IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received September 13, 2020, accepted September 16, 2020, date of publication September 18, 2020,

date of current version September 29, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3024573

Robust Satellite Formation Flying Controller
Design Subject to Communication Delays

YUE GAO', HAO LIU"“23, (Member, IEEE), AND YU TIAN?23

I'Space Star Technology Company, Ltd., Beijing 100086, China
2School of Astronautics, Beihang University, Beijing 100191, China

3Key Laboratory of Spacecraft Design Optimization and Dynamic Simulation Technologies of Ministry of Education, Beihang Univeristy, Beijing 100191, China

Corresponding author: Hao Liu (liuhao13 @buaa.edu.cn)

This work was supported by the National Natural Science Foundation of China under Grant 61873012 and Grant 61503012.

ABSTRACT A robust control method is proposed to address the satellite formation flying problem subject to
communication delays. Each satellite dynamics involves nonlinear dynamics, parametric uncertainties, and
external disturbances. Communications between neighboring satellites are affected by time delays. For each
satellite, the resulted controller includes a translational controller to maintain the desired formation pattern,
and a rotational controller to align the attitude. Theoretical analysis and simulation results are provided to
verify the advantages of the proposed formation flying controller.

INDEX TERMS Formation control, robust control, nonlinear system, uncertain system, satellite.

I. INTRODUCTION

Satellite formation flying is a timely and challenging problem
in aerospace. Compared to a traditional single satellite or
complex spacecraft, satellite formation flying can effectively
improve overall system performance, and has multiple advan-
tages: high reliability, flexibility, and low cost. As such, there
are broad application prospects related to deep space explo-
ration, near-earth surveillance, and commercial communica-
tion, as shown in [1]-[3]. However, there exist challenges
in the design of the satellite distributed formation controller,
because each satellite dynamics involves nonlinear dynam-
ics, parametric uncertainties, and external disturbances. The
parameter of inertia can be perturbed because of the satellite
on-board fuel consumption, and unknown external distur-
bances such as the Earth’s non-spherical gravity and solar
radiation pressure. Third body gravity cans also influence the
formation flying controller. An additional challenge relates
to the communication between neighboring satellites, which
introduces time delays that can degrade the formation control
performance and affect the stability of the global closed-loop
control system.

Previous results on the centralized formation control prob-
lem have been reported in [4]—[8]. In [4], a simplified linear
motion was used to describe satellite dynamics, and a linear
system control algorithm for satellite formation flying was
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introduced. In [5], a filter based on variable structure con-
trol concept was presented for satellite attitude synchroniza-
tion. In [6], a relative position keeping problem in satellite
formation flying was studied, and a composite nonlinear
feedback controller was established by using an algebraic
Riccati inequality and a low-and-high gain control strategy.
In [7], the formation control problem for a team of tethered
satellites actuated by reaction wheels and electromagnetic
dipoles was investigated, and a robust sliding mode controller
was designed for both translational and rotational dynamics.
However, for these designed centralized formation control
methods, the resulted centralized control structure introduces
requirements for the communication network bandwidth, as
shown in [4]-[8].

Moreover, considerable works have been done on the dis-
tributed control methods of satellite formation flying, while
undirected and directed graphs have been used to design the
distributed formation control protocol. Based on the undi-
rected graph approach, a suboptimal distributed controller
using linear matrix inequalities was designed in [9], and a
distributed optimal formation algorithm was studied in [10]
to solve the spacecraft formation control problem. Undirected
communication requires that each satellite can receive and
send information, while directed communication can reduce
requirements for communication equipment and links among
satellites. Satellite formation flying controllers based on the
directed graph approach were discussed in [11]-[14]. Dis-
tributed cooperative attitude synchronization and tracking
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problems were discussed in [11], but the influence from
uncertainties and disturbances on the global system was
ignored. Considering parametric uncertainties and external
disturbances, distributed controllers were developed based
on an adaptive control architecture in [12], while a bounded
output feedback control protocol was constructed in [13], and
a robust formation controller was designed in [14] and [15].
However, the effects of the communication delays between
neighboring satellites were ignored in the stability analysis
of the aforementioned controller design methods, as shown
in [9]-[15].

Due to the limitation of communication equipment and
distance, there usually exist time delays in the process of
information transmission among satellites. The influence of
time delays on satellite formation control systems were con-
sidered in [16]—[18]. In the presence of external disturbances
and communication time delays, a sliding mode control strat-
egy was designed in [16] to achieve the spacecraft formation
flying. The attitude control problem for satellite formation
with time delays was discussed in [17]. However, the con-
trol protocol designed in [16] and [17] were based on the
undirected graph. In [18], the attitude synchronization con-
trol problem for spacecraft formation flying with commu-
nication delays was dealt with, but the implementation of
the controller required a known amount of time delay and
only external constant perturbations were considered. How-
ever, the disturbance rejection problems subject to nonlinear
dynamics, multiple uncertainties, and communication delays
simultaneously were not further studied by these control
methods, as shown in [16]-[18].

