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ABSTRACT. This paper investigates the flexible satellite attitude control system (ACS)
with time delay, actuator fault and disturbance. Based on robust control technique, a
control strategy is proposed to improve the performance of ACS; meanwhile, the distur-
bance and actuator fault are estimated accurately by composite observer. Specially, the
correlative factor of time delay is built to decrease the impact of time delay on flexible
satellite ACS. And lastly, the effectiveness of the presented method is illustrated by sim-
ulations.
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1. Introduction. The flexible satellite is one of the most important devices for human
to explore the space. To work persistently in space, the flexible satellite must carry one
pair or more solar panels to provide sustainable energy [1]. The solar panels are flexible
appendages, which may cause time-varying disturbance to affect the stability of flexible
satellite ACS [2,3]. Therefore, the disturbance must be considered in the ACS design of
flexible satellite.

Due to the high stability demands, many sophisticated control methods have been
applied to handling the disturbance of flexible satellite [4-6]. In [7], disturbance observer
based control (DOBC) and feedback controller were proposed to estimate disturbance and
obtain desirable performance. A novel control scheme was proposed to further improve
the accuracy of flexible satellite based on DOBC and the state observer in [8]. However,
the control and feedback information are transmitted over the network, and the network
communication delay often exists in the ACS of flexible satellite. Thus, the time delay
cannot be ignored in flexible satellite ACS.

To achieve the high precision of flexible satellite ACS, the input delay was considered
to enhance the reliability in [9]. In [10], the technique of time delay compensation was
introduced to weaken the impact of time delay on flexible satellite ACS. In addition to
time delay and disturbances, the actuator fault is also one of the factors, which affects
the performance of flexible satellite ACS. To handle the actuator fault, the fault-tolerant
control (FTC) and Chebyshev neural network were combined to improve the accuracy of
flexible satellite ACS in [11]. In [12], a reliable controller was designed based on FTC
and sliding mode control (SMC), and the stability of flexible satellite ACS was improved
under actuator fault. However, in order to guarantee the attitude control performance of
flexible satellite, the disturbance, time delay and actuator fault need to be further studied
together for flexible satellite ACS.

Motivated by the above, disturbance, time delay and actuator fault are taken into
account for flexible satellite ACS in this paper. Based on composite observer and robust

DOI: 10.24507 /icicel. 14.10.971

971



972 X. XU, M. CHEN, Q. WU AND R. MEI

control technique, a feasible control strategy is proposed to improve the performance of
flexible satellite ACS, and the time delay correlative decomposition factor is introduced
to lower the impact of time delay on flexible satellite ACS. Finally, the effectiveness of
the presented strategy is proved by simulations.

2. Model Description of Flexible Satellite. The dynamic equation of a single axis
rotational flexible satellite [13,14] is described as follows:

{ Ja(t) + Gi(t) = u(t) + F(t)

fit) + Confi(t) + Ap(t) + GTéi(t) = 0 )

where J denotes the rotational inertia of the satellite, «(t) represents the attitude angle,
G is the rigid-elastic coupling coefficient, p(t) denotes the flexible modal coordinate,
u(t) is the control torque, F'(t) represents the bounded fault of reaction wheel and is
supposed to satisfy F(t) € [3[0,4+00), A denotes a known stiffness matrix with A =
[diag(w?),i=1,2,...,n], w; is the modal frequency, n represents number of the modes,
C,, denotes a known modal damping matrix with C,, = [diag(2&;w;),i = 1,2,...,n], and
&; is the damping ratio. Because of the low frequency modes with concentrative vibration
energy in a flexible structure, the first two bending modes are taken into account in this
paper. Therefore, the system (1) can be further described as the following state-space
form:

(1) = Aaza(t) + Bou(t) + B F(t) + B.D(t) (2)
where D(t) = G [Crp(t) + Au(t)], A, = { 8 é}, B, = [ (J—gGT)_l ], T.(t) =

]

In this paper, D(t) is a bounded time-varying disturbance caused by flexible ap-
pendages. The state variable z,(t) consists of the attitude angle «(t) and attitude angular
velocity &(t).

