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Abstract In this paper, we address simultaneous control of a flexible spacecraft’s attitude and vibrations
in a three-dimensional space under input disturbances and unknown actuator failures. Using Hamilton’s
principle, the system dynamics is modeled as an infinite dimensional system captured using partial differential
equations. Moreover, a novel adaptive fault tolerant control strategy is developed to suppress the vibrations
of the flexible panel in the course of the attitude stabilization. To determine whether the system energies,
angular velocities and transverse deflections, remain bounded and asymptotically decay to zero in the case
wherein the number of actuator failures is infinite, a Lyapunov-based stability analysis is conducted. Finally,
extensive numerical simulations are performed to demonstrate the performance of the proposed adaptive
control strategy.
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1 Introduction

Owing to their advantages such as light weight and low power consumption, flexible structures are applied
to modern spacecraft to achieve an increased functionality at a reduced launch cost. Such features
can significantly degrade the performance of spacecraft through the introduction of undesired coupling
between transverse defections and attitude dynamics. Therefore, the active control of the attitude and
the vibrations of flexible spacecraft has become a topic of primary interest. Moreover, several control
technologies have been reported in the literature [1-4]. However, the above-mentioned attitude and
vibration control schemes of flexible spacecraft are designed based on the truncation approximation
models, which suffer from spillovers and even cause instability of the systems. Therefore, to avoid such
situations, the flexible spacecraft can be modeled more accurately using an infinite dimensional system
of coupled partial differential equations (PDEs) and ordinary differential equations (ODEs) [5-9].

In recent decades, the control problems of flexible structures described by infinite dimensional sys-
tems have received considerable attention. Several control schemes have been developed for heat equa-
tions [10,11], beam equations [12-14], string equations [15-18], and other common equations employed
in flexible systems. In particular, flexible spacecraft are generally described using Euler-Bernoulli beam
models. In [9], the flexible spacecraft is modeled as a flexible cantilever beam to which a rigid hub is at-
tached. Moreover, the vibration reduction and attitude control under external disturbances are addressed
through the utilization of disturbance observer-based control schemes. To reduce the vibrations of both
flexible panels in [6], which are installed on the central body of the flexible spacecraft comprising a rigid
hub with two flexible solar panels, disparate controllers are employed. However, all these studies address
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the dynamic analysis, vibration reduction, and attitude regulation of flexible spacecraft in a restricted
two-dimensional (2D) plane. The dynamics and control design in a three-dimensional (3D) space are
more complicated compared with the modeling and control problems in the 2D plane. With regard to
the flexible system operation in a 3D space, such modeling and control problems of flexible beams and
risers are relevant to this study. Several studies have investigated the modeling and control design of
beams and risers in a 3D space, and boundary control schemes to suppress vibrations have been proposed
in [19,20]. However, these studies only resolve the problem on vibration suppression of the beam or riser,
without involving the position or attitude control. The strong couplings of displacements in the Y; and
7y, directions, and the couplings in displacements and the attitude (see Section 2), need to be considered.
Moreover, most studies only deal with the vibration control, with assumption that no actuator faults or
failures exist. For the flexible spacecraft described by coupled PDEs and ODEs, the coupled mechanical
characteristics make it extremely difficult to design control laws and conduct stability analysis, especially
in the case of input disturbances and infinite number of actuator failures.

Owing to abrasion, aging, and manufacturing defect, actuators may experience failures during practical
operation. Faults on actuators may occur at unknown time instants with unknown values and patterns,
which result in the loss of system control or even catastrophic accidents. To guarantee good reliability
and safe operation of flexible spacecraft, actuator faults or failures during the entire attitude maneuvers
should be considered. In addition, a great deal of achievement has been made through the employment
of varieties of active approaches such as robust control, sliding mode control, adaptive control and other
methods [21-26]. Especially for flexible spacecraft, numerous measures have been taken to deal with
actuator failures [27-30]. In [27,31], a fault-tolerant control method for the flexible spacecraft is proposed
to deal with the partial loss of actuator effectiveness. For total loss of control failure, an observer-based
fault detection and diagnosis scheme, combined with the sliding mode control technology, is reported to
have the ability to control the attitude of a satellite under actuator faults in [28]. In [29], a fault-tolerant
control method using quaternion and angular velocity feedback is proposed to deal with actuator failures.
Moreover, in [30], a fault-tolerant fuzzy switching control scheme is developed for the attitude stabilization
of the flexible spacecraft with stochastic failures. These algorithms are not necessary to obtain the
detailed information of actuator failures with the fault detection part. However, these fault-tolerant
control schemes for flexible spacecraft are designed based on the truncation approximation models, which
may be ineffective in a PDE-based system. To reduce the undesirable influence of the failed actuators,
adaptive methods and the Nussbaum gain technique are generally employed to deal with the problem
on actuator fault-tolerant control of PDE-based systems [32,33]. Though effectively addressing actuator
failures, these methods fail to tackle countless failures and redundant actuators. The actuator failures
considered in [32] are offset using adaptive methods but limited to some constants for both actuator
efficiency factors and stuck faults. The Nussbaum gain technique is capable of handling a time-varying
actuator fault; however, it may not be feasible for redundant actuators. Considering all these studies,
the challenge for our study is the simultaneous suppression of the vibrations of the flexible panel and
stabilization of the attitude of the spacecraft that is subject possibly to countless unknown actuator
failures.