It is challenging to design robust formation controller
for a group of satellites with communication delays when
the dynamics of each satellite involve nonlinearities and
uncertainties in both the position and attitude motions. First,
simplified dynamic models in [4] were used to describe
the satellite motion, but it is not accurate enough in com-
plex aerospace. The trajectory formation and attitude coor-
dination problems were discussed separately in [S], [19].
Second, uncertainty rejection problems were ignored in
satellite formation control problems reported in [11], [20],
and limited types of uncertainties were discussed in sta-
bility analysis of the constructed global closed-loop con-
trol systems as shown in [12], [20]. An on-line parameter
adaptation and a robust control law are involved in [21]
which were used to handle the matched parametric uncer-
tainty and the matched disturbance. An output feedback
robust controller is proposed by integrating an extended
state observer and a novel robust controller in [22] with
which one can estimate the unmeasurable system states and
the additive disturbances only with the output measure-
ment and delayed control input. However, the effects of the
communication delays between neighboring satellites were
ignored in the stability analysis of the aforementioned papers.
The effects of the communication delays between neigh-
boring satellites were also ignored in the stability analysis
in [3]-[5], [11]-[14]. Therefore, robust formation control for
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a group of satellites considering communication delays is still
open.

Therefore, to the best of the authors’ knowledge, the prob-
lem to restrain multiple uncertainties and communication
delays on the global satellite formation control system is
still challenging, while the communication is described by
the directed graph and multiple uncertainties include non-
linear dynamics, parametric uncertainties, and external dis-
turbances. In this article, the robust control problem for
satellite formation flying subject to communication delays is
addressed. Compared to previously published papers, the new
contributions in the current manuscript can be illustrated as
follows:

First, each satellite dynamics includes nonlinear dynam-
ics, parametric uncertainties, and time-varying external dis-
turbances. It is proven that the translational and rotational
tracking errors of the global nonlinear and uncertain control
system can converge into a given neighborhood of the origin
in a finite time. However, the nonlinear dynamics of the
satellites in the formation was simplified in [19], and the
disturbance rejection problems were not further addressed
in [20].

Second, the influence of the communication delays
between neighboring satellites on the global uncertain
closed-loop control system can be restrained, simultaneously.
The communication time delays and the uncertainties involv-
ing parametric perturbations and external disturbances are
included in the equivalent disturbances, and a robust com-
pensating control input based on the signal compensation
theory is introduced to counteract the effects of the equivalent
disturbances on the global system. However, the effects of the
communication delays were not fully studied in [3], for the
global uncertain satellite formation flying system.

Third, the communication topology among satellites is
described by the directed graph, and the resulted satellite for-
mation controller is distributed. For each satellite, the resulted
formation controller only depends on the state information
from itself and its neighbors. But, the distributed formation
control problems were not further studied in [18].

The outline of this article is shown as follows. The prob-
lem formulation including the graph theory, satellite model
description, and control objectives is introduced in section II.
The robust formation controller for the satellite group is
designed in section III. IV and V describe the robustness
properties and simulation results, respectively. VI concludes
the whole work.

Il. PROBLEM FORMULATION

A. GRAPH THEORY

To describe the communication topology among finite homo-
geneous satellites in the formation, a basic knowledge of the
graph theory is introduced here. Let ® = {1,2,--- , N} and
the satellites are numbered from 1 to N. Denote G = {V, E}
as a directed graph with V. = {vy, v, -+, vy} a finite set
of nodes and E € {(vi, vj) DV, v € V} a finite set of edges.
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Node v; represents satellite i and an edge (v;, v;) € E the
information can flow from satellite i to satellite j. Define a
connectivity matrix A = [a,-j] € RY*N The element a;j is
positive, if (vj, v,-) € E; a;; = 0, otherwise. Besides, a;; = 0.
Denote the in-degree of node v; as d; (v;) = Zf]: 1 aij, and
D = diag {d; (v;)} € RV*N the in-degree matrix. The graph
Laplacian matrix is defined as L = D—A. If there is a directed
path from a node to every other node, the graph has a spanning
tree and the node is called the root of the tree.

