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Abstract In this study, the fault-tolerant attitude control of flexible spacecraft is investigated over digital
communication channels, where a uniform quantizer is considered with respect to the sensor signals and
controller indexes. Further, an adaptive fuzzy backstepping control strategy has been developed for the
considered attitude stabilization issue, where the adaptive fuzzy logic method is used to approximate the
rigid-flexible coupled nonlinearity of the spacecraft. In this design, the online adjusting quantizer parameters
are injected into the controller gains to simultaneously compensate for the quantization errors and time-
varying actuator faults. In the proposed control method, the attitude stabilization task is achieved in the
presence of external disturbances, time-varying actuator faults, and signal quantization. Finally, the practical
examples are compared to demonstrate the effectiveness of the proposed control strategy.
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1 Introduction

During the past decades, spacecraft attitude control has become a major research topic in the aerospace
domain, because it can be used to perform various advanced tasks in the aerospace domain including deep
space exploration [1], space on-orbit services [2, 3], and spacecraft proximity operations [4,5]. The main
research issues associated with the spacecraft attitude control system design include highly nonlinear
characteristics owing to the presence of rigid-flexible coupled structures [6], parameter uncertainties [7],
external disturbances and actuator faults [8-11], input nonlinearity [12,13], and formation control [14-16].
During the previous decade, considerable design results have been achieved with respect to spacecraft
attitude control. To name a few, a fuzzy control scheme was proposed to overcome the stochastic actuator
failures and enhance the spacecraft reliability and safety [17]. A novel event-triggered sliding mode
control based on periodic state measurement was initially proposed for attitude stabilization to achieve
the relaxation of continuous state measurement, and the Zeno phenomenon is proved to be excluded [18].
For more relevant results, refer to [19-21]. Among the mentioned literature and other excellent research
results [22-27], backstepping control and sliding mode control are considered to be the two most effective
design methods because of their robustness to disturbances and uncertainties.

Networked control systems (NCSs) have attracted increasing attention because of their advantages,
including low cost, convenient installation, and less weight [28]. In NCSs, the most significant features
include network-induced delays [29,30], data packet losses [31,32], and signal quantization [33]. During
the previous decade, plenty results have been obtained with respect to NCSs [34-41]. For instance, in [42],
a novel adaptive event-triggered controller with Fourier series expansion and radial basis function neural
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network (RBFNN) methods is developed to reduce the communication burden. Recently, the network
communication technique has been combined with the fast-integrated technology in aerospace engineering,
resulting in plug-and-play satellites. These satellites comprise independent functional modules, where
data are exchanged between two modules via wireless connectors [43,44]. Further, they exhibit several
advantages, including low cost and fast integration. The plug-and-play satellites demonstrate significant
application potential in modern spacecraft engineering because of its distinguished advantages, leading
to increasing research attention.

Notably, in plug-and-play satellites, the measurements and command signals should be inevitably
quantized during data exchange. Naturally, signal quantization refers to one of the most significant
research topics for attitude tracking control of the plug-and-play satellites. The traditional spacecraft
attitude control theory, which is based on the assumption that data are transmitted with infinite precision,
cannot be directly applied to quantized spacecraft attitude control. Therefore, new control design methods
should be designed. Various challenges are associated with the fault-tolerant flexible spacecraft control
design when signal quantization is considered, which motivates this study.

In this study, we investigate the adaptive fuzzy backstepping control problem for achieving flexible
spacecraft attitude stabilization. We consider dynamic and static uniform quantization schemes as the
data transmission scheme, based on which the corresponding adaptive fuzzy backstepping control scheme
is developed to solve the attitude stabilization problem. In this design, we propose an adaptive fuzzy
approximation strategy based on the quantized attitude angle and angular velocity values for unknown
nonlinear dynamics induced by rigid-flexible coupled modal vibrations. Furthermore, the proposed control
scheme can completely compensate for the quantization errors and actuator faults. Finally, we present
comparative examples, and the results verify the effectiveness and usefulness of the proposed control
methodology.