The research object of this paper is the consideration of the simultaneous control problem of the
attitude and deflections of the flexible spacecraft in a 3D space. An adaptive boundary control scheme
is designed based on the PDEs to stabilize the flexible spacecraft which is subject possibly to an infinite
number of unknown actuator failures. Adaptive boundary control of PDEs is a well-established field for
parabolic PDEs, including heat equations [34, 35], and hyperbolic PDEs, including wave equations [36].
The aforementioned studies only focus on a single second-order PDE describing vibrations in one direction.
Adaptive control laws have recently been proposed in [37] for the stabilization of a 2x2 one-order linear
hyperbolic system. However, the adaptive control of 2D Euler-Bernoulli beam vibrations is limited.
Moreover, there are challenges in the design of adaptive boundary control of the flexible spacecraft
described by the generalized Euler-Bernoulli beams due to the existence of strong couplings and actuator
failures.

In this study, an adaptive fault-tolerant control strategy with parameter update laws is developed
through a Lyapunov-based analysis to simultaneously control the attitude and suppress the vibrations
under unknown input disturbances and a possibly infinite number of unknown actuator failures. The
major contributions of the paper include the following:

(1) A new coupled model of the flexible spacecraft (which consists of a rigid body captured by an
ODE and the flexible panel described by two PDEs) is developed. The extended Hamilton principle is
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Spacecraft

Figure 1 (Color online) Definition of the coordinate systems Figure 2 (Color online) Diagram of a 3D flexible spacecraft.
in the flexible spacecraft fault-tolerant control.

employed to obtain the dynamic model of the coupled system, which considers both the attitude of the
spacecraft and vibrations of the flexible panel.

(2) An adaptive control scheme for an unknown failure compensation is reported to simultaneously
stabilize the attitude and suppress the vibrations of the flexible spacecraft under the condition that
actuators are allowed to switch between normal states and different types of failures for countless times.

(3) The proposed adaptive fault-tolerant control scheme ensures the asymptotic stability of the actuated
system; i.e., the attitude and deflections of the flexible spacecraft tend to zero. In addition, the proposed
control design is developed based on the Lyapunov direct method, which is easy to grasp and to be
applied to other flexible mechanical systems under unknown actuator failures.

The remainder of this paper is organized as follows. In Section 2, the dynamics of a spatial flexible
spacecraft described by PDEs coupled with ODEs is presented. A fault-tolerant control scheme and the
parameter update laws are described in Section 3. Then, in Section 4, a Lyapunov-based analysis is
conducted to evaluate the system energies, angular velocities, and deflections along the Y, and Z;, axes,
which asymptotically decay to zeros. Numerical simulations are described in Section 5 to demonstrate
the effectiveness of both methods. Finally, Section 6 concludes the paper.

2 Problem formulation

We consider a typical flexible spacecraft consisting of a rigid body and a slender flexible panel as depicted
in Figures 1 and 2. The flexible spacecraft moves in geostationary Earth orbit, and the acceleration of
the Earth is assumed to be neglected. We firstly introduce an orbital frame OX,Y,Z,, with the origin
O shared with the body fixed frame OX, Y} Zp, the axis OX, tangent to the direction of the orbit, the
axis OY, normal to the orbital plane, and the axis OZ, pointing to the center of the Earth. We suppose
that the undeformed panel is along the OX, axis, and the panel is inextensible (i.e., we merely consider
displacements of the flexible panel in the OY}, and OZ, directions). Let y = y(x,t) and z = z(z,t) be
deflections in OY}, and OZ,, respectively. Then, the position vector r of the point P on the panel is given
by

r=ry2", (1)

where x is the distance measured from the origin O. =z and ¢ represent the independent spatial and
temporal variables, respectively. w = [w1 w2 w3]T describes the angular velocities of the body-fixed frame
with respect to the orbital frame. The attitude of the flexible spacecraft is described by Euler angles
0 = [01 02 03], which are defined as a rotation about X3, Y3, and Zy, respectively.
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2.1 Dynamics analysis

In this paper, we assume that the spacecraft is maintained at the desired geosynchronous orbit with
suitable control, and only consider the following two types of motions: (1) rotational motion of the rigid
hub that changes the orientation of the flexible satellite, and (2) deformation of the flexible panel caused
by vibrations.