Remark 2.1. [4]. Considering the physical characteristics of the flexible satellite, J —
GGT is nonsingular and (I — GTJ_lG)f1 exists.
Assumption 2.1. [15]. The pair (Aq, Ba) is completely controllable.

Assumption 2.2. [3]. This paper considers the additive actuator fault F(t). It is rea-
sonable to assume that the derivative of F(t) is bounded in practice.

3. Composite Observer and Controller Design. In this subsection, a composite
system will be designed by disturbance observer, fault estimation observer and robust
controller. Based on (1), then we have

jilt) = — R, Couft) — RuAult) — R,GTT u(t) — R,GTT (1) (3)

where R, = (I - GTJ _1G) 71, then the following system is used to represent the modeled

bounded time-varying disturbance:
w(t) = Hw(t) — Hyu(t) — H,F(t) n
D(t) = Lw(t)

where w(t) denotes the state variable of the D(t). H, H, and L are expressed as w(t) =

W R G P A P |
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For D(t), the disturbance observer is designed as

A

D(t) = Lis(t)

a(t) = Q) = Nowa (1

Q) = (H + NoBuL)(Q(t) = Noza(£)) + NoAoaa (1)
+(NoB, — H,) (ult) + (1))

()

where D(t), &(t) and F(t) are the estimations of D(t), w(t) and F(t) respectively. N is
the observer gain, and () represents an auxiliary variable of disturbance observer. For
F(t), the fault estimation observer is given by

F(t) = Qolt) — Niz,(t)

Oo(t) = Ny <Aaxa(t) + Bou(t) + Bamt)) + Ny Ba(Qolt) — Nyza(t)) ©)

where Qo(t) denotes an auxiliary variable of fault estimation observer, and N; is the
observer gain. The estimation errors of F'(t) and D(t) are defined respectively as ep(t) =

F(t) — F(t) and e, (t) = w(t) — @(t). Then, we have
é,(t) = w(t) — w(t) = (H + NyB,L)e,(t) + (NoB, — H,)ep(t) (7)

ér(t) = F(t) — F(t) = F(t) + N\ Byep(t) + NiB,Le,(t) (8)
Since network transmission time delay exists from the controller to actuator, the robust
controller can be designed as follows:

u(t) = Kao(t — (1)) = D(t) = F(t) (9)

where K is the controller gain to be determined later. It is assumed that 7(¢) is unknown
bounded delay with 0 < 7(¢) < 7, and delay-rate satisfies 0 < 7(t) < e < 1, 7 and ¢
denote the upper bounds of 7(¢) and 7(t) respectively. From (2), (7), (8) and (9), the
composite system can be obtained

i(t) = Az(t) + Ayx(t — 7(t)) + BE(t) (10)

A, B,L B, B,K O O O
A=| O H+NyB,L NyB,—H, |, A, = O o0|, B=|0
O N,B,L N, B, O 0 0 I

The H,, performance reference control output is given by
y(t) = Ca(t) + Cra(t — 7(t)) (11)
where C' = [ Ci Cy (4 } and C, = [ Cr Co C.3 ] are the known parameter matri-
ces. On the basis of (10) and (11), it yields
i(t) = Ax(t) + Ayx(t — 7(t)) + BE(t)
y(t) = Ca(t) + Cra(t — 7(1))
In this paper, two following objectives for the system (12) need to be achieved:
e When F'(t) = 0, the system (12) is asymptotically stable (AS) by designing the gains
K, NO and Nl. .
e The system (12) with any nonzero F(t) € [0,00) is AS, and Hy performance is
satisfied with ||y()||3 < v*||F(t)||3, where v > 0 is prescribed scalar.

(12)
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To reach the main results, the following lemma is given.

