=1
k2(8n) 2 ||o||* where Lemma 2, Lemma 5 and Lemma 6 are used, we have

Vo <plsig o) e el e e 1P I +ek e o P + sl i [l o]l

Y - —a o 1 o o
<p'sig ) + e | el +Cl<1+0[ Il ™ + 7 9] )

1 B 1 «
k 1+B 1+B l+ot I+a
+c l(l—i-ﬂ Il +—1+,3 ol )+Cs<1+a l _l—i-oe ol )

T o N ck
=y'sig? (K)+(C102+ — )n I 4

+,3

foaye e | KB 146 oL

+ o +— 0 +— v "
1—|—oz” | 1+,3|| | 1+a” |

(40)
where ¢; =2 — @) kzé

)LmaX(H)’. G = 21_0[(8")]%& ,C3= C1k2(81’l)]77a .
Noting that y,=v;

—¥; — Ay + kysigf(a;), we substitute y,, Equation (4) and control scheme
Equation (34) into the first term in the left hand of Equation (40) and we can get

y;sig” (k)

— [k x @) sig™ ™" () + kax () sigh™ " (e)] sig> ™ (ie,)

+ [ks x () sig?~ (ie;)] sig>™ (c;)

F,- ZSi 2 K; ! .
+ |:Fi +d; +gx)d; — x () ””2+():| sig”™* (k;)
f
Tio® T B 420
S _k3Xn1in(1 - 8)"’1 Slg (Kl) - k4Xmin(1 - 8),(1 Slg (Kl) - k5X/m'n(1 - 5)”ICIH
F P e

— Xonin(1 = 8) > FIFT |sig? e ()| +(d; + g0e)d, ) [sig> )]
f
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Figure 3. Communication topology.

< ks Yo (1 — 8) 1" 1" (1)) — ka Yomin (1 — 8) 1" sig” ()

L/ dzmax + 8(gmax’/lmin)2

* 2Xmm(1 - 8) 2Ld

(41)

HA—ZO(

where the inequality |F,|" |sig?™ (i,)| < (1 — 8) L "”zg’;" + ZXW;{H) and Assumption 2 have been

used.
Noting that p"sig> (k) = Y p/sig>~*(k;), we can rewrite Equation (40) as

i=1

. cr+c 1
V,<— k min 1 —68) — - K o
2= |: 3 Xomin( ) — 16 I+a ] Il

1 cik; 1
— | kg Yoin(1 = 8)(8m) T — +
[4)( ( )(8n) 1_’_IS}IIKII
G e, C1kiB 148 % sl
+1+a||6|| +_1+ﬁ”0” +—1+aIIVI|
nit ndz + 8” ‘maxUWmin :
2Xmin(1 - 6) 2Ld

Consider the overall Lyapunov function V =V, + V; + V, and the time derivative of V is given by
the sum of Equation (17), Equation (33) and Equation (42).

y 1 1 1 1
V=D 011" = pou 1 011" = pug 1 K11 = pea 1 ]|

« 1
= Pes 1S = pea 11 = pe 1SN + s

I+o 1+B
2 2 2\ 2 2 2 2\ 2
<=LIEP+1alP+1el?) > =L eiP+ 1 el + 1 «l?) = +p (43)
-k -« . 148 Lk
Where paﬂ Zkl - %, Poa =k2 - Hl—iot - 1(?:19 pkﬂ =k4Xmin(1 - 8)(81’1) 2 = ii;y Do =k3Xmin(1 -
e ol-a 1- a1 1
8 —cie— L — 2= py=0)(1 = 1)(8n) 7, pry = 05(1 — 1), pr =01(1 — )(8n) = — <1+a§:l-+():>l+$ ;
oy 13 +81(Gmarttmin ) a-—osk 7 _ . .
Po=5—i5 T 2y + 2 L= max(p(,a,pm,pw), Iy = max(poﬁ,pkﬁ,p{ﬁ) are positive
constants.
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Table 1. Initial orbital elements of the virtual leader

Orbit elements Value
Semi major axis/km 6878.137
Eccentricity 0
Inclination/deg 42
Right ascension of the ascending node/deg 50
Argument of latitude/deg 20
Initial value of True anomaly during simulation/deg 0

Table 2. Desired states of each follower spacecraft

Desired states Spacecraft 1 Spacecraft 2 Spacecraft 3 Spacecraft 4
Desired position 77y [200 0 0]" [400 0 0] [600 0 0] [800 0 0]
Fr, [0 0 0] [0 0 o] [0 0 o] [0 0 o]
Desired attitude ¢, [1 0 0 0]' [1 0 0 0] [t 0 0 0] [t 0 0 0]
@ [0 0 o] [0 0 o] [0 0 o] [0 0 o]