To develop the dynamical model of the flexible system, we firstly introduce the expression of kinetic

energy FEj, .
1 1 1 dr | dr
E, = oW Tsw + 2p/Q {dt} dtdx, (2)

where [ is the inertia tensor of the rigid body and is positive definite and not necessarily diagonal, p is
the uniformly linear mass of the panel, Q = [0, L] with L defined as the length of the flexible panel, and
r = So + s. The position of P without deformation and with deformation relative to the body frame are
denoted by sp = (x,0,0) and s = (0,y, z), respectively. The time rate of r relative to the orbital frame
0X,Y,Z, and the body fixed frame OX,Y,Z;, are dr/dt and 7, respectively. We then can obtain

dr

dt:erwxr:,éerxr. (3)

We neglect the gravitational energy of the considered system. Then the potential energy generated by
deformation of the panel is given by

1
E, = ) /Q [Elys,(z,t) + ELz2, (x,1)] dz, (4)

where EI, and EI, are the bending stiffness of the panel for deflections in OV} axis and OZ; axis,
respectively.
The virtual work §W is calculated by

T
SW = (1 +d)" 66 — %/ [j;] orde, (5)

Q

where d = [dy dy d3]* € R3 is input disturbance, 7 = [1; 72 73]T € R? is the control torque, and ~; is the
damping coefficient of the panel.

Based on the small deflection property of the panel, Hamilton’s principle is utilized to grasp the
equations of motion and is expressed by

to
/ (6Ey, — 6E, + 6W)dt = 0, (6)

t1

where § is the variational operator.
Notice that the virtual displacement 67 and the virtual rate §(dr/dt) of the panel relative to the orbital
frame are represented as

dr =060 x 1+ 85, (7)
8(dr/dt) = dw X r+ 80 X (w X 7+ §) + (d/d¢t)(ds), (8)

where the virtual rotation rate of the body frame dw is given as follows:
dw = (d/dt)(d6). 9)

The vibrations of (2) and (4) are

ta to to d Td
/ SEdt = / 5w (Lw) dt + p / / 5{ 7’} " dedt
t1 t1 th Q dt dt

to to
= f/ /(d/dt)(r x 5)To0dxdt — p/ /(s + w) T osdadt
i JQ 1 JQ
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to
- / (Iyw + Lo + w x (Lw))To6dt, (10)
t1

in which w = 2w X §+ W X r+w X (w x ), and Iy = I + I. I represents the total inertia tensor of
the rigid body with respect to the body axes and I denotes the panel inertia tensor with respect to the
body frame, with definitions

I:vz *Iazy *Iazz
Iy=|-Iy I, —I,.|, (11)
_I;cz _Iyz Izz

and
I = p/ (y2 + 22) de, I, = p/ zyde, I, = p/ (x2 + 22) de, I,. = p/ rzde,
Q Q Q

Q
I, = p/ (x2 + y2) dx, I,. = p/ yzdx.
Q Q

Based on the assumption that the flexible panel is inextensible and considering (4), we can obtain

>y 0 L Py oty
6B, =Bl ) o 8yl — Bl Loylf + B, /Q o 0yda
0%z 0 _ 1 Pz o'z
+ EI, 92 8$5Z|0 — FEI, 8x352|0 + EIZ/Q 8x462dx' (12)
In view of (7), (5) can be processed further as
T dr T dr T
W =(14+d)" 50 — r X 00dx — v dsdzx. (13)

Considering the fact that the variations 061, d0s, §03, dy, and dz are arbitrary, we obtain the coupled
governing equations of the flexible spacecraft as

Liw+wx (Iw)+p=1+d, (14)
0 — ElL Yy

P Ytt v Yt n w1 ) n w3 2 b+ phw + yYrrrx —0, (15)
Ztt Zt w1 0 z —W2 EIzZa:a:a:a:

and the boundary conditions of the PDE-based equations as
y(O,t) = Z(Oat) =0, ya:(oat) = Zm(oat) =0, ymﬁ(L; t) = Zzz(Lat) =0, yzzz(Lat) = Zzzz(Lat) =0, (16)

where p, ¢, and w are defined by

010
(=10 EL 2y (0,t) —ElLy..(0,8)]", ¢ = : (17)
001
0 —wsz wy 0 — (w% + w%) Wi — W3  wiwsg + wo 0 0
w=2| w3 0 —wi||y|t+| wiwe+ws — (w% + wi) Wows — w1 y |+ | wiws +ws |z (18)
—ws w1 0 2 wiwg —We  wowg + w1 — (witwd) ||z wiws — Wa

Remark 1. The equations of the motion of the spacecraft are described by a combination of PDEs and
ODEs. The PDEs (15) and the boundary conditions (16) indicate the dynamics of the flexible panel,
whereas (14) represents the attitude dynamics of the rigid hub.

When the deflections of the panel are zero, i.e., u = 0, (14) can be expressed as a well-known dynamics
model of a rigid spacecraft [27]. Also (14)—(16) can reduce to the common equations for a 2D flexible
spacecraft [9], if the coupling of the deflections along V3 and Z, axes is not considered, i.e., the motion
of the flexible spacecraft is restricted to a 2D space.

