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ABSTRACT In this article, the problem of fault-tolerant attitude-tracking control of spacecraft with
quantized control torque is addressed. Actuator faults/failures, an uncertain inertia matrix and unknown
disturbances are considered in the attitude controller design of the spacecraft. A dynamical quantization
strategy is developed to quantize the signals of the control torque, which can reduce the data transmission rate.
An adaptive fault-tolerant controller based on sliding mode techniques is constructed to address the impacts
of the actuator faults/failures, quantization errors, inertia matrix uncertainties and unknown disturbances. The
developed control strategy with a quantizer can ensure that the entire closed-loop system is asymptotically
convergent and achieves satisfactory attitude-tracking performance. Finally, simulation results are provided

to show the effectiveness of the proposed method.

INDEX TERMS Attitude-tracking, fault-tolerant control (FTC), sliding mode control, signal quantization.

I. INTRODUCTION

The attitude-tracking problem of a spacecraft system is
a challenging issue involving highly coupled nonlinearity,
an uncertainty inertia matrix and external system distur-
bances [1], [2]. In the past few decades, this problem has
attracted the attention of many researchers, and various non-
linear approaches, e.g., sliding mode control (SMC), back-
stepping control and disturbance rejection adaptive control,
have been developed to address it. Among these methods,
SMC is known to provide a powerful tool against matched
parameter uncertainties and external disturbances [3]-[7].
In [8], the problem of SMC for a class of singular T-S fuzzy
systems was proposed, and good performance was achieved.
However, previous studies have addressed the attitude
tracking problem with normal functioning actuators only.

In fact, the actuators of spacecraft attitude control sys-
tems may undergo partial loss of effectiveness or complete
failure, degrading the the system performance potentially
to the point of instability [9], [10]. Therefore, fault-tolerant
control (FTC) problems of attitude control systems of space-
craft have received much research attention. Various control
techniques such as robust control, SMC, adaptive model
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reference control and optimal control have been employed
to design fault-tolerant controllers to ensure that spacecraft
attitude control systems can maintain acceptable performance
[11]-[18]. Based on the existing literature, SMC approaches
have been verified as effective methods to handle the FTC
problems for control systems and extensively applied to
spacecraft attitude control systems [19]-[23]. In [24], con-
sidering the actuator faults/failures of the attitude control
system of a flexible spacecraft, an adaptive sliding FTC
scheme was developed, which can effectively compensate
the effect of actuator faults/failures. In [25], the authors
assumed that there are actuator faults/failures and external
disturbance in the attitude control system of a rigid space-
craft. A sliding mode controller was proposed to address this
fault-tolerant attitude-tracking problem. Theoretical analysis
and simulation results showed that the designed controller
can make the system converge to a small domain near the
origin in finite time. In [26], the attitude-tracking problem of
rigid spacecraft was addressed. With the control allocation
technique and SMC technique, an adaptive sliding mode
fault-tolerant controller was developed, which can eliminate
the effects of actuator faults, mass and inertia uncertainties,
and unknown external disturbances. In [27], a modified adap-
tive integral-type terminal sliding mode FTC scheme was
proposed to solve the spacecraft attitude-tracking problem.
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In [28], an adaptive fixed-time sliding mode FTC strategy was
designed to stabilize a spacecraft attitude-tracking system in
the presence of actuator faults and unknown disturbances.
With SMC techniques, other FTC schemes for spacecraft
attitude control systems were proposed in [29]—-[32].

Recently, with the wide application of functional
plug-and-play components in micro spacecraft systems, a
micro spacecraft can be built to be faster, lighter, and less
expensive [33], [34]. Among these functional components,
data transmission is implemented via wireless data commu-
nication techniques. Since the data communication rate of a
low-cost wireless network is limited, a few unexpected phe-
nomena, such as communication delay and data packet losses,
may happen, leading to system performance degradation.
Therefore, it is required to adapt an effective communication
strategy to reduce the data transmission rate. Quantitative
communication strategy, which has proven an effective com-
munication strategy that can reduce the data transmission
rate, has been widely applied in networked control systems.
However, due to the introduced large quantization errors of
the attitude control torque, the attitude control performance
is degraded [35]. Hence, the quantization errors should be
handled in the attitude controller design. In [36], the attitude
stabilization control problem of spacecraft systems with
quantized control torque was studied. However, the effects of
the actuator faults/failures and unknown disturbances were
not addressed in [37]. To our knowledge, few results have
addressed the attitude-tracking control issue of spacecraft
with actuator faults/failures, quantized control torque, uncer-
tain inertia matrix and external disturbances, which motivates
our current study.