The remainder of this paper is presented as follows. Section 2 describes the investigated design problem.
The design of fuzzy backstepping control using dynamic and static quantizers is presented in Section 3.
Section 4 compares the simulation results, and the conclusion is presented in Section 5.

2 Problem formulation

The spacecraft attitude kinematics equation described by a nonsingular unit quaternion is represented
as follows: )
T
. 75‘]71

B (qols +q)

where ¢ = (qo, qv) € R x R? is a unit quaternion with ¢} ¢, +¢2 = 1, and © is defined as the spacecraft
angular velocity. The operator x maps the vector @ = [r1 @2 xg]T € R? to its corresponding skew-
symmetric matrix:

0 —T3 X2
2= 23 0 —z|. (2)

—x9 1 O

For flexible spacecraft with three-wheel setting, the total angular momentum is calculated as
H=JQ(t)+h+n, (3)

where J denotes the inertia matrix, h stands for the angular momentum vector of the reaction wheels, &
is the coupling matrix between elastic components and rigid body, and 7 represents the vibration mode.
For the three-reaction-wheel setting, the torque can be described as

7(t) = [1a(t) m2(t) (1)) = —h, (4)

and the partial loss of effectiveness fault can be expressed as 7(t) = pu., where u. € R® denotes the
control torque command generated by the controller. The vector p = diag (p1, p2,p3) stands for an
unknown actuator efficiency matrix; the case of p; (t) = 1 means that the ith actuator works normally,
while 0 < p; (t) < 1 means that the ith actuator loses its effectiveness partially.
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Figure 1 (Color online) Structure of the attitude control system with signal quantization.

The dynamics for flexible spacecraft under actuator faults is expressed as
JQ+6Ti = =X (JQ+ h + 1)) + puc + d(t),
i+ En+4 Fn+ 60 =0,

where .
2C1A15... 0 Ay - 0

E= F =

1
0 - 20nA% 0 - Ay
are defined as the damping matrix and stiffness matrix, A; = w?, with w,; referring to the natural
frequency, ¢; refers to the damping ratios, d (t) represents disturbances.
Introduce an auxiliary variable & = Q) + 7, which derives

£=00+ij=—E¢— ESQ — Fn. (6)
Combining Eq. (5) with (6) yields
(J = 6T8) Q= —Q*JQ + pu. + T(Qt) + d(1), (7)

where U(,t) denotes the lumped nonlinear term as follows:

Ui

U(Q,t) =6 [F E] — 0T EsQ — Q% 6T (€ —6Q) — Q%h.

The following assumptions are necessary for the proof, achieving the attitude stabilization objective.

Assumption 1. For the efficiency factors of actuator, we suppose that 0 < P, S pi < pi <1 with the
lower and upper bounds of p; being known constants, r; = min{gi}, and ro = max{p;} for i = 1,2, 3.

Assumption 2. The external disturbance vector d(t) = [di(t) da(t) ds(t)]" satisfies ||d(t)| < d, where

d > 0 is an unknown constant.

In the following, the dynamic and static uniform quantization schemes for sensor signals and controller
indexes are introduced and discussed.

As is shown in Figure 1, we consider the attitude control system structure with signal quantization,
where both communication channels of sensor-controller and controller-actuator are implemented with
different encoder-decoder schemes. In this setting, @, (-) denotes a dynamic uniform quantizer, where
w1 > 01is updated online; @, (-) denotes a static uniform quantizer and pp > 0 is a pre-set constant value.
In detail, the sensor measurements () and ¢, (t) are quantized in Encoder 1 before being transmitted to
the controller. Afterwards, the paired Decoder 1 at the controller side recovers the state measurements
as quantized signals instead of their true values. In a similar way, the actuators receive the quantized
control input command.
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Remark 1. Quantizers map the true values of state signals and control commands into piecewise con-
stants that take values in a finite quantization point set, which will inevitably induce quantization errors
for measurements of attitude information and deviation of control torque. Therefore, only quantized atti-
tude state values instead of their exact values can be used in the following design of the fuzzy logic system
(FLS) and the controller, meanwhile quantization errors are of vital importance to be compensated.