Notations: Denote Iy € RM*N ag an identity matrix,
cnj € RV>1acolumn vector with all 0 except for 1 on the j-th
element, 0,5, € R?*? a zero matrix, s the Laplace operator,
and ) the Kronecker product. Define a skew-symmetric
matrix S (-) for a vector b = [by by b3]T € R3*! as:

0 —bs by
S(b)=| b3 0 —b
—by by 0

B. MODEL DESCRIPTION
In this article, the leader satellite can be considered as a
virtual leader for the group of satellites and follows a circular

Ioel ol } denote an Earth-fixed

reference orbit. Let E; = {éx, Vs €

inertial frame, Ey= {éﬁ‘c” , ég” ,eM ] a leader satellite-fixed
frame attached to its mass center, and Eg;= [éfi, éfl-, éfi} a

body-fixed frame rigidly attached to satellite i. As shown in
[12], for satellite i, the relative translational dynamics can be
modeled as follows:

. 2 . 2
Pxi = @y, Pxi + 200, Pyi + Mg/ 1y, + txi + dai
3
— g (ro, +pxi) /77,
. 2 .
Pyi = @, Pyi — 20)0pr1‘ - Mgpyi/ri3 + uyi + dyiy
. 3
Pz = _ngzi/rj + ug + dy, €))
T .
where p; = [pxi pyi pi] € R**! represents the relative
translational position in EM and u,i=[ux,~ Uy; Uz ]T e R3x1
. . _ 3
the relative control acceleration vector. wg, = /g / 1o,

indicates the orbital angular velocity of the leader satellite,
g the Earth’s gravitational constant, ro, the leader satellite’s

orbit radius, r; = \/ (roL + pxi)z + pﬁi + p?i the distance

between satellite i and Earth, and dp; = [dx,- dy; dy ]T €
R3*! the acceleration caused by external disturbances includ-
ing the Earth’s non-spherical gravity, solar radiation pressure,
and third body gravity. Most of the parameters of the subscript
represent the dynamic parameters of a single satellite, and the
dimension is 3 x 1.

The attitude kinematics for a rigid satellite i can be
described by modified Rodrigues parameters (MRPs) as

o; = H (0)) w;, (2)

where o;=[01;, 09;, 03;]F is a parameter vector, w; =
T . oA
[wxi @y ;] € R3*! the angular velocity vector in Eg,

H(o)) = ((1 — 0iT0))I3 + 20i0;" + 25(07)) /4 an invertible
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matrix. The rotational dynamics for satellite i can be written
as

Jiw; = =S(w)Jiw; + T + dy;, 3)

where J; = diag {in, Jyi, Jz,-} € R3*3 is the inertia matrix of
each satellite, 7= T Ty rzi]T € R3*! the internal control
torque, and dU-:[dm- dryi drzi ]T € R3*! the external dis-
turbances. By combining (2) and (3), one can obtain that the
Lagrangian expression with respect to MRPs as:

M (07) i+ C (04, 6:) 6 = uri + H(o)) 'deiy, ()

where u;;=H '(0;)t; is defined as the torque control
input, M (o;) = H '(0))JiH ! (07), and C (0j,6;) =
H~Yoy) (JiH (o) + S (H(0)67) JiH (07)). From (1) and (4),
one can see that the translational and the rotational models
are highly nonlinear.Altitude and size of flying agents can
affect the model parameters of these agents which have great
influence on the controller design.

C. PROBLEM DESCRIPTION

In this article, the control objectives for the satellite group are
to form desired time-varying formation patterns and trajecto-
ries, and achieve the satellite attitude consensus. Denote £;;
and ¢5(i,j € ®) as the desired translational and rotational
deviations between satellite i and satellite j, respectively. Let
p" e R¥>*and 0" € R3*! represent the desired trajectory
and attitude of the virtual leader, and assume that the sec-
ond derivatives of p” and o” satisfy p"=0 and ¢"=0. Let
Sij = &pi — Gpj and Loij = Loi — Loj(i,j € P), where
{pi and ¢4; indicate the desired translational and rotational
deviations between the leader satellite and satellite i, and
Z?’:l £pi=03x1. In order to make all satellites reach a con-
sistent attitude, s is set to be 031 and thus ¢5; = 0.

To analyze the robust control problem, the real parame-
ter of the satellite motion model can be divided into two
parts: one is the nominal part expressed by superscript N,
the other is the uncertain part expressed by superscript A.
Therefore, for example, J; = JV +J2 and M(0)=M" (0;) +
M?(0;). The parametric uncertainties are bounded and satisfy
||M “LepMA (o)) ||1 < 1. The feedback linearization control
scheme is first applied to the satellite translational model (1)
and the rotational model (4). Design the virtual translational
and rotational control inputs uy,; = [upx,- Upyi Upzi ]T e R3x1
and ug; = [ Uo1i Uo2i Uo3i ]T € R3*! to cancel nonlinearities
as:

Upsi = Uxi — g (ro, +pxi)/17 + ,U«g/rgL,

Upyi = Uyi — LgPyi/T7

Upsi = Uz — [gPi/T,

i = MY @) (i = C @160 G) . (5)
Then the satellite motion (1) and (4) can be rewritten as