Lemma 3.1. [13]|. For any matriz =, > O, scalars 3y > [ > 0, if a Lebseque vector
©(s) exists, then the following inequality holds:

B B1 T = B 1 B1 . - B1
/ Tl < o /ﬁ (e, / o(s)ds (13)

2

4. Main Results. In this section, the controller gain K, observer gain Ny and observer
gain N; will be computed simultaneously by LMI. To simplify the description, defining
z.(t) = z(t — 7(t)), symbol sym() denotes sym(Z) = Z + Z* and Z is a matrix.

Theorem 4.1. The scalars v >0,0< 6 <1,0<c¢ <1 and 7 > 0 are given, if matrices
S1, Sa, 83, Sy, M > 0O, W > O and R > O exist, the following LMI holds:

05 <O (14)
F(t)Hz.

then, the system (12) is AS, and the H., performance is satisfied with ||y(t)||3 <~*
Here

L+ CTC QW +0TC, Q Q¢ S1B T
* Qg + CZC‘F Q5 Q7 SQB

@5 = * * JaW —Sg SgB s
* * x Qg S4B
i * * * * —'yzf_
Q=M+ o,W+ sym(S14), Qo =—0,W + S1A, + ATS;‘F, Q=W+ ATS;;F,
1 1—
Oqg = — 72, Op = ———= C, O, = g, Q3 = —(SM + 20[,W + sym(SgAT),
T T T

Qs = —ng+AZSg, Q=R -5 +ATSZ> O = AZSZ — 52,
Qg = sym(—S,) + TW.

Proof: The following Lyapunov-Krasovskii functional is chosen:

Vi(z(t),t) = 27 (t) Rx(t) +/t o xT(s)Mx(s)ds+/~/t+ i (s)Wi(s)dsdo (15)

and then, the time derivative of V,(z(t),t) is provided by
Vi(z(t),t) = @7 (t)Ra(t) + 2T () Ri(t) + 2T () Mx(t) — (1 — 7(t)) L (t) M, (t)

+ 72T () Wi(t) — /t & (s)Wi(s)ds (16)

7

Then, the equivalent decomposition of ftt_% 17 (s)Wi(s)ds is described as follows:

—/tt~x'T(s)Wx'(S)ds = —c/tt;'vT(s)Wab(s)ds— (1—-¢) /tt @ (s)Wi(s)ds  (17)

T T T

where c is known as the time delay correlative decomposition factor, and satisfies 0 < ¢ <
1. Combining (16) with Lemma 3.1, then we have
Vi (a(t), 1)
< @' (t)Rx(t) + 2T () Ra(t) + 2T (t)Mx(t) — Sl (t) Mz, (t) + 7FiT ()W (t) + O, (18)
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where § = 1 —¢, ©, = ©7(1)0,0(t), O(t) = [27(t) 2I(t) 2T (t—7) }T, 0, =
oW —oaW oW
* 200/ W —o,W
* * o W
First, F'(t) = 0 is considered to analyze the stability of system (12). Note that
2 (xT(t)Sl + 2l (1)Sy + 2" (t — 7) S5 + 27 (£)Sa) (—a(t) + Azx(t) + Az (t) =0 (19)

where Sy, S, S3 and S, are the dimensional matching arbitrary matrices. On the basis
of (18) and (19), one has

Va(z(t),t) < ©F (1)0304(t) (20)
Q0 U %
where ©(1) = [ a7(t) aZ(f) 2t (t—7) (1) ] 0= | F B e
a — M3
x % * Qg

By employing the Schur complement lemma for (14), then we obtain O3 < O, which
means system (12) is AS. When F(t) # 0, similar to (19), the following equality is
established:

2 (27 () Sy + 2L (£) Sy + a7 (t — 7) S5 + 37 (£)S,) (-j:(t) + Ax(t) + A (t) + BF(t))
—0 (21)
Next, the H,, performance will be verified based on the following auxiliary function:

weo) = [ (W= [#6)) as )

Furthermore, we obtain

v < [ (I -2 £+ Vatate). o)) as (23)
Combining (12), (16), (21) and (23), we have

F(s)

g3 =22 [ F6)| + Vae(s), ) < O (5)05045) (24)

where O4(s) = [ 27(s) 2T(s) 2T (s—7) iT(s) FT(s) ]T.