Remark 2. In this study, we just consider the matched disturbance in order to simplify the control
design. When the disturbance or uncertainty appears at the uncontrolled end or the governing equations,
the control scheme can be designed based on PDE backstepping methods [38, 39].
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2.2 Problem formulation

For a flexible spacecraft, thruster and reaction wheels are used for attitude control where failures may
occur in drive motor, bearing, or electronics.

To ensure reliable and safe operation, redundant actuators are mounted on the flexible spacecraft,
which are defined by

Mg
Ti = Zgi,jui,ja (19)
j=1

where g;; € R is a constant with unknown value yet known direction (the symbol of g; ; is known
but the specific value of it is unavailable), indicating the effect of specific actuator torque u; ;, and
u; = (w1 Uiz ... uiymi]T € R™: is the actual torque generated by all the mounted actuators for
7=12....m;,1=1,2,3.

We then consider the typical actuator failures:

i j(t) = 05,5 (t)vi;(t) + wi(t), (20)
where
7us(0) = { et WEE M Thand ) = { s HEE TG TG )
1, it e[l T ne)s 0, it e [T 0 T35 i)
04,5,h Ui, 5 h = 0. (22)

v;,;(t) and w; ;(¢t) represent the input and output signals of the (7,j)th (i = 1,2,3;5 = 1,2,...,m,)
actuator, respectively. h € NT denotes the number of decentralized actuator failures and may be infinite.
oij.n € [0,1] is the unknown actuator efficiency factor, and w; ;5 is an unknown constant indicating stuck
fault in the (7, j)th actuator. The start and end of the hth failure on the (7, j)th actuator are labeled

as T, and T, ,, respectively. If T3, , | > T¢, ;. a failed actuator will operate normally again during

i,7,h?
[Tf,jﬁ7 Tifj,h+1)' T, 1 =17 p, the failure ai,JjJL or u; j », changes to a new one, i.e., 0 j h41 OF Ui j h+1
at time T, (or T}, ;). Eq. (22) implies the following three uncrossed cases:

(1) oijn € (0,1) and u; j, = 0. In this case, u; ;(t) = 0 ;nv;;(t), which indicates partial loss of
effectiveness (PLOE).

(2) 0ij,n = 0. It indicates that u; ;(t) can be no longer decided by the control signal v; ;(t). This
means u; ;(t) is stuck at an unknown constant u, ; (including u; j, = 0), which indicates total loss of
effectiveness (TLOE).

(3) 0i,j,n = 1 and u; ; , = 0. In this case, the actuator works without failure.

Remark 3. Compared with the failure models in [21,23,32], the failure types in (20) and (21) are more
general, because h could be infinite. In other words, some actuators can fail and recover alternately or
change among different failure types infinite times if the time intervals are long enough.

Assumption 1. If the kinetic and potential energies of the flexible parts are bounded for V¢ > 0, then
813’6%’” or BIZE,(;-"” is supposed to be bounded, uniformly in ¢ for Vz € [0, L) with i = 1,2,3, and 81%5;’”
8z (x,t)

Oz’

Assumption 2. In the presence of any TLOE type failures in up to m; — 1 actuators, the system can
still achieve control objectives with the remaining actuators.

or is supposed to be bounded, uniformly in x for V¢ > 0 with ¢ = 2,3, 4.

Assumption 3. For the PLOE type failures, there exist unknown constants o; ; satisfying the condition
0i,5,h > Oij > 0.

Assumption 4. The unknown disturbances d; (i = 1,2, 3) are assumed to vary slowly with respect to
their estimation laws so that d; = 0.

Remark 4. Assumption 1 is important for system (14)-(16) to be internally stable and is deduced
from an engineering point of view, commonly adopted in PDE-based analyses [32,40,41]. Assumption 2
is a condition of actuator redundancy of the system, and is a basic assumption to ensure the existence of
a nominal solution for the actuator failure compensation problem [23,24]. In Assumption 3, o, ; is the
lower bound of the actuator with PLOE type failures, which is utilized to guarantee the controllability
of the system and is commonly used in a majority of existing studies [32,42,43].
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Lemma 1 ([44]). Let p(x,t), q(z,t) € R be functions defined on = € [0, L] and ¢ € [0,400). Then the
following inequality holds:

1
pla, t)g(wz,t) < 7202(10,15) +v¢*(x,t), Vv >0. (23)

Lemma 2 ([42]). For any scalars e > 0 and z € R, the following inequality holds:

2
0< |z — Ve <e. (24)

Lemma 3 ([10]). For any scalar function z € #*(0, L) with 2(0) = 0 or 2(L) = 0, we have

L L
/ 22 (x)dx < 4L27t_2/ 22(x)dz. (25)
0 0

Moreover, if z € H?(0, L) with 2,(0) =0 or z,(L) = 0, then

L L
/ 22(z)dx < 4L27t*2/ 22 (r)dw. (26)
0 0

The control objective in this paper is to design a controller to stabilize the flexible spacecraft, i.e.,
limy s oo w = 0 and limy— 4 o0 y(x, t) = lims—, 1 o0 2(x,t) = 0 in the presence of actuator failures and input
disturbances.