Similar to the method used in Equation (38), we can derive that V, <2!"* || k||*>. Then, V = Vi1 +
V., + V, can be rewritten as

/g Y Y C — I ST
= 2hn(H) 2 max (H)
<IIIEIP+NalP+ 1 «l?) (44)
l—a . . . . . . .
where [ = max(m, 2 ) Substituting Equation (44) into Equation (43), it can yield
. lo( 14o 1/3 145
V——5V7? -5V +p, (45)
I =2

By using Lemma 1, we can conclude that ¢ and « converge to a region within fixed time T, <
1/ [ -(1— ”‘1)] +1/ [ o (22— 1)], which in turn implies that y and y, converge to zero within

fixed time as well. Since o = He and e, =y —y,+ ¥ — k;sigh(a) — k,sig”(d), we can obtain that the
tracking errors e, and e, converge to the origin within fixed time. [

Remark 8. It should be mentioned that Equation (8) is inspired by [39], which only achieved an asymp-
totic convergence result. In contrast, we deal with the actuator saturation and input quantisation problems
under the framework of the “adding a power integrator” technique in an ingenious way, by embedding
S Ll ) ”255:7“("”) in Equation (34).

Remark 9. Recalling the time derlvatlve of V, in Equation (33), it is noted that - || v||‘+<x would

be compensated by —o,(1 — ¢)(8n)* % ¢ ||”<x in Equation (17), which is generated by the nonlinear
term —olsigé [I;i(tk)] in Equation (9). By doing so, we guarantee the fixed time stability of the entire
closed-loop system without recourse to the separation principle.

4.0 Numerical simulations and results

The performance of the proposed observer Equation (9), Equation (24) and the control
scheme Equation (34) are tested in Numerical simulations. Four spacecrafts together with
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Table 3. Initial states of each follower spacecraft

Initial states Spacecraft 1 Spacecraft 2 Spacecraft 3 Spacecraft 4
Initial position  F,(0)7(0) [-75 5 —9] [-10 6 7.5] [8 9 —65] [10 -5 6]
FA(0)-Fo(0) [0 0 0] [0 0 o] [0 0 o] [0 0 o]
0.8361 0.9296 0.7636 0.9681
R " 0.3188 ~0.3267 ~0.459 ~0.009799
0.3296 ~0.1702 ~0.217 0.08571
~0.3011 0.01137 0.377 0.2142
6:(0) [-26 48 30] [8 —18 —40] [54 2 —61] [24 12 —9]
@(0) [0 0 o] [0 0 0] [0 0 o] [0 0 o]
Initial estimation ~ #(0)-Fo(0)  [200-7.5 5 —9]" [400-10 6 7.5]' [600+8 9 —65]" [800+10 -5 6]
71(0)-Fo(0) [0 0 o] [0 0 o] [0 0 o] [0 0 o]
0:0(0) [-26 48 30] [8 —18 —40] [54 2 —61] [24 12 —9]
@;0(0) [0 0 o] [0 0 o] [0 0 o] [0 0 o]
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Figure 4. Errors of observation.
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Figure 5. Errors of attitude and position.

one virtual leader are considered, as shown in Fig. 3. The adjacency matrix A is set as
[0,0.1,0,0;0.1,0,0.1,0; 0,0.1,0,0.1; 0,0, 0.1, 0].

Statistics show that approximately 73% of SFF missions operate in low Earth orbit (LEO), and
the vast majority of SFF missions are executed by small spacecraft with a mass of less than 500 kg
[25]. The simulation environment is therefore set up, so that spacecraft with a mass of about 100 kg
follow the virtual leader in LEO. For follower spacecrafts, the mass are chosen as m; = 102kg,
m, = 104kg, m; = 103kg, m, = 99kg and the inertia matrices are chosen as J; =[15.2, —0.04, 0.05;
—0.04,17.3,0.02;0.05,0.02, 19.5], J,=1[14.7,0.01, —0.06;0.01, 17.3,0.03; — 0.06, 0.03, 19.5], J; =
[15.4,-0.043,0;0.03,17.1,0.01;0,0.01, 20.7], J,=[14.9,-0.04,0; —0.04,16.9, 0.02;0, 0.02, 19.8].
The external disturbances are selected as f;, = 0.01[0.9sin(0.075¢ + 0.8i — 0.3), 1sin(0.09z +- 0.8i +
0.8), 1.1sin(0.067 + 0.8i + 0.2)]"N and 7, = 0.001[0.9sin(0.117 4 0.8i + 0.2), 1sin(0.125¢ 4 0.8i +
1.2), 1.1sin(0.1125¢ + 0.8i 4+ 2.2)]"N - m. Table 1 gives the virtual leader’s initial orbital elements.
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Figure 6. Control of the orbit.