This article addresses the FTC problem for spacecraft
attitude-tracking control systems with multiplicative and
additive actuator faults, an uncertain inertia matrix, unknown
external disturbances and limited communication bandwidth.
A quantized adaptive fault-tolerant SMC law is developed.
The contributions of this article are: (1) The FTC problem of
attitude tracking of spacecraft control systems with actuators
faults/failures, an uncertain inertia matrix, unknown external
disturbances and limited communication bandwidth is con-
sidered; (2) A dynamic quantitative communication strategy
is designed to reduce the burden of data transmission from
the attitude control module to the actuator module; (3) A new
sliding surface is designed, which can be reached faster than
the traditional sliding surface; (4) A quantized adaptive fault-
tolerant SMC scheme is proposed, which can stabilize the
overall closed-loop attitude-tracking control system. More-
over, the effect of the actuator faults/failures, external distur-
bances and quantization errors is completely compensated by
the designed controller.

This article is organized as follows. In section II, the prob-
lem of fault tolerant control for attitude tracking control sys-
tems of spacecraft is introduced. In section II1, a sliding mode
fault tolerant controller for the control systems with quan-
tized control torque is designed. In section IV, an example
is given to show the effectiveness of the proposed controller.
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In section V, the conclusions and potential future work are
discussed.

Il. PROBLEM FORMULATION

Considering an uncertain rigid spacecraft system, its uncer-
tain attitude dynamic model with actuator faults/failures,
quantized control torque, unknown disturbances and inertia
matrix uncertainty is as follows:

. 1
q = =(qal3+gx)w

2
o
Ga= 34"
J& = —wxJo-+D(EQ(u)+ii)+d (1

where the attitude unit-quaternion [qT qa ]T € R* that satis-
fies the constraint g7 q—}—q?1 = 1 is used to describe the attitude
orientation of spacecraft in Fp with respect to Fj, where Fp
and F; are the body fixed and inertial frames, respectively;
w € N3 is expressed in F and is the body angular velocity of
the spacecraft with respect to F;. The parameters of space-
craft inertia matrix J € R3*3 are uncertain and bounded;
d € M3 is the external disturbance, Iz € R3%3 is the identity
matrix, and Ax € N33 is used to 7present the cross-product
matrix of a vector & = [ hy hy h3 ], which is of the form

0 —hj hy

h3 0 —h

—hy hy 0
The actuator configuration matrix D € R**N has full
row rank, i.e., rank(D) = 3, where N is the number of
actuators. E = diag{p1, 02, -+, pN} € RN where
pj»j = 1,2,---, N shows the effectiveness of the actuator.
If p;j = 1, the i th actuator is normal. If p; € (0, 1),

the j th actuator encounters partial loss of effectiveness.
If p; = 0, the ith actuator undergoes complete failure. In addi-
tion, u € MY is the control torque, and iz € RV is the additive
fault. Q(u) = [ Q(u1) Q(u2) - -+ Qun) ]T e RN provides
the quantized values of the control torque. It is well known
that the quantitative communication strategy can reduce the
communication burden of the network. There are two types of
quantizers: the static logarithmic quantizer and the dynamical
uniform quantizer [36]. In this article, the dynamical uniform
quantizer is employed because the quantization error can be
adjusted online. Suppose that the dynamic uniform quantizer
has the following form:

o) = Wound(ﬁ), w0 2)

where p is the online adjusting quantizer parameters that
must be designed and round(-)is the rounding operation.
Define the quantization error as

ey = Qu(t))—u(t) 3)

Consequently, the quantization errors satisfy the following
constraint:
VN

A=~ @

leull = 1Q®)—u®|l < Au, 5
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FIGURE 1. Structure of the attitude-tracking scheme with an actuator
fault and quantized control torque.
where N is the number of actuators and i < k3 ||Q(v)||. Here,
k3 > 0 is a parameter to be selected later.