3 Adaptive controller design for failure compensation

In this section, the controller will be designed relying on a Lyapunov direct method such that the attitude
and the vibrations can be stabilized.
Firstly, substituting (20) into (19) yields

m;
Ti = Z Qi jUij = Z 0i,j04,5(t)vi;(t) + Z 0i Ui, (t (27)
j=1

We then have .
Ti = Z 0i,704,5 (t)vi,] ) + 5T( ) mi s (28)
i=1

where 6;(t) = [0i,1wi1(t), - .+, Qiom, Uim, (1)]T € R™ and I, = [1,...,1]T € R™i.

From Assumption 3, it can be seen that Z;’Zl l0ijl0i(t)= min{|oi1|0ia, .- |0imi| Oim, } > 0 and
9;(t) is bounded for all ¢ > 0. We further have inf;>¢ Z;nzl |0i,j] 0, (t) > 0.

To deal with unknown actuator failures, we define the following variables:

1
z—lan|Qu|0m pi=, 91':?2%’”&@”’ (29)
K] =

where p; contains both information of actuator efficiency factor g; ; and oy ;(t), and g; includes the
information of g; ; and stuck fault u; ;(¢). We introduce a smooth, bounded, and strictly positive auxiliary
signal ¢;(t) which satisfies the following condition:

+oo
/ G (1)t < 400, (30)
0

In this study, ¢;(¢) is chosen as (;(t) = o,e” ¢!

it follows from Lemma 2 and (29) that

with o¢, and A, being positive constants.

wib; () Im, < gi |wi] | Im,

< giwii + 9iGi(t), (31)
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wi I'Y

\/w31?”7 Iy +C2(8)
Let g;, pi, and d; be the estimates of gi, Di, and d;, respectively. Consider a Lyapunov function

where &; =

3
1 L _ 4~
Vi=Ei+ Byt Y Ly, '0 + Zv L7+ Z’Ydild?,

i=1 z:l

where v,,, 7g,, and 7q, are positive constants, p; = P; — pi, G = §i — Gi» di = d; — d;, and

By = LTI +1/¢drT¢drd E 1EI/2d+1EI/2d
= w Lw x = x .| z7.de.
L= 0@ 8@ ol | 1% ar | ¢ T oMy [ YeeCE T o B0 [
By differentiating (32) with respect to time, we have
3 3 ' 3 ' 3 .
Vi=) wi(ritdi)+ A+ Ly Bidi + Y vy 6+ Y v didi,
i=1 i=1 i=1 i=1

AT
where A = = [, [o37] " [0 ] dz.
By substituting (28) into (34), we obtain

3 my 3
Z szgz,jaz,] U’L,] + szd + ZW’L Im7 + Z lﬂp pzpz
1=1 j=1 =1

3 .
+ Z Vo Gidi + Z Va, didi + Ay

=1 i=1

Using the inequality (31) yields

Z Z Wi 04,5 Uz,] U’L,] + Z lz'Yp pzpz + Z w;d; + Z giwi& + Z ng'L

i=1 j=1
3 . .

+ D 75 G + Z Vo didi + Ay
=1 =1

We then define «; as .
o = ciwi + gi&i + di.
By considering (36) and (37), we have

3 my
Zzwzgzjgz,j Uz] +szaz Zczw +ZPYgL gz i ’}/glwzfz +Zgz<z
1= 1] 1 1=1
3
+Z’7d i(di = ya,wi) + Y Ly, B + A
1=1

Design a control scheme
vi5(t) = —sign(e;;)vi,

sz1 B

where v; =
Jurasicio

, with parameter update laws

]éi = Vp; Wi, gz = ’Ygiwigia dA’L = Yd;Wi-

(33)

(40)

It is worth pointing out that the feedback signals, involved in the proposed control scheme (39) and
(40), are capable to address uncertainties in unknown input disturbance d;, actuator efficiency factor
0,7 and o ;(t), and stuck fault w; ;(¢). Thus, the designed control law can be adapted to compensate

unknown input disturbances and actuator failures.
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Table 1 Adaptive fault tolerant control scheme for a 3D flexible spacecraft

Plant Description
Equations of motion Governing equations (14) and (15) and boundary conditions (16)
Assumptions Assumptions 1-3
Defined new variables l; = infy>¢ Z:’:l |o: J|al (), pi = 11 , 9i = sup,>0 [16: ()]
Control input T = Z;’Zl 0ijui; = Z ' 0ij0i 5 (t)vi i (t) + Z 21 0w (1)
Auxiliary signals Ci(t) satisfying [5F°° ¢ (t)dt < +o0
Designed control scheme v;,5(t) = —sign (04,5) vi, Vi = \/wl ;i@j&(”
Parameter update laws ﬁ.; = Yp; Wik, g.L = Yg;wii, di = Ya,;wi
Design parameters c; (1=1,2,3), a, §1 and d2 satisfying (56) and (57)