Bi = Coyipi + Copi + ttpi + Dy,

6 =uoi+ Agjsi €D, (6)
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where
0 209, O

Chi=|-2w0, 0 0],
0 0 0
[w} 0 0

N . 2

Chi=| 0 @ 0
L0 0 0

Api € R¥™> and A,; € R3*! in (6) represent equivalent
disturbances, involving parametric perturbations and external
disturbances, which we’re dealing with to restrain the effects,
and satisfy the following equations

Api = dp;,
Agi = M~ (o)H ™ (o))dsi
— M 0)M A (0)ugi
— M~ (0)C? (01, 67) 6. @)

The external disturbances dy; and d; are assumed to be
bounded.

Remark 1: It can be observed from (6) that the real motion
model of the satellite includes a nominal model and the
equivalent disturbances. In fact, the satellite model (6) can
be regarded as the nominal model by ignoring the equivalent
disturbances Ap; and Ag;.

1. FORMATION CONTROLLER DESIGN

In this section, a formation controller is proposed for the satel-
lite group, which includes a translational formation controller
to form the desired formation patterns and track the desired
trajectories, and a rotational formation controller to make the
satellite attitude consensus.

A. TRANSLATIONAL FORMATION CONTROLLER DESIGN

The translational control input u,; () for satellite i is designed
as:

upi (1) = by (1) + s (1) i € D, 8)

where ”5;‘ € R3*! is the nominal part for the nominal model
to achieve desired tracking properties, and uffi e R js
the robust compensating part to restrain the effects of A;
in (6) on the closed-loop control system. It should be noted
that there exists a communication delay ~# when satellite i
receives information from its neighbors. The communication
delays are nonnegative and assumed to be uniformly bounded
functions, satisfying h = max Ihllc < oo and hg =
max ||h||0<> < 1. In this case, by ignoring the equivalent
disturbance A,;, the nominal translational control input uﬁ’l
can be designed to achieve desired translational tracking
properties as:

upy = —ar Y ayKy (pi (1) = pj (t = h) = &)
jeN
—ar Y agKp (pi (1) — pj (t = h) — &pi)

JeN
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—arBiKy (pi (1) — &pi — P (1)

—ap iy (pi (1) — i — p7 (1)), ©

where o € R!*! represents a scalar coupling gain, f;
is a constant indicating the connection between the virtual
leader and satellite i. When B; = 1, the virtual leader
can transmit information to satellite i, otherwise f; = O.
K,, K; € R¥3 are diagonal nominal controller parameter
matrices to be determined. Define M, = M € R®*® and
I, = Hg € R¥3 are symmetric and positive definite
matrices. Let K= [ K, K | and

03 I |03
=l o ]e=[2]

Then the nominal position controller parameter matrix Kjp
can be given by K5 = H;IBZQ,,, where Q) is the positive
definite solution to the following Riccati equation as:

ATQp+ QpA; + M, — QpB.T1'BT 0, = 0.

Considering the communication delays, one can obtain the
new equivalent disturbance A;i in the translational model,
satisfying

A;i () = Dpi (t) + Appj () — Appj (8 = h), (10)
where Ap,i (1) = ar Y aijKypj (1) + ar Y a;iKppj (1), and
jeN jeN

J J

Appj (t)— Appj (t — h) represents the mismatched term caused

by the communication delays. Based on a robust filter F;(s),
R

Uy,; can be constructed as:

U (5) = —Fpi(s)A%; () i € @, (11)

where Fji(s) = diag{Fp1,i(s), Fp2,i(s), Fp3,i(s)}, Fpi,i(s) =
pzl’i/(s —i—ﬁ,[,l-)z(l = 1,2, 3)with the positive robust filter
parameters f,; ; to be selected, and f,; = diag {f,,i} € R .
From [23], [24], one can see that lager robust filter parameters
yield wider frequency bandwidths. In this case, F; (s) can
get closer to a unit matrix, and thus ullfi (s) can get closer
to the equivalent disturbance A;l.. However, A;l. cannot be
measured directly in practical applications. Then, from (6),
one has that

Ani = pi = Chupi — Cobipi — pi. (12)

Therefore, substituting (12) to (11), one can obtain the real-
ization of “1151' (t) by the following state-space form as:

(0 = —fpdl; () + upi (0
- (fpzz + Co\fpi — Cll,\é)Pi 0,
B0 = s 0 + (i + ) PO+, 0,
uR (1) = —fpi (1) + fdh; (1) i € @, (13)

where 2, (1), 2. (1) € R are the filter states.
Remark 2: 1t should be pointed out that i represents the
communication delay when satellite i obtains information
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from its neighbor. In fact, £ is involved in the control input,
which can affect the global closed-loop control system.
It should be noted that there exists a communication delay
h when satellite i receives information from its neighbors.
The communication delays are nonnegative and assumed to
be uniformly bounded functions, satisfying # = max 1hlls <
oo and iy = max ”h“oo <1.