In this article, we aim to develop an effective FTC scheme
that can address the attitude-tracking issue of the spacecraft
with the quantized control torque. In addition, the system
is assumed to have actuator faults/failures, unknown dis-
turbances and an uncertain inertia matrix. The framework
of the overall closed-loop attitude control system is dis-
played in Fig. 1. Suppose that the desired trajectories of the
spacecraft attitude are given by

) 1
9a = 5(qaslstqax)wa
. L 7
a4 = —544@d (%)
. . T -
where the unit-quaternion [ qg qaa ] that satisfies the con-
straint qg qd —l—qi 4 = 11is the attitude quaternion to be tracked;
wgq 1s the desired angular velocity.
. . T . .
The attitude-tracking error [qz qe4] is utilized to
describe the relativ% orientation between the attitude
quaternion [ ¢’ g4 ]  and reference attitude quaternion

[ 5]5 qd4 ]T and can be calculated by
9e = 4daq—4qd Xq—449d
Ges = 44 q+qa4q4 (6)
The rotation matrix is defined as
R(Ge: Ges) = (04—q, 9)15+240q, —2qeagex  (7)

IR(qes Gea)ll = 1 and R(ge, Gea) = —weXR(Ge, Ges), Where
we = w—R(qe, gea)wy is the relative velocity. In the following
discussion, we use R to refer to R(q., g.4) for the convenience
of presentation.

According to the attitude dynamics (1)—(4), the dynamics
of the attitude-tracking error are

. 1
ge = 5(‘]641"'6]@)()0)6
. 1
Ged4 = _quwe
Jw, = —(we+Rwg)xJ (w,~+Rwyg)
+J(we X Rwyg—Rwg)+d

+D(EQ(u)+it) ®)
As discussed in [1], this tracking issue of a spacecraft
attitude control system is equivalent to designing a controller

so that the attitude error dynamic response (5) is asymp-
totically stable, or lim g, = 0 and lim w, = 0. Hence,
—>0o0 t—00
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the aim of this article is twofold: to design a quantization
rule for u(¢) to reduce the data transmission frequency via the
communication channel and to design an FTC scheme u(?) to
maintain a stable closed-loop attitude-tracking control of the
spacecraft with the proposed quantized control torque.

Ill. SLIDING MODE FAULT-TOLERANT CONTROL WITH
QUANTIZED CONTROL TORQUE

Since SMC is strongly robust against system uncertainties
and nonlinearities, it has received much attention and been
broadly used to address the attitude-tracking issues of space-
craft. In this section, we aim to develop a new adaptive SMC
scheme to address the attitude-tracking problem with actuator
faults/failures, quantized control torque and external distur-
bances. First, to facilitate the control law design, suppose that
the following assumptions hold.

Assumption 1: The uncertain symmetric positive definite
inertia matrix J satisfies ||J|| < A, where A > 0 is an
unknown constant parameter.

Assumption 2: There are two unknown constant parameters
o1 > 0and ap > Osuchthat |wg|| < a1 and ||og|| < oy hold.

Assumption 3: Disturbances d(f) and additive faults
Ou(t) are unknown and bounded, satisfying |[d(t)|+
I1Du)|l < cortki llge()ll+ko2 llwe(D)l, where cor, ki and ka
are unknown positive constant parameters.

Remark 1: Assumptions 1 and 2 are typical assumptions,
and similar assumptions are found in [1] and [19]. Assump-
tion 3 is reasonable because external disturbances such as
the gravitation, aerodynamic drag, and magnetic forces are
bounded, and the uncertain additive faults are bounded in the
engineering system.

Then, to achieve the defined performance tgn;o ge = 0and
llingo w, = 0, the following sliding surface is defined:

S(t) = we(t)"_(k_aoe_ﬂot)qe(t)+ale_ﬁlt (9)

where s(t) = [s1(t) s2(2) s3(2) ]T e Wand k > 0is
arbitrary. Parameters «g > 0, Bp > 0, @1 and 81 > 0 should
be selected to satisfy s(0) = 0. The designed sliding surface
s(t) can be reached faster than the sliding surface proposed
in [1].

Remark 2: Tt was proved in [1] and [35] that if we can
develop a feedback control law u(?) to ensure that s(f) = 0
is achieved, then the defined objective performance relations
lim g0 = 0 and lim w, = O are guaranteed. Hence,

iIT ?ﬁe following diséu—:;i)on, to address the attitude-tracking
problem, we should attempt to design a feedback control
scheme u(t) that can drive the state trajectories of the overall
closed-loop system (8) to the sliding surface s(¢) = 0.