Using Lemma 2, (29), and (39), we have

m; m;

Zzwzgz,jaz,] vz,] Zzwzgz,jJZJ Slgn(@z])
i=1 j=1 =1 j=1
3 ! 3 3
pia < SoliGilt) = Y lipiviws. (41)
2 1 ; ;
i=1 \/w X + C i=1 i=1
Substituting (40) and (41) into (38) and using I;p; — l;p; = —1 yields
3 3 3 3 3 3 _
- Z ciw; + Z LiGi(t) — Z lipiciw; + Zwiai + ZgiCi(t) + Z Ly, Dipi + A1
i=1 i=1 i=1 i=1 i=1 i=1
3 3
== ciw; + Y (li+9) G(t) + Ar. (42)
i=1 i=1

Remark 5. The proposed control scheme is summarized in Table 1. Using the proposed control, the
attitude and vibration stabilization can be ensured even if there are TLOE type of faults, and infinite
number of actuator failures or faults.

Moreover, compared with the previous studies [29,30,45], the control scheme (39) and (40) is developed
based on the original PDEs and can avoid the spillover problems generated by traditional truncated
model-based approaches.

Remark 6. It is worth mentioning that, different from [32,43] where the specific values of o, ; are
estimated via parameter update laws, the above design estimates the bounds of the uncertainties of
failures, which makes the Lyapunov function has no jump when failures occur. Therefore, the total number
of actuator faults is not restricted to be finite, and the mounted actuators are allowed to switch among
the healthy case and different type failures infinite times. In contrast with [43], the reported method relies
on a smooth, bounded, and strictly positive auxiliary signal (;(¢) to asymptotically regulate w, y(x,t)
and z(z,t) while [43] merely ensures the uniform boundedness of the vibration. Besides, by comparison
with [33], a redundant actuator case is considered via adaptive methods and without Nussbaum gain
technique, which extends the applicability of adaptive methods on time-varying actuator fault-tolerant
control of PDE-based systems involved redundant actuators.

4 Stability analysis

Theorem 1. Under Assumptions 1-3, we consider the system (14)—(16) subjected to various types
of actuator failures and input disturbances. With the developed control scheme (39) and parameter
update laws (40), the actuated system is asymptotically stable, i.e., lim; oo w = 0, limsy oo y(x,t) =
limy 400 2(x,t) = 0.

Proof. ~ 'We construct the following Lyapunov candidate function
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d T
Vo—ap [ o] loslas

with a positively adjustable constant a.
We can see that (44) satisfies the following inequality:

where

T
ap dr dr ap CYP16L4/ 2 2
< M(
vl < [ [oa] [oa)ar Y [omionts <Y [ oas G0 [ o
<oy (B + E) < gV,
where a1 = max]a, ff‘gf:,lffﬁ] and M(z,t) = [¢5,]" [0 ]-

Then, we have
-V < Vo <.

Choosing a3 to satisfy 0 < a3 < 1, and defining the following two constants:
ar=1—a1 >0, az=14+a; >1,

it follows from (43) and (46) that
0 < a2V1 < Vv < a3V1.

Calculating the derivative of (43) along the trajectories of the system yields
V ="+

: azr]" ar1* 7.4
%ZMAPWHLMM+WAP£]P£P$

The second term is

(44)

(50)

Simplifying the first term of (50) by integration by parts and utilizing the boundary conditions and

Lemma 3 yields

azr]” vy a’yb5116L4
M ( —(aEI, .
ozp/Q [qbdﬁ} [ps]dz < 251/ (x,t)dx (a ol )/Qymdac
§116L4
— <aEIZ — a7b2;46 > /szad:c

Similarly, the second term of (50) becomes

dr] [ ds apdy dr]' T dr apl? 5
OLP/Q {d)dt] {¢dt}dz§< 9 +ozp>/9{¢dt] {d)dt]der 66, (w2+w3),

where §; and Jo are positive constants.
Substituting (51) and (52) into (50) yields

. J. L3
Va < G | P02 ap / M(x,t)dz + ap (w3 +w3)
251 2 O 652

5116L* 511614
_ (aEIy - a7b2;46 )/Qy?ud:c - (aEIZ — a7b2;46 >/szmdx

By substituting (42) and (53) into (49), we obtain

3 3
. L3

=2 i=1

av  apds av,8116 L% 2
A=— (’Yb 5, 2 ap) /QM(x,t)dx — (aEIy — 9k Qywdx

where

(51)

(53)
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§116L4
— (aBL — “"% 22 da. (55)
27_[4 Q T