B. ROTATIONAL FORMATION CONTROLLER DESIGN
Similarly to the design process of the translational formation
controller, the virtual rotational control input u,; (#) can be
divided into the following two parts:

Ugi (1) = ul, (1) +uf; (1),

where ”51’ ), uffl. (1) € R¥>! are the nominal control part
and robust control part, respectively. The nominal control part
uf (1) is designed similarly to u,f,. () as:

F
Uy, = —1NF Za,-ng

icd, (14)

(01 (1) — 0y (t = h) — Loi)

JEN
—nF Y a;iKs (61 () — 65 (t — h) — &)
jeN
— 1 BiiKs (07 (1) — Loi — 0" (1))
—nrBiiKs (61 (1) — Loi — 67 (1)), (15)
where Ky, Ks € R33 are diagonal nominal controller

parameter matrices. Let Ks=[ K5 Ks |. Considering sym-
metric and positive definite matrices M, = M! e R®*6
and I1, = Hg € R3>*3, one can obtain K5 by K5 =
H;lBZT Qs , where Q, is the positive definite solution to the
Riccati equation

AT Qs + 0sA, + M, — QsB.T1;'BT 0, = 0.

By considering the communication delays, one can obtain
the new equivalent disturbance A;‘; ; in the rotational model,
satisfying

AL (1) = Doi (1) + Apgj () — Dpoj (t —h),  (16)

where Ajqj (1) = o Z a;jKy0; (t) +ar ) a;jKs6; (1), and
JeN
Apoj (1) = Dpgj (t — h) 1ndlcates the rnlsrnatched term caused

by the communication delays, which will affect communi-
cation between satellites and reduce the performance of the
controller. Similarly, the robust part u§i can be constructed
as:

Ul (5) = —Fri(9) A%, (), (17)

where Foi(s) = diag{Fs1,(s), F52,i(s), F53,i(s)} and
Fori(s) = f2./(s+fo1)’( = 1,2,3) with the positive
robust filter parameters f5; ;, and f;; = diag {fol,i} e R3%3,
uffi (t) can be realized in a similar way as the following
equations:

2 (t) = —fi2 (6) — 00 (1) + ug (1)
25 (1) = —foizpp (t) + 2foi0i () + 27 (1),
uB (1) = —f2oi (1) +£225 (1) i € ®. (18)
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Remark 3: A relative motion model including the leader
satellite and the deputy satellites was discussed in [12], and
the resulted formation controller was distributed based on
the model. In the current paper, the proposed formation con-
trollers expressed in (8), (9), (11), (14), (15), and (17) are
distributed, because controller design only needs information
from satellite i and its neighbors.

IV. ROBUSTNESS PROPERTIES
Define the translational and rotational tracking errors of

satellite 7 as ep; = [e,,j,i] = pi— i —p € R3x1
and e,; = e(,/i] = o0, — lyi — 0 € R¥*L
T
T T
Let X, = I:p' p,] :[ij’i] e R and Xoi =

[e(rT 6(:, ]T= [ng,i] R*! Then, by combining (6), (8),
(9), (14), and (15), one can obtain the error system model for
satellite i as follows:

Xpi (t) = —nrB: Y agK, (epi (t) — ey (1))
JEN

—nrB; Z a;iK; epl ) — epj (t))
jeN

—nrBiB; (erpi )+ Kj)épi (t))

+AXyi (1) + B. (u,’f,. (1) + A% (t)) ,

Xoi (t) = —nrB. Y aijKy (ei () — €5 (1))
JEN

—nrB; Z alj eO'l @) — ézfj (t))
JEN

—nrPiuB; (Kseoi (t) + Kséoi (1))
FAXy: (1) + B, (u§,- (1) + A¥, (r)) . (19)

Now, the global closed-loop error system can be rewritten as:

X (1) = Uy @By (ul (1) + A5, 0)
+ (I ® A, — nr(L + Br) ® B.K3)Xpi (1)
= ApX, (1) + B: A, (1),
X () = Uy ® B) (4 (0 + A%, (1))
+ Uy ®A; —nr(L + Br) ® BK5) X5 (1)
= AsXo () + B:A, (1), (20)

where By, = diag {B;i} € RN,X,, e ROV*1 and X, € ROVx1,
Let A;(i € ®) represent the eigenvalues of (L + Br) and
Amin = min;epRe(A;). From Theorem 1 in [26], when the
graph G has a spanning tree and the root can obtain the
information from the virtual leader, if nF > Amin/2, Ap
and A; are asymptotically stable. Because the effectiveness
of the nonlinear model for satellite has been validated by
the experiments and our proposed robust formation control
method has been checked by simulation tests based, our
proposed robust formation control method can be suitable for
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the multiple satellite s to achieve the real flying formations in
experimental tests.