Lemma 1: There are unknown constant parameters ¢ > 0
and ky > 0 such that inequality constraint (10) holds:

1
[Il(kqe—Rwd)X I+5k |Iqe413+leII+IIRdeI} 1 lleoe

+ ||(kge—Rwg) xJRwg—JRa |
< (ka—ko2) llwe || +(c—co1) (10)

where ¢ and ky are unknown positive constants.
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Proof: Since [q7 ges | satisfies g7 g.+4%, = 1, g, and
gea are bounded. Then, R is bounded. Moreover, the desired
angular velocity wy, its time derivative @, and the uncertain
inertia matrix J are bounded. Therefore, we can always find
unknown sufficiently large positive scalars k1 and 7 such that

_ _ 1
[H((k—aoe Potygetare P —Rwy) |\+5k I geal3+qe x|

+ IRwa T I 1| lloe |+ || (k—aoe ™" )gotare™ P!
—Rwq)JRwg —JRwq || = ki llwell 42 Y

Clearly, there are unknown constant parameters ky > k1+ko2
and ¢ > kz+co; such that the following constraint holds:

_ _ 1
[”((k—aoe Polygotare ﬁ‘t—Rwd)X”-l—zk geal3+qex |l

+ IR0 I IV 1| llwe ll+]| ((k—ctge P get-aye P!
—Rwg)JRwy —JRog|| < (ka—ko2) llwell4+-(c—co1)  (12)

This completes the proof.

In the following discussion, we provide a theorem to obtain
an adaptive SMC law u(¢) to ensure the asymptotic stability
of the entire closed-loop control system (8).

Theorem 1: Considering the attitude error dynamic sys-
tem (8) with a quantized control torque, the actuator
faults/failures, uncertain inertia matrix and unknown distur-
bances satisfy Assumptions (1)—(3). The following adaptive
SMC law u(t) is implemented.

u(t) = =D (os()HB+7 )+ |ar pre PV
+(k1+ | @opoe ™ [) e

A _ s(t)
+(ka+]| o™ ) llwe () ) (13)
lls(@)l
6= 0, if ¢ > cmax (14)
polls@®)|l, otherwise
A 0, if k> k
kl — lf l_‘ 1 max (15)
P1llge@I IS, otherwise
A 0, if ky > k
k2 — lf 2 _. 2 max (16)
D2 lweIl ls@)l, otherwise
and
0, if 7' <&o0r 7' > Amin(DEDT)
AD A —Bit ~
X 3P°(Cc+| a1 Bie +(ky
i || .

+ oo™ " )< lge(@)]
kot ]| aoe P ) lwe (DX 1)1,

In addition, the quantization sensitivity parameter pu <
k3 [|Q(W)|l, where k3 should satisfy

28
Vi(IDE| ID]I+8)’
268
VnEB+IDE| | Dl (B+Amin(DEDT)))

Here, cmax, k1 max> k2max and [|E|n.x are the bounds of c,
ki1ky, and ||E|| respectively; po, p1, P2, P3, 0, B, €1 and &; are

others

k3 < min{

} (18)
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positive constant parameters to be determined; ¢, 121, 122 and
v are the estimation of unknown parameters c, ki, k; and 9,
respectively; and we assume that 0 < § < 9 < kmin(DEDT).
Then, attitude error system (5) is asymptotically stable, and
the trajectories of states g, and w, of attitude error dynamic
system (5) are driven to s(z) = 0.

Proof: Construct a Lyapunov functional candidate as
follows:

1y 1, 1oy 1oy 1 4
V() = =s" WOWs(t)+—c"+—ki+—ky+—y~  (19)
2 po p1 p2 T op3
where ¢ = c—¢, k| = kj—ky, ko = ko—ko and 7=0—p L
According to (5), we can obtain the time derivative of V (¢),
which is given by
V(1) = 5" (1)(—(wet+Rwg)xJ (0e+Rwq)
+D(EQ(u)+it)+d+J (we x Rwg—Rwq)