We design parameters ¢; (i = 1,2,3), a, d1, and o to satisfy the following inequalities:

apL? . avyy  apds
=1 >0, 7 =ci— 0, (i=2,3), ya=p— 10— - 0, 56
m=a>0yu=c- oo >0 (i e L (56)
avyy6116L% avyy6116L*
V5 = aEI, — ol >0, v =aFI, — e > 0. (57)
Then, (54) becomes
3 3
V<= qiwf + A+ (li+9) Glb). (58)
i=1 i=1
We further obtain s
V<-M (Ev + E2) + Z (li + gi) Gi(2), (59)
i=1
where A\; = min[Qmi\r:IEz:(’;j)’%)7 27,47 ]2;127 ]257[‘;]
Integrating both sides of (59) yields
t 3 t
VO-VO) <M [ (Bt E)do+ Y [+ ) Gl (60)
0 —Jo

0+°O(li + 9i)G(v)dv < +o0. From (60), it is clear that B € Lo,

Ey € Lo, V € Lo, and Py, §;, d; for ¢ = 1,2,3 are bounded. Using (37), we can see that «; is
bounded. Then according to (20) and (39), we can prove that the control inputs u; ;(t) (j =1,...,m;) are
bounded. Then we can conclude that all signals of the closed-loop system are globally uniformly bounded.
Then based on Assumption 1 and above analysis, we can obtain that Ei € Lo and Ey € Lo. Then
Lemma A.6 in [40] is used to shown that lim; 4o F1 = 0 and lim;, o E2 = 0. Using Lemma A.12
in [40], the following inequalities can be developed:

According to (30), we can see Zle

1
El 2 2)\min (Is) HWHQ 2 0; (61)
1 2 1 2
Ey > 013 Ely*(xz,t)+ o3 EIz%(z,t) > 0. (62)

Since Eq; — 0 and By — 0 as t — +00, we can conclude that w — 0, y(z,t) — 0 and z(z,t) — 0 as
t — 400, for Vo € [0, L]. This completes the proof.
Remark 7. Consider the proposed control scheme (39) and (40), the adjustable parameters include
Cis Vpis Vgis Vdi» and ((t) determined by o¢, and A¢,. According to (40), increasing vp,, vq,, and e,
are able to speed up the updates of estimated parameters. From (59), the closed-loop performance can
be optimized by increasing ¢; and A¢,, and decreasing o¢, to accelerate the decay of Lyapunov function
V. However, improper values may cause the instability of the resulted system. Thus, appropriate values
are required to regulate the performance and simultaneously stabilize the system. Other parameters,
involving «, d1, and dg, are chosen to satisfy (56) and (57), which are independent of the reported control
laws (39) and (40).
Remark 8. Different from observer design in [9], the developed parameter update laws (40) resort
to adaptive technique and cannot asymptotically regulate the estimations to the real values due to the
asymptotical result just in the sense of w(t), y(x,t), and z(z, t) in Theorem 1, which means the estimations
may be convergent to some irrelevant values.

5 Numerical simulation

In this study, the finite difference method is utilized to conduct the numerical simulations. For simplifi-
cation of the analysis, we assume that the satellite body inertia matrix is diagonal. The parameters of
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the 3D flexible spacecraft are listed in Table 2. According to Assumption 4, the proposed adaptive robust
control method is capable to address a perturbation with lower rate. To be close to theoretical analysis,
the input disturbances with constant values are given as

dy(t) =2 N - ft,
do(t) = 1 N - ft, (63)
d3(t) =6 N - ft.

The initial conditions are given as follows:

y(z,0) = z(z,0) = 0.1z/L, z € Q,

0) = 0.03 rad
w2(0) rad/s, §(2,0) = £(2,0) = 0, z € Q.

w1(0) = 0.02 rad/s,
and {
w3(0) = 0.04 rad/s,

To facilitate the subsequence numerical simulations, we set

71(t) = w11 (t) + u1,2(¢),
T2 (t) = UJQ,l(t) + UJQ,Q(t), (65)
T3 (t) = U3,1(t) + U3,2(t).

Besides, the unknown failures of the actuators are set as
uy,1(t) = v1,1(t), ur2(t) = 0.3v12(t), u21(t) = v2,1(t), uz2(t) = va2(t), us1(t) = v31(t),
ift € 2k, 2k + 1),
’U,171(t) = O.5U1,1(t), ul,g(t) = O7 ’U,271(t) = O7 ’U,272(t) = Ug,g(t), ’ng,l(t) = O.6U3,1(t),

if ¢ € [2k+ 1,2k +2), (66)
t if t € 10,6
and ug 2(t) = v32(t), 1 € [0,6),
us2(6), ift € [6,400),
where k =0,1,2,.... From (66) we can see that during every time interval [2k, 2k +1), the actuators uy 1,

ug.1, and ug1 operate normally, but the actuator uj o loses 70% of its effectiveness. While during the
interval [2k + 1,2k + 2), the actuators uq 1, u1,2, w21, and ug 1 lose 50%, 100%, 100%, and 40% of their
effectiveness, respectively. ug 2 operates normally during arbitrary time interval and us o fails completely
after t =6 s.