The controller and observer parameters of the ith follower spacecraft are chosen as @ =0.9, 8 =2,
0, =0.5,0,=0.5, 03 =0.005, 0, = 100, k,, =0.0012, k,, = 7.8240, k,; =3,:=0.1,8,=0.001, k, = 1,
k, =0.05, k3 =0.1, k, = 0.5, ks =0.5. The dead zone of the control force and the control torque are
0.005N and 0.0004N - m, quantified density § =0.2. As shown in Table 2, we expect each spacecraft
to be 200m from the others and to have the same attitude. F, represents the virtual leader’s position
vector. F; — F, denotes the position deviation for ith follower spacecraft from the virtual leader. Besides,
Table 3 shows the initial states of each spacecraft. In order to describe the attitude more intuitively, we
have used Euler angles 6,(0) and 0;(¢) in the initial settings and the subsequent simulation figures. It is
worth pointing out that we still use the dual quaternion in the control algorithm, where the Euler angles
are used only to express the attitude change intuitively. The observer’s estimated initial value for the ith
follower spacecraft is taken as its initial state value.

4.1 Evaluation of control performance and convergence

To display the observation errors intuitively, we depict §,,7; in Fig. 4 instead of ¥;, where ¢, and F; are
observation errors of the virtual leader’s vector quaternion and position. It can be observed that all
follower spacecrafts can estimate the virtual leader’s velocity in a fixed time.

The time responses of the attitude quaternion and position tracking errors 8., r, of each follower
spacecraft are given in Fig. 5. The trajectory of the spacecraft’s position in the uncontrolled and the
controlled case during an orbital period of 5,578 seconds is shown in Fig. 6. It is important to note that
Fig. 6 uses an inhomogeneous coordinate system for more visual comparison. In addition, the mini-
mum value, maximum value, and standard deviation of the controller convergence errors from 250 to
300 seconds are explicitly described in Table 4, which is needed while implementing the engineering
solution of the mathematical treatment.

Figure 7 illustrate the control force and the control torque bounded by 0.52N and 0.02N - m. As
shown in these figures, the control output in the initial stage is saturated. Obviously, even in the pres-
ence of actuator saturation and input quantisation, the SFF system can estimate the states of the virtual
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Minimum value

Maximum value

Standard deviation

1987

#1 [/ I —0.2883°, —0.0231m 0.2957°, 0.0118m 0.2066°, 0.0106m
0,.r., —0.1753°, —0.0104m 0.1732°,0.0111m 0.1224°, 0.0069m
(. —0.1976°, —0.0129m 0.1952°, 0.0231m 0.1315°,0.0102m
#2 [/ O —0.2235°, —0.0123m 0.2209°, 0.0116m 0.1486°, 0.0080m
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Figure 7. Control torque and force.

leader effectively and track the trajectory of the virtual leader while maintaining the desired formation
configuration.

4.2 Comparison

To highlight the advantages of the proposed triggering condition Equation (24), we use the trigger
conditions in [17] as a comparison, which can be expressed as

t
gD = / -
s

where k,, is positive parameter. Meanwhile, to obtain a fair comparison, take the two cases of k,q =k, /€
and k,4 = k, ~/e'+*2 for comparison, where k,,+/e and k,; v/ e'*%2 are the upper and lower bounds of the

(46)

12 (%) +B3‘ ds —

A k04
Vi (tk) + T

1+
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Figure 9. Curves of triggering condition thresholds.

nonlinear term k,, v/ " 2 @k [60[) in Equation (24), respectively. The two cases are expressed as

! L 2 ko
gy = / M |12 (1) + B[ ds = 1= 190 + e 7
f +1 L
! 2 A kol 11k
8O = | M |12(t) + B3| ds — 1. vi(f) + Ve Hoa (43)
3

According to the statistical analysis of the trigger simulation data, Figs. (8)—(9) can be obtained.
Figure (8) plots the comparison results of the trigger threshold. The triggering intervals of the SFF
system is presented in Fig. (9).