1
+5<k—aoe—ﬁ0f>f<qe41+qex)we

1 .. 1~z
+a0ﬂ06_ﬂ0[‘k_a1,31 e_ﬁlt)——gé——klkl
Po P1

1.z 1 _ R
——koo+—y7 7%y
P2 pP3
= 57 (1)(=s(t)~(k—aoe ") ge—c1e™ +Rwq)
X J (we+Rwyg)+D(EQ(u)+it)+d
1
+J(wewaﬁz(k—aoe*ﬂW)J(qeu
+qe X )wetaofoe P go—ay fre P11
1 - 1.2 1.~z 1 I
——te——kiki— —kohot—7 772y (20)
Po P1 P2 P3
Note that

sT () [s()x] =0 (1)
Substituting (21) into (20) yields
V(1) = sT(t)(—(s()—(k—age P )go—a1e P +Rwy)
xJ (we+Rwg)+D(EQ(u)+it)+d
1
+J(wewad+5<k—aoe—ﬁ°f>J<qe41
+qe X)weAaofoe P go—ar fre 1Y)
1~;'\ 1~;\ 1~/'\ 1_,,\_2;\
——cc——kiki— —kko+—yy ™y
Po P1 P2 pP3
[ ((k—a0e™P")getar1e P —Rewg) x |

IA

+%k ||Qe413+QeX”+”Ra)d”i| I el lls)]
||((k—aoefﬂ"')qe—i—aleiﬁ”—Rwd)xJRa)d
—JRaq |||+ Dl [|sI+ld | sl

+% lccoe ™" || 17 (geal +ge ) llaoe 1)

+ [loBoe™ | igell s+ er Bre™ 17 sl

1 .. 1.z 1. x
+sT (DEQ(u)——¢c——kiky ——koko
Po P1 P2

y (22)
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According to Assumptions 1-3 and Lemma 1, we have

. 1
V(D) = (ethi llge@ll+kz lloe D IsOli+5 [l ocoe =" |

X 1 (geal +ge )|l lloel 1)1+ o Boe 7" || lige

x s+ et Bre P | l1s(0) |I+-DEQ(u)
1 - 1.z 1.z 1 . R
——te——kiki— —kohot—77 72y (23)
Po P1 P2 P3
From (13)—(16), we have

V(1) < (ctki lge®lI+ka lwe) IsI+IDE] sl A
—sT (1)DED (o:s(t)+(B+7 ") (e+h1 lge(D)l

A s(1) 1. 1.: 1.z
+ ka2 lwe (1) )— —cc——kiki— —kako
IsI”™ po P D2
| Y
+—vy Y
P3

< (k1 Ige®ll+k2 e IsOI+EHk1 lge)l+ka
X [lwe@) D s+ IDE| ()]l A
_)‘min(DEDT)sT(t)
x(@s()+ (B+7 )@+ pre |
+(/€1+||aoﬂoe*ﬁ0f ||)
X llge(0) |1+t laoe™" ) llwe Dy Et;n

)__

1.z L2 1 5
——kiki— —koko+—yy 7y
Pi )23 P3

IA

( &4ky lge(D) 1+ka llwe D Is@OIIDE] sl Ap
+p13W*2y*—Am(DEDT)sT(t)(as(tH B+ H

x (&-+]| 1 Bre P11 || +-ka+ | o Boe PO |) llge (1) 1+

_ﬁ t S(t)
+ |lecoe PO ) llewe (D)) SOl (24)
From (4), we know that
1
1Qu®)ll = T=(Jn/2ks lu()|l (25)

Then, we can obtain
(Vn/2)k3
A - -
"=k
__(/n/2)ks
= 1-(J/n/2)ks
x (&1 Bre P |+ + | ctoBoe P ) llge (o)
+(ko+||aoe ™) llwe )] (26)
Recall that y = 19—)?_1. Substituting (16), (17) and (26)
into (24) yields
V(1) < (&4ki llge(®ll+ o@D Is@)ll
(Vn/2)k3
1-(/n/2)k3
HBHPHE e pre ™
+(kr+ | coBoe™ ) llge )l

llu(®)]

DI [o lIsI+(B+7)

IDE| D% [o [Is(@)]]
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+(ka+ | coe P ) lwe 1T Is@) =057 ()
x[os(O)+HB+P D@+ eI+ lwe)])

t n _ ~ _
) ||z8|| 7 @ on pre™" |+ + o foe ™)