Because there is seldom literature on how to control the attitude and the vibrations of the 3D PDE
model simultaneously, PD control laws are adopted to demonstrate the effectiveness of the proposed
control scheme (39) and (40).

The PD control laws are designed as follows:

05 (t) = —kpiwi(t) — kaiwi (1), (67)

where i =1,2,3, 5 =1, 2.

In the control design, the designed parameters are chosen as ¢; = 15, 7, = 18 and 7,4, = 74, = 10, and
the auxiliary signals (;(t) are given by (;(t) = 0.5¢=%4 where i = 1,2,3. The PD control gains are set
as k’pl = 1007 and k/’dl = k’pg = k‘dg = Kp3 = k’dg = 50.

The simulation results are shown in Figures 3-10. Figures 3-5 illustrate the effectiveness of the proposed
control strategy (39) in stabilizing the flexible spacecraft, even in the cases where the repeated unknown
failures occur on the actuators. Besides, we can see that all signals of the actuated system are bounded and
tend to zero asymptotically. Compared with the proposed control laws, an integrally disabled performance
generated by PD controllers is depicted by Figures 3 and 4, due to the dynamic coupling among three
dimensions and perturbation from failed actuators and input disturbances. Figures 6-8 show that all the
parameter estimations are bounded with the employed parameter update laws (40). The output signal
of the (4,7)th (i = 1,2,3; j = 1,2) actuator and the control torque at the spherical driving devices in the
presence of the different types of actuator failures are depicted in Figures 9 and 10, respectively. Figure 9
shows that the amplitude of the control torque is reduced at the time instants when PLOE occurs and
remains unchanged at the time instants when TLOE in actuator takes place. However, the control torque
stays within a reasonable scope in all cases, and all states are regulated well within 12 s.
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Table 2 Parameters of a 3D flexible spacecraft

Parameter Description Value
L The length of the panel 18.8 ft
EI, The flexural rigidity of the panel in OY} axis 3550.8 1b-ft>
EI. The flexural rigidity of the panel in OZ, axis 3550.8 1b-ft2
I The inertia tensor of the rigid satellite in OX, axis 645 slug~ft2
I The inertia tensor of the rigid satellite in OY, axis 100 slug~ft2
Iss The inertia tensor of the rigid satellite in OZ, axis 669 slug-ft>
p The mass density of the panel 2.86e-2 slug/ft
Yo Panel damping 0.01 N-s/ft

With PD controller

0.4 T T T T T T T T T
With the proposed controller
With PD controller 1

(L, 1) (f)

-0.2

—0.4

0.3

02F 1

(L, 0) (f)

0.1 ) . . .
0

TS T4 6 s 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
1(s) 1(s)
Figure 3 (Color online) Satellite angular velocities w; (rad/s), Figure 4 (Color online) Displacements of the panel’s free

i=1,2,3. point along the Y, and Z; axes.

5 T T T T T T T T T
b
2 af po
< — D
)
= .
3F T i
/
AR
2t ; .
g )
= |8 4 E
N .
/
0 / 1 1 1 1 1 1 1 1 1
0 2 4 6 8 0 12 14 16 18 20
£(s)
Figure 5 (Color online) Deflection evolution profiles of the Figure 6 (Color online) Parameter estimations for p; (i =
spacecraft along the Y;, and Z;, axes with the proposed con- 1,2,3).

trollers.

6 Conclusion

This paper presented the modeling and simultaneous attitude and vibration control of the flexible space-
craft in a 3D space under input disturbances and unknown actuator failures. The system is described
by coupled PDEs and ODEs. When the panel deflections are zero, the system can be described as a
well-known dynamic model of a rigid spacecraft. Moreover, if the coupling of the deflections along the Y}
and Zj axes is not considered, the system can reduce to the common equations for flexible spacecraft in a
2D space. The reported control solution guarantees asymptotic regulation of the attitude and suppression
of the distributed deflections, even in the case of a possibly infinite number of unknown actuator fail-
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Figure 7 (Color online) Parameter estimations for g, (i = Figure 8 (Color online) Parameter estimations for d; (i =
1,2,3). 1,2,3).
0 T 0
S-10 u, (1) i=1,23 =-10 ]
s u () i=1,2,3 =
20 . . . . . . . . 1 _ . . . . . . . . .
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Figure 9 (Color online) The actual torque u; ; (N -ft), ¢ = Figure 10 (Color online) The control torque 7; (N - ft), i =
1,2,3, j = 1,2 generated by a single actuator. 1,2, 3 at the spherical driving joints.

ures and input disturbances. The proposed control method can be applied to the time-varying actuator
fault-tolerant control of PDE-based systems, which are involved in redundant actuators. In future work,
we will use an intelligent control method [46-49] to design the attitude tracking and vibration control
scheme for flexible spacecraft based on PDEs.
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