T

L2
Based on (14), we have known that ©5 < O, which means |jy(t)[3 < ~° F(t)H :
2

.2
F(t)H , and the system
2

(12) is AS. This concludes the proof. Because the gains K, Ny and N; are unable to
be solved by Theorem 4.1, on the basis of Theorem 4.1, the following theorem is further
achieved.

Therefore, the H,, performance is satisfied with |y(¢)[> < 2

Theorem 4.2. Given scalars v > 0,0 < d < 1,0<c <1, T >0, 09, 03, 04, if there
exist matrices My, > O, My > O, Mz > O, Wy > O, Wo > O, W3 > O, R, > O,
Ry > O, Rs > O, Sn,, SNy, Sk and nonsingular matrices X, Saa, Ss3, the following LMI
holds:

@6 <0 (25)

when the observer gains Ny = S;;SNO, Ny = 59},15N1; controller gain K = S, X~ T, the
C2

system (12) is AS, and the H., performance is satisfied with ||y(t)||3 < +* HF(t)H . Here
2
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(¢, @ B, ¢, O O ¢, O O ¢, O O O o,
x Oy Ohy Oy On5 Oy O3 O On9 05, 0O 05, O C3F
xx Oy Oy O Oy Oy O O3 03, 03 05, Sp CF
*x x *x 0; O O 60, O O 6, O O 0O 0,
x x x *x 0, O O 6y O O 0, O O CCF
x % x k% O O O O O O 6 60, CL
x x x x *x x 6. O O 60, O O O O
o ox ok ok % x O O O 6, O O

@)
% % ok ox ox  x x O O O 6, 6, O
x % ox  x x x x x x 0 0 O O O
X ox % ok ox % x x x x 60, O O O
0O
@)

% % %k ok ok ok k% x % @ 6,

X ok ox ok x  ox ok x x x  *k x —2]

R T * —I
011 = sym(AuX") + 00 + My, 01y = —oWay + 05 + 02 X AL
07 = 03 XAl + o Way, 0, =04 XAl + Ry — X7, 0}, = XCT,

122 = sym (95 -+ SQQH) + UaW2 -+ Mg, 9/23 = 93 + ea — 9;, 6/24 = 0'2(90,
Ohs = —0uWo + 0o HT ST, 4 090y, 0hs = 0204, 04 = 030, Oy = 030,
(9/2a = 0'466, 9128 = O'CWQ + UgHngg + 0'391,, 6/26 = R2 — S22 =+ 0'4HTS§2 + 0'495,
0y, = 0404, 04 = sym (9?) + 0y + My, 04y = 0aBL, 0 = 090, — 020,

9;)6 = 026f + 9&97 9é7 = Ung, 6/38 = 0'396 — 0'309, Hég = O'39f + O'CW3,
an = 0433, 9;,) = 0'49e — 0499, Géc = R3 — 533 + 0'49f,

0) = —0Ma1 + 20,Wa1 + sym (020]) , 0}y = —0sWar + 0364,

0., = —0o X' + 0404, 0, =XCL, 0, =—6My— 20},

9/58 = —O'bWQ, Qéb = —0'2522, 9256 = —(SMg — 20/697 0/69 = —O'bW;),,

Héc = _028337 9/6d = _9/607 /77 = UaWa17 6/7a = _USXTa /88 = UaW27
H/Sb = —0'3522, Hég = O'aW3, Héc = —0'3533, Qéd == _9(307 Hg = HE;S%;,
0y = sym (—02X") + FWar, by, = sym(—04S2) +TWa, 6., = 04533,
0.=L"B}, 0, =sym(—04Ss3) +7Ws, 0,=0.Sy,, 0, =0.5x,
0,=SrBL, 6.=BlSy,, 0f=DBlSy,.