X gD | +Geo+ ]| o™ llaoe ()1 Is(0)]
(V/n/2)ks
1-(/n/2)k3

X (¢+] a1 Bre P11 | +-Gki+| o foe P |) llge (D)l
+(ka+ || o™ ) lwe (D) IDT sl =D 0 [ls(e)]*
— 9B+ |1 Bre™ P || +ki+ | coBoe P ) llge ()]

A

IDEN DI o IsII+(B+7)

+(k+ [ ecoe™ ") llwe @I ()] 27
Note that
k3 < min{ 2 ,
Vn(IDE| | DII+8§)
i } (28)

VnEBHIDE| |ID]| (B+Amin(DEDT)))
Thus, substituting (28) into (27) yields

V@) < &1 lIs@)lP—e2 [Is0)] (29)
where &1 = ﬂa—l(‘gz/);;k IDE| |ID|lc > 0 and &5 =

~ 2)k
PBe— {28 IDE| D] B > 0.

Then, the sliding surface s(#f) = 0 can be reached in
finite time, which indicates that the defined tracking goals
lim g = 0 and lim w, = 0 can be achieved. This com-
—00 [—>0o0
pletes the proof.

Remark 3: Generally, to weaken the chattering phe-
nomenon of the control signals, control scheme (13) should
be replaced by

u(t) = D" (o s()+H(B+7 " )E+ |1 pre PV
kit coBoe ™) lge(d)l4+-Gka+laoe ™" [

s(1)
x IIwe(t)II)|| Ol

where v > 0 is a small constant. Moreover, the initial
estimates of ¢, 121 R 122 and y are selected as ¢(0) > 0, 121 ©0) >
0, kz(O) > 0, and y(0) > 0, respectwely

Remark 4: Parameters ¢, kl, and k2 are the estimates of
parameters c, ki, and kj, respectively. These estimates are
used to compensate the effects of the unknown disturbances,
parameter uncertainties and addictive fault. Parameter p, the
estimate of parameter ¢, is used to eliminate the effects of
the actuator failures, and k3 is the quantization sensitivity
parameter and should be selected to make the quantization
error e,(t) satisfy condition |le,(t)|| = |Qu(®)—u(®)|| <
k3 || Qu(®)].

Remark 5: Generally, the angle and angular velocity of
spacecraft attitude control systems can be measured by sen-
sors. Thus, this information can be obtained by the controller,
and the control law can be implemented. If the angular veloc-
ity cannot be obtained (if there is no gyro), we can design the
observer to estimate the angle and angular velocity.
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Remark 6: In controller (13), the matrix D and parameters
o and B are constant, and parameters c, ki, k> and y can
be obtained by recursive calculation. Moreover, there are
only approximately 30 multiplications and additions in the
calculations, and the control law can be easily obtained.

Remark 7: In controller (13), parameters «g, o, k, 1 and
B1 should be selected to satisfy s(0) = 0. Parameter k3 should
be selected to satisfy condition (18). Other parameters can be
arbitrarily selected according to the system performance.

IV. SIMULATION RESULTS

In this section, to illustrate the good performance of the
developed FTC scheme for the attitude-tracking problem
of the spacecraft with multiplicative and additive actuator
faults/failures, a control torque, an uncertain inertia matrix
and unknown disturbances, a numerical example is provided.
Suppose that the uncertain inertia matrix of spacecraft J is of
the form Jo+AJ, where

140 52 3.9
Jo=|52 150 4.4 |kgm?
3.9 44 135

and

AJ = diag[9sin(t/10)  7sin(¢/15) 12sin(z/10) ]kgm2

and the unknown disturbances d(¢) are assumed as follows:
d(t) = 1074 2sin(5t) 1.5c0s(5t)4+0.5 3sin(5¢) ] Nm.