We introduce the following dynamic uniform quantizer and define its belonging quantization error in
such attitude control system. The dynamic uniform quantizer for any p-dimensional vector z € RP is
defined as follows:

Q) = prowd (2) >0, ®)

where p is a quantizer parameter which adjusts online. In addition, the quantizer error is defined as
e. = Qu(z) — z, which satifies
le=()| = |Qu(z) — 2| < Ap, (9)

where A = 4

Remark 2. In the research domain of quantized control systems, there exist two classical quantizers,
logarithmic encoder-decoder scheme and uniform encoder-decoder scheme, respectively. The quantiza-
tion resolution for logarithmic scheme becomes more precise when the original state/control signal gets
closer to zero, and it becomes more coarse as the original state/control vector becomes larger, which
is an appropriate characterization for practical engineering application. However, the engineering im-
plementation of logarithmic scheme may be relatively complicated. It should be pointed out that, the
dynamic uniform quantizer employed in this study also possesses the flexible adjustment for quantization
sensitivity. Moreover, the dynamic uniform quantizer is easier to implement for practical engineering
application.

First, for the dynamic quantizer @, (-) and state variable = € R3, the following property holds:
)] < 1Qpu (@) + llex(®)] < Q. ()| + Apa, (10)

where A = @ Moreover, the following lemma relevant to the dynamic quantizer is introduced for the
subsequent design.

Lemma 1 ([45]). For any given x(t) € R™, and constant 0 < 9 < 1, assume the parameter p of the
dynamic uniform quantizer @, (-) satisfies

()]l

RS ma (11)

where A,, = ‘/Tﬁ, and then the quantization error e, (t) and @, (x) satisfy the following constraints:
lea(®)ll < Anp < IQu, (2(1))]; (12)
1
1@y (Il < T—5 Iz (@)l (13)

Second, for static uniform quantizer Q,(-), if the input quantization error is defined as e,(t) =
Q. (v(t)) — v(t), it is straightforward to obtain that

lew(®)]] < Apa. (14)

In the following discussion, our main objective is to develop an adaptive fuzzy backstepping control
strategy for flexible spacecraft stabilization (1) and (7), which is capable of resolving unknown nonlinear
rigid-flexible dynamics and compensating for quantization errors and actuator faults effectively.

3 Backstepping attitude control via uniform quantizer

In this section, the uniform signal quantization schemes, actuator faults, and external disturbances are
considered in flexible spacecraft attitude control systems, and then an adaptive backstepping control
method is proposed by employing the FLS to achieve the attitude stabilization with aforementioned
factors.
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3.1 Adaptive fuzzy backstepping controller design with uniform quantizer
Step 1. Define the backstepping variables as
1= Qy, T2 =0 —uq, (15)
where u,, is the virtual control to be designed later. Then, the dynamics of z is
1 = G(x1) (22 + ug), (16)
where G(z1) = £(1/1 — [|z1]|?sgn(qo) I3 + 7).

Design the virtual control as

Uo = —k121, (17)
where k; is a positive scalar. Choose a Lyapunov function candidate
Vi=aiz+ (1 —q)? =2(1 - qo). (18)

Then the time derivative of V; is obtained from (18) by combining (15)—(17):
Vl = 711711’?1‘1 + l‘rlr,CL'Q. (19)
Step 2. Define Jy = J — §7§. The dynamics with respect to x» is