The robust compensating inputs ullfi (t) in (11) and u§i (1)
in (17) can be represented by the following sate-space
forms:

Xria,i(t) = Arit,i(fa,)Xria,i(t) + 2,1 A% 4,

uy (1) = =3 ofaiXra,it). k =p,o; 1=1,2,3, (21)
where
—fit,i 0
Ara i(fai) = ~ )
Rkl,l(ﬁ(l,l) I:fkl,i _fkli

Let Xgp(t) = [Rpl (0. XE (0. X RP3 l(r)] c RNxI,
X (1) = [XE, 1 0. XEy 0. X 0] € BV, Ri) =

(X[ 0. X5 0] & = p.o), Ax = diag l—c{ fuil €
R3VXON " Ap = diag {Ari,i(fiu,)} € RV*ON, Bpy =
diag {cy,1} € ROVSN(1'=1,2,3),Ba1 = Bka,and Af(t) =
[Af(1)] € RY*!. From (20) and (21), the translational and
rotational error models can be rewritten as:

Xi(t) = A Xi(t) + By AF (1), k = p, o, (22)

« A; B:AAT - Ba
Ay = k < By = :
k |:06N><6N AR } ¢ |:BA2

The equivalent disturbances involved communication delays
Aj and A7 are assumed to satisfy

where

1 1
| A3 @) < hewa 1EC — hO)I+ Y g Ng (=P ()]
=0 =0

+ Yk, k=p,0; 1=0,1,

where Ao and A, are positive constants, yig is uniformly
bounded positive function involving the external disturbance
di, and E(t) = [T(r) T (1), L), & (t)] From (4)

and (8), the equivalent disturbances A} and A7 satisfy
that

1
A <D rew 1EE — hie)l + yia
=0
1
+ D dut Oz 1 E(2 = hy(e)])
=0
1
+ > hakt Fiom IXriE = i eDDD,  (23)
=0
where Ap(k = p,o) are positive constants, Xgi(f) =
diag(Xg1 (1), Xre2 (1), Xgk3 (@), fom = Wil he =
max; |14l oo, hae = max; |y . and ho(t) = 0. Define k =

H I lB , Auko and A,k are positive constants and selected

to satlsfy 2 huk1 < [1 — k(BAuko + Ak )11 — k). The delay
h, cannot be arbitrarily increased. Denote Py (k = p, o) as the
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solution to the Lyapunov equation: PyAy + A;Pk = —Ion.
From (12), one can obtain that the matrix A; is Hurwitz,
thereby Py is positive definite. There exists a positive constant
Apy satisfy

HPkBk H <imfy!, k=po

Theorem 1: Consider the translational and rotational
model of the satellite in (1) and (4), and the robust formation
controller proposed in Section III. For a given initial time fy,
a given bounded and piecewise continuous initial state E (7),

€ [to — he. 1], and a positive constant &, there exist posi-
tive constants x; (k = p, o) and T such that for any f, Ey (¢) is
uniformly bounded for ¢t > #y and satisfies that ||E ()] < e,
vt >T.

Proof: Consider the Lyapunov function candidate with-
out the communication delays as:

VIR®) = Y X OPX(). (24)

k=p,o

One can yield its derivative as follows:

&) == Y (IEOI + X 1)

k=p,o
+ > 2% (OPiBr A ()
k=p,o
== Y (IEOI + X011
k=p,o
+ O 2UEON+IXri (O Apifiy | A5
k=p,o
(25)
Define & = Z}:o ABkAukls e = Z}zo ABiAert +

o MBkhudMEs  Euk = S0 Bk
Efk = Yl_oMBkhekl + Yo ABKhukiMEs Eek =
23 o hBkhekts Eusk = 23 )_orBkhenss and =
2ABkVkd- Substituting (23) into (25), one can obtain
that

Vi(X ()
<= > (0 —éa —Epfin)IELD]?

k=p,o

= Y (= &k — Epfiy DI Xk (D11
k=p,o

+ Y Epll Bt — i),
k=p,o

+ Y Gk IXri e — ()]
k=p,o

+ Y & B,
k=p,o

+ ) & Xm0, (26)
k=p,o
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Satellite 1

P4

Satellite 3 Satellite 4

FIGURE 1. Communication graph of satellites.
Then, the communication delays are introduced to obtain the
final Lyapunov function candidate as:

VX(), 1) = Vi(X (1))

3 S e [

t
i t—hy(t)

+ kZ Z;zo €NE/

t
— t—hy(t)