Proof: Because X, Sy, and S35 are nonsingular matrices, pre-multiplying and post-
multiplying both sides of (25) with diag {X =, I, [, X 1 1,1, X" [, 1, X", I,1,1,I} and
its transpose, some matrices are defined as follows:

M:dia’g{Ml7M27M3}7 W:dia’g{W17W27W3}7 R= diag{Rl7R27R3}7

Sy = diag{Si1, S22, S33}, S2=0251, S3=0351, Si=0458, Wa=XW X",
My = XM X", Ry =XRi X", X=8", K=8X7T, Sy =>52N,

SNI - SggNl.

Then, we can arrive at (14), the system (12) is AS, and the H, performance is satisfied

o2
with |y (t)|5 < ~* HF(t)H based on Throrem 4.1. The proof is thus completed.
2
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5. Numerical Simulation. This section assumes that the flexible satellite only runs in
an altitude of 500 km with a circular orbit, the orbit rate n, = 0.0011 rad/s. A ramp
fault with slope 0.015 is assumed to take place from 20 s to 40 s. The model parameters
are given in [14]
J=3572kgm? =01, w =317rad/s, w,=7.38rad/s, & = 0.0001,
& =0.00015, G =][1.27814 0.91756 |, &(0)=0.001rad/s, «(0)= 0.08 rad,
Ci=[1 0], Ca=[0 0], Co=Crn=[000 0], C3=Cs=0,
v=1.67, o09=03=04=1.
When ¢ = 0.9, 7 = 2.5 ms, simulation results are based on Theorem 4.2 under Matlab
environment, and then the controller gain and observer gains can be obtained as follows:

0 —1.3678
No=[0 —621871], K =[-100634 —1026237 . No=| 0 oy
0 0.9210

Based on Figure 1 and Figure 2, we can see that the disturbance D(t) and actuator fault
F(t) are estimated effectively. Figure 3 and Figure 4 show «(t) and &(t) under different
¢ respectively, and it can be seen that «(t) and &(t) tend to zero gradually, which means
the system (12) is AS. From Figure 3 and Figure 4, we can observe that the case ¢ = 0.1
is the best case and case ¢ = 0.9 is the worst case, but case ¢ = 0.7 is better than case
¢ = 0.4 and case ¢ = 0.9, which means c is useful to reduce design conservatism.

~ 25 T : ‘ 0.6
3 . B
3 2 I/“\ h‘\ ,"A“- .’A‘. ”/“‘ ,’"\ Actual value 3 Act.u al value
8 o/ v /AN VSV S 0.4} ---Estimated value | |
215 fA V) ) V| |---Estimated value =
£ M £
2 . 24 3 02
e HITHE R il \ I i p
= o i I ‘ ey ; =
= 1 L -0 1 1 1
0 20 60 80 100 2 20 40 60 80 100
Time (s) Time (s)
FIGURE 1. D(t) and its estimation FIGURE 2. F(t) and its estimation
5 . 04
°
=4 202
R > o
T 3 8
2 3 -0.14
g Al §—0.2
é . E’ -0.4 -0.15 e
£ 5-0-6 018 & 7
of S 08 o 17r’
‘ ‘ k. 8 _ 88 9
o 20 40 60 80 100 o 20 40 60 80 100
Time (s) Time (s)
FIGURE 3. «(t) under dif- FIGURE 4. &(t) under dif-
ferent c ferent ¢

6. Conclusions. In this paper, a composite observer based robust control approach has
been introduced for flexible satellite ACS to achieve a stable attitude control performance.
Specially, the time delay correlative decomposition factor has been introduced to reduce
the effects of time delay on ACS. The simulations further show that the proposed strategy
can guarantee the stability of ACS, and time-varying disturbance and actuator fault can
be estimated effectively. However, this paper does not consider the input delay in the
flexible satellite ACS, and it can be further studied in the future work.
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