Joig = —QXJQ+ W(Q,t) +d(t) + ub — Jotia
= —QXJQ 4+ U(Q,t) + d(t) + u + k1 JoG(21)Q. (20)
It should be pointed out that, ¥(€2,¢) in (20) refers to a lumped nonlinear term involved with rigid-
flexible dynamics, which is unaccessible to controller design. Therefore, the FLS is employed to cope with
nonlinear term W(€,¢) for its approximation ability of unknown function. An FLS is generally divided

into four modules: knowledge base, fuzzier, fuzzy inferencer, and defuzzifier [46].
A cluster of IF-THEN rules construct the knowledge base:

Rule i: If by(t) is FY, bo(t) is Fi, ..., b,(t) is F',
then g(t) is G*, i =1,2,..., N,

where b(t) = [b1(t), b2(t), ..., bn(t)]" and g(t) are the FLS input and output. 6z (b,) and ¢:(g) are the

membership functions relevant to fuzzy sets F and G*, which satisfy Zf\;l Opi(b,) = 1 and Zivzl Oqi(g) =
1, and N denotes the number of fuzzy rules.

The FLS is given as follows based on the singleton function, center average defuzzification, and a
product inference scheme:

SN G 0p: (b))

g(:L') = N ) (21)
> im1 (I, 0F: (b))
where g; is the point at which 0:(g) reaches its maximum.
Fuzzy basis functions for FLS are defined as
H?: 9F7' (bL)
9i(b(t) = =y (22)

Zi:l (H7=19F,7' (bL))
It is derived that by rewriting Eq. (21) over a compact set b € C,
g(z) =" (b(t)), (23)

where ¢(b) = [¢1(b)a ¢2(b)5 N 5¢N(b)]Ta and Y= [glag25 v agN]T'
However, after defining ¢(t), there remains difficulties to determine appropriate g; in (21) to achieve
the minimum-approximation error. In [47], the author gives a way to adjust the optimal vector v as

v = argmin [sup |y o(b(t)) — F(b(1))|]|, (24)
7 lbeC

where v = [97,95, - - -, gx]" is the unknown optimal parameter vector.
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Lemma 2 ([46]). Supposing that f(b(t)) is a continuous function defined over a compact set C, there
always exists an FLS as (23) with respect to arbitrary constant ¢ such that

sup [ f(b(t) — 7 o (b(t))] <4, (25)
beC

where ¢ is the ideal constant parameter.
By resorting to Lemma 2, the norm of nonlinear term W(2(¢)) can be approximated based on FLS as

follows:
@) = F(Ut) = 71" G(Qt)) + dw (2), (26)

where dy (t) denotes the minimum-approximation error of FLS.

However, the state measurement () has been quantized through quantizer @, (-) before being trans-
mitted to the controller side, and cannot be used directly in the controller design process. Hence,
Eq. (26) should be modified as

@) = v o)) + 57 (1)
= 776(Qu (1)) + 77 (1)) — G(Qu, (L)) + du (t). (27)

Then, we define the reconstructed error do(t) as follows:
do(t) = 2" (D(Q(1) — ¢(Qu, (AU)))) + du (1), (28)

which is assumed to maintain bounded by an unknown positive constant do(t), i.e.,

180 (£)1] < do(2)- (29)
For further analysis, it is necessary to introduce v* = [v§,73,...,v4|" fori=1,2,..., N such that
g7 1 <7, (30)

where v/ is an unknown positive constant, and g has been mentioned in (24).
The inequality regarding of U(€(¢),t) can be derived based on aforementioned discussions:

(), Ol < ||7T¢(Qm QNI+ lldo @)l

Z F61(Qu, (1)) + 0. (31)

In general, Gaussian function is adopted for the basis function ¢(t), so the property ¢;(Q,,(22)) > 0
holds. Consequently, it yields that

N
¢z Qul Z Qm ))) (32)
which further derives that
(2 Z% $i(Quy (1)) + do, (33)

where v and dp are unknown constants to be estimated by the designed adaptive law.