I Xgi (0)lI%d

2

IE(DIl dz, (27)

where &vp and &yg are positive constants, and satisfy
1 — 26N > ek, 1 — 26NR > Suk, and 2(1 — hae)éNR > Eusk-
By differentiating (27), one can obtain that

VX, 1
1
S VIRE)+ DY Y Enel Bl
k=p,o [=0
l -
— Y > Ene(l — ha) |Ex(t — @)1
k=p,o [=0
1
+ Y > evrliXm(0)))?
k=p,o [=0

1
— Y > k(= hao) I Xric(t — @)1, (28)

k=p,o [=0

Let mx = 1 = 2éng — bk = Eotf o TTRE = L = 26k =
Suk — ‘?ufkfk:n s Tesk = 2(1 — hge)éNg — Eesﬂ(fk:n > TRsk =

21 — hae)enr — Eusks and 7y = Epif, ! Substituting (26)
into (28), one can obtain that:

VX, 1
<= Y mallEOIF = ) mrellXre ()]

k=p,o k=p,o

— Y TRk Xk (t — ha())])?
k=p,o

— Y el E(t — ha@e)]?
k=p,o

+ 3 BN+ Y m IXme@ll. (29)
k=p,o k=p,o
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FIGURE 4. Velocity response by the proposed controller.

One can observe that if the robust filter parameters fi,,,(k =
p, o) satisfy

Jim > e /(1 — 2EnE — Eat),

Sim > Euﬂc/(l — 26NR — Suk),

fin > Eesp [2(1 = hadene,  k =p, o,
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FIGURE 5. Translational tracking error by the proposed controller.
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FIGURE 7. Three-dimensional trajectory by the leader-following

controller.
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FIGURE 6. Rotational response by the proposed controller.

then, ¢ and 7gy are positive, while gy, esk, and . are
nonnegative. Therefore, for a given initial time ¢,, a given
bounded and piecewise continuous initial state E (t), T €
[to — he, to], and a positive constant &, there exist positive
constants f; (k = p,o0) and T such that for any fi; > fu,
Ej (1) is uniformly bounded for r > o and satisfies that
IEOI <e Vix>T. U

V. SIMULATION RESULTS
In this section, numerical simulation results of four satellites
have been given to verify the effectiveness and advantages of
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FIGURE 8. Velocity response by the leader-following controller.

the proposed formation controller, and thus ®={1, 2, 3, 4}.
The satellite model in Section II is used in the simulation
test with the Earth’s gravitational constant p=3.986 X
10'4, the nominal inertia matrix of each satellite J¥ =
diag{4.34, 4.33, 3.66}, and the leader satellite’s orbit radius
ro, = 74 x 10°, and all parameters are in interna-
tional units. The trajectory of the virtual leader is given by
p- = [0202¢ O.ZI]T and the desired attitude is o’ =
[0.05 0.05 0.05 ]T. The four satellites are required to form
a pentagon formation pattern as ¢; = 10 (1 - e") c3.1,
& =10 (1 - e_’) c32, 03 = —10 (1 - e_’) c31,and &y =
—10(1 — ™) c3,2. Only satellite 1 can obtain the informa-
tion from the virtual leader, and thereby g;;=1, B;=0,
Bi3= 0, and Bj4= 0. The topological relationship of the four
satellites is described as Fig. 1 and structure of the proposed
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FIGURE 9. Translational tracking error by the leader-following controller.
FIGURE 11. Rotational tracking error of four satellites with 0.3 s
communication delay.
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FIGURE 10. Rotational response by the leader-following controller.
(c) Response of ay

FIGURE 12. Rotational response of four satellites with 0.3 s

controller is described as Fig. 2. The adjacency matrix A s~ communication delay.

given by ; ;
00 0 0 03(0) = [000]", and 04(0) = [ —0.04 —0.04 —0.04]".

1 0 0 0 The external disturbances used in [12] were time-invariant.

[Aij] =lo 1 0o o However, in the current paper, time-varying and non-

1 0 0 0 vanished disturbances are considered to simulate complex

space environment. The real satellite parameters are cho-
sen to be 15% larger than the nominal parameters and
the external disturbance torques are selected as: d, =
[5sint 5sint 0.1sin¢ ]T for the position control input and

dr = 0.3[sin0.57 sin0.5¢ sin 0.5 ]T for the attitude torque.

The initial conditions of the four satellites are given
as: pi(0) = [500]", p© = [050]", p30) =
[-500] . ps@=[0-50]",pi0)=[000]" (i € @),
a0 = [010101]", 0200 = [0.120.120.12]",
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FIGURE 13. Velocity response of four satellites with 0.3 s communication
delay.
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FIGURE 14. Translational tracking error of four satellites with 0.3s
communication delay.