We divide the convergence process of the observation errors into the transient-state phase and the
steady-state phase for discussion, aiming to demonstrate the superiority of the proposed ETM in detail.
(A). In the transient-state phase. Equation (24) has a larger trigger threshold than Equation (47), but
almost the same as Equation (48). Hence, the trigger times of Equation (24) is in the middle of the trigger
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Figure 10. Comparison of observer performance under different ETMs.

times of Equation (47) and Equation (48). (B). In the steady-state phase. Equation (24) has a smaller
trigger threshold than Equation (48), but almost the same as Equation (47). Therefore, the trigger times of
Equation (24) and Equation (47) are almost the same. Further, The norm distribution of the observation
errors of Equation (24) and Equation (47) are almost the same.

As can be observed in these discussions and figures, Equation (24) achieves the same steady-state
performance as Equation (47) with less communication penalty. It is because that the lower limit of the
trigger threshold of Equation (24) fluctuates with the accuracy compared with the stable lower limit of
the trigger threshold of Equation (46). In other words, Equation (24) realises the amplification of the
lower limit of trigger threshold when the error is large and the reduction of the lower limit of trigger
threshold when the error is small, that is the proposed ETM achieves the same steady-state performance
with less communication penalty.

However, there is no win-win situation in control systems. In fact, although Equation (24) has reduced
communication penalty compared to Equation (47), it has increased fuel consumption. Figure (10)

illustrates this with an examp'le 5}( and 9X of the follower spacecraft 1. For an observer, the fuel it

consumes is its control input f.. The quantitative analysis of the different ETMs is given in Table 5,
where errors distribution denotes the range of Z;] ZJ; |z;1/24 with observer error z;;, and total input

denotes Z?: . Z;’:l | ouy () with observer control input ou;. It can be calculated that ETM Equation (24)
achieves a 8.98% saving in communication resources at a cost of 2.62% fuel consumption compared to
ETM Equation (47).

Remark 10. It should be noted that the execution of the observer is fully digital and does not really
require the consumption of fuel, which is why fuel is quoted in the text above. In other words,
the application of the ETM in the observer designed in this paper circumvents the cost of its fuel
consumption.

Please note that ETM is only embedded in the observer and is not mounted on the controller.
Figure (11) illustrates the impact of different ETMs on the controller’s performance with an example
0., of the follower spacecraft 1. It can be seen that the observer embedding different ETMs has no effect
on the transient performance of the controller, which is due to the fact that the observer converges much
faster than the controller converges. Equation (24) and (47) have the same effect on the steady-state per-
formance of the controller, and Equation (48) causes the steady-state performance of the controller to
deteriorate. This is because the observation error of Equation (48) is higher than that of Equation (24)
and Equation (47) (as shown in Fig. 10), and the observation error affects the convergence error of the
controller.

Besides, to emphasise the advantages of the proposed control scheme, we reproduced the asymptotic
controller [40] and the finite-time controller [41] in numerical simulations for comparison. We consider
two performance indices for an intuitive comparison: (A) The Attitude Station-Keeping Absolute Error
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Table 5. Communication analysis of different ETMs for all spacecrafts in 10 seconds

Total trigger times Errors distribution (e — 4) Total input
Equation (24) 167 [—0.8475, 0.8364] 653.5
Equation (47) 182 [—0.8503, 0.8421] 636.8
Equation (48) 148 [—83.5347, 84.3176] 1513.0

[---Equation (24) —Equation (47) Equation (48)]
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Figure 11. Impact of different ETMs on the controller’s performance.
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Figure 12. The comparison curves of the two performance indicators.
(ASKAE) Z |qe, (B) The Position Station-Keeping Absolute Error (PSKAE) Z | r.;|. Figure 12

gives the two performance indicators’ comparison curves for each control scheme Obviously, the
proposed fixed time controllers demonstrate faster convergence rates in both performance indices.

5.0 Conclusion

This paper investigated the attitude and position coupled tracking control problem of SFF systems with
actuator saturation and input quantisation under an undirected communication graph. Since the commu-
nication bandwidth is limited, a resource-saving distributed control scheme was developed based on an
event-triggered observer and the adding a power integrator technique. It is worth remarking that the novel
observer realised the amplification of the trigger threshold when the error is large, but neither increased
the convergence time nor affected the final accuracy. Besides, the control scheme compensated the actu-
ator saturation and input quantisation in an ingenious way. Finally, a simulation of a four-spacecraft on
LEOQ is carried out to illustrate the successful application of the proposed distributed control algorithm.
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The control scheme subject to the limited communication under the directed graph will be investigated
in our future work.
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