To strengthen the reliability of the system, four reac-
tion wheels (RWs) are considered as actuators, and the
configuration matrix is set as:

-1 -1 1 1

D=—1|1 -1 =1 1
V311 1

Suppose that the four actuators undergo a partial loss from
an effective fault or complete fault; we define detailed fault
scenarios as follows:

L t <35 )L t<55
PL=003, otherwis” >~ )0.440.1sin(t),  otherwise
1, t<75
03=0, ps= i )
0.540.1sin(¢), otherwise
Uy =u3=0, up=us=0

In this simulation example, the initial states of [ g7 g4 17

and w are set as:

[47(0) ¢40)1" =103

and

—-02 —03 0.8832]"

w0 =[0 0 0] deg/s
Assume that the target-tracking angular velocity is
wg = 0.01[sin(¢/30)  cos(¢/40)  sin(z/30) ]Trad/s
and the initial value of the reference unit quaternion is
[450) qu@1" =[0 0 0 1]
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Design parameters po, p1, p2 and p3 are selected as pg =
p1 = p2 = p3 = 2. The controller parameters are provided
as follows: 0 = 5,k = 0.1, B = 1, &0) = k1(0) = k»(0) = 1
and y(0) = 0.1.

Quantization parameter k3 is selected as k3 = 0.15 <

minlzx(zofsoﬁo,l)’ 2x(%.>i(-)é(l).55) } Thus, constraint (18) is sat-
isfied. Then, we have u = 0.15||Q(u(?))||. To protect the
control signals from chattering, function SO g replaced by

lls()1l
%, where ¥ = 0.001.

The simulation results of the proposed adaptive FTC
approach under actuator faults and a quantized control torque
are plotted in Figs. 2-8. For a clear explanation, Euler angles
converted from the unit quaternion are used to express the
attitude-tracking errors. In Figs. 2 and 3, we observe that
both tracking errors of the angular velocity and attitude are
bounded in a small domain near the origin. Thus, the angular
velocity and attitude effectively track the trajectories of the
desired angular velocity and attitude. In addition, the control
torques and quantized control torque of four actuators are
shown in Figs. 4 and 5, respectively, and the trajectories
of the sliding surface are shown in Fig. 6. Figs. 2-6 verify
that the communication data rate is reduced and that the
system performance can be ensured. Thus, the developed
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FIGURE 5. Quantized commanded control input Q(u(t)).

adaptive FTC law for the spacecraft system with actua-
tor faults/failures, quantized control torque, uncertain iner-
tia matrix and unknown disturbances is effective. Adaptive
parameters ¢, ki, k» and y are plotted in Fig. 7, and the
quantizer parameter is shown in Fig. 8. The adaptive param-
eters are obviously bounded, which indicates the effective-
ness of the proposed adaptation law. Comparisons between
our method and the proposed method in [1] are shown in
Figs. 9-11. Our method exhibits good performance.
Moreover, the sizes of data transmission from the con-
troller to the actuators with and without the designed dynami-
cal uniform quantizer are compared. First, the storage sizes of
both quantized control torque and traditional control torque
sequence are selected as 4 bytes. Second, to achieve an
equivalent attitude-tracking precision with the traditional
controller, the sampling time of the controller is set as
T = 0.25 5. Communication must occur only when the quan-
tization levels of the control torque change. The simulation
results show that during the entire simulation of attitude
tracking, the quantization levels of control torque change
2125 times. Thus, the size of the communication data set for
the attitude-tracking mission with the proposed dynamical
uniform quantizer is 8500 bytes. In the traditional attitude
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control, the control torque must be sent to the actuators for
each control cycle. Since the time duration for the simulation
is 500 s and the sampling time of the controller is set as
T = 0.25 s, the size of the communication data during the
entire simulation time without the dynamical uniform quan-
tizer is 32000 bytes. Thus, the size of the communication data
set is greatly reduced by 74.5% with the proposed control
strategy.
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V. CONCLUSION

In this article, the FTC issue for attitude tracking of a
spacecraft attitude control system is investigated. Multiplica-
tive and additive actuator faults/failures, a quantized control
torque, an uncertain inertia matrix and unknown external
disturbances have been accommodated in the process of FTC

226660

scheme design. A dynamical quantization strategy is devel-
oped to quantize the signals of control torque. To eliminate
the influence of quantization errors and compensate the influ-
ence of actuator faults/failures, an adaptive SMC scheme is
proposed, which can stabilize the overall closed-loop attitude
tracking control system. Simulation results are provided to
illustrate the efficiency of our developed method. The size
of transmission data transmission from the attitude control
module to the actuator module is greatly reduced, and sat-
isfactory attitude tracking performance is achieved. Future
work will focus on investigating the problem of attitude-
tracking control for rigid spacecraft systems with actuator
faults and limited communication bandwidth via an output
feedback approach.
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