The scalar coupling gain is set to be r = 1. The communica-
tion delays are assumed that ||4.(¢)||oo < 0.1s. The nominal
controller parameters are selected as: K, = diag {20, 20, 5},
K, = diag {25, 25,7}, K; = diag {100, 100, 100}, and K5 =
diag {90, 90, 90}. The robust filter parameters are selected as
fpi = diag{7,7,30} and f5; = diag{7,7,7} according to
Remark 4 for better control performance.

Figs. 3, 4, 5, and 6 depict the three-dimensional trajectory
pi, velocity response p;, translational tracking error ep;, and
rotational response o; of the four satellites, respectively. The
red, blue, pink, and black solid lines indicate Satellites 1-4,
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communication delay.
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FIGURE 16. Rotational response of four satellites with 0.6 s
communication delay.

and the black dotted line represents the formation pattern.
It can be seen that the steady-state translational and rotational
tracking errors are nearly 0.2 m and 0.003. Besides, the
proposed robust formation controller in Section 3 is compared
to a leader-following controller introduced in [27] for the
satellite group. Limited types of uncertainties were discussed
in stability analysis of the constructed global closed-loop con-
trol systems, the effects of the communication delays between
neighboring satellites were ignored in the stability analysis of
the [27]. The experimental result is a proof of theory. In addi-
tion to the above reasons, [27] depict the rotational response
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of the four satellites by the proposed controller. Since the

error of following two followers is independent of each other, to each other. But they will be slightly different caused by
the algorithm error is easy to diverge without feedback and disturbance and uncertainty.

compensation, which cannot affect the proposed controller. To test the effects of the delay, three sets of different
Figs. 7, 8, 9 and 10 show the formation trajectory, velocity time delays, i.e., h=0.1 s, h=0.3 s, h=0.6 s are set up
response, translational tracking error and rotational response respectively. At the same time, a different group is set up to
of the satellite group respectively, and the steady-state transla- test the effects of the number of satellites for the response
tional and rotational tracking errors are approximately 0.5 m comparison, with three satellites. Figs. 11, 12, 13 and 14
and 0.03, by the leader-following formation control scheme. show the rotational tracking error ey;, rotational response
In Fig.6 and Fig.10, three rotational responses are close but o;, velocity response p;, and translational tracking error e;
different, the initial condition and the trace condition are close of four satellites with a communication delay of 0.3 s.
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FIGURE 21. Three-dimensional trajectory of three satellites with 0.1 s
communication delay.

10 L L L I I I I I !

0 5 10 18 20 25 30 35 40 45
Time (s)
(a) Velocity along 17
4 [_ T T T T f T
< ‘.IL 1
Z o= 1
) 1 B
<-4r b
6F i
8 . . 1 I I I I I I
0 5 10 16 20 25 30 35 40 45
Time (s)
it Py
o i . . (b)‘ \eloul.‘_\ along &

01 . . | I I I I I I
0 5 10 15 20 25 30 35 40 45
Time (s)
(e) Velocity along e”

FIGURE 22. Velocity response of three satellites with 0.1 s
communication delay.

Figs. 15, 16, 17 and 18 show the rotational tracking error e ;,
rotational response o;, velocity response p;, and translational
tracking error ep; of four satellites with a communication
delay of 0.6 s. Figs. 19, 20, 21, 23 and 23 show the rotational
tracking error e,;, rotational response o;, three-dimensional
trajectory, velocity response p;, and translational tracking
error ep,; of three satellites with a communication delay of
0.1 s. It can be seen that the mutual influence between the
satellites, the degree of curve fluctuation and the convergence
time increase as the communication delay increases. And the
impact decreases as the number of satellites decreases.

From these simulation results, one can observe that the
desired translational and rotational tracking control can be
better achieved under the influence of nonlinear dynamics,
parametric uncertainties, external disturbances, and commu-
nication delays.
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FIGURE 23. Translational tracking error of three satellites with 0.1 s
communication delay.

VI. CONCLUSION

A robust formation controller design method is proposed to
address the problem of satellite formation flying subject to
nonlinear dynamics, parametric uncertainties, external distur-
bances, and communication delays. The proposed formation
controller includes a translational controller and a rotational
controller, to govern the translational motion and the rota-
tional motion respectively. It is proven that the translational
and rotational tracking errors of the global closed-loop con-
trol system can converge into a given neighborhood of the
origin in a finite time. The numerical simulation results are
given to demonstrate the effectiveness and advantages of the
designed formation flying controller. The proposed method is
applicable to almost all other flying agents, not just satellites.
In future, the robust optimal controller via the reinforcement
learning method will be studied to achieve the desired satel-
lite formation flying. The new formation controller will be
designed, independently of satellite model parameters.
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