Remark 3. Due to the signal quantization behavior in sensor-controller channel, it cannot be achieved

in approximating the unknown nonlinear function ¥(2) by using the original value of Q(t). Hence, a

modified adaptive fuzzy logic approximation based on the quantized state values is developed.
Considering the signal quantization errors, actuator faults, and external disturbances, the following

adaptive fuzzy backstepping controller is proposed to stabilize the flexible spacecraft attitude control

system:

u(t) = 7%197“2 (1 +9)(1Qus (@)l + Apa) + (1 + ) Ama () (| Qs ()] + Apa)?
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+%k1)\max(¢]0)(1 + 19)(”@#1 (Q)H + Alu’l) + kQHQltl (mQ)H + (1 + 19)7"2A/J/2

+(1+9)d+ (1+9) (Z i (Qpu, (2 >+(1+19)50+e %, (34)
where
i = e (14 0)[|Quuy (22(0)|61(Qur (), (35a)
00 = cs(1+9)[|Qu, (w2(1)]), (35b)
d = ca(1+9)[|Qu (z2())]], (35¢)

and c¢,,, ¢5, cq are positive updating gains.
3.2 Stability analysis of the closed-loop system

Based on the analysis all above, the following theorem shows that the attitude control system can be
stabilized by the quantized adaptive backstepping control law (34).
Theorem 1. Considering the attitude control system of flexible spacecraft (1) and (7) with (15), if the
virtual control u, is chosen as (16), and the online adjusting parameter p; for quantizer @, satisfies the
following property

]|
(14 $)A7
where the constant 0 < 9 < :—;, then under the quantized adaptive backstepping law (34), ¢,(t) and
Q(t) can converge to the origin asymptotically. The initial values of adaptive variables are selected as
4%(0) = 0, 6o(0) > 0, and d(0) > 0.
Proof.  First, the following error variables are defined:

IS (36)

) =4 =~ i=1,2,...,N,

- A - .- (37)
do(t) =00 — do, d(t)=d—d.
A Lyapunov candidate function can be chosen as
V(t) = Va(t) + Va(t) + Va(t) + Va(t) + Vs(t), (38)
where V4 (¢) has been defined in (18), and
N -
L ()
Va(t) = gE O heatt), Volt) = Y
i=1 ' (39)
9%(1) & (t)
Va(®) = 2¢5 Vs(t) = 2¢cq

and ¢y, for i =1,2,..., N, ¢s, cq are defined in (35a).
It should be noted that the control input vector v(t) is quantized via Q,,(v;) before reaching the
actuator side, and thus the real control command executed by the actuator can be written as

T = pQua (v(t)) = pu(t) + peu(t). (40)
Taking the quantization error into consideration, the derivative of V;(t) satisfies that
Vi(t) = =kt (81 () + af (8)(Quy (22(1)) — eay(t)), (41)

and the derivative of V5(t) satisfies that

Va(t) = Qp, (x2(1)) [ — XX (6)JQE) + (1) + d(t) + po(t) + peu(t) + k1 JoG(21)Q]

H1

—er, ()] = () JQUL) + U(Q,t) + d(t) + pu(t) + peu(t) + k1 JoG(21)9]. (42)
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Along the state trajectory of attitude control system (15), it is derived that the derivative of V'(¢) is
V(t) = —kiz (t)a (t )+=’El (0)(Quy (2(t)) — €ay (1))
+Q ), (22(t ))[ QX (8)JQ(t) + W (Q, 1) + d(t) + po(t) + peu(t) + k1 JoG(21)]
*632( ) - ( )TQUE) + (1) +d(t) + pu(t) + peu(t) + k1 JoG(21)Q]
i (t % 5(t)5 d(t)d(t)
+ Z gt : (43)

05 ( cd

Recalling the quantization error of x; in (10), V3 (t) can be enlarged as

—kray (21 () + |22 () 1Qu, (22(2)) — exn (B)]]
—kvay (D21 () + (1Qu, (w1 ()] + Ap)lleas (D] + (1Qu, (z1 ()] + A1) | Qu, (w2(1))I]. (44)

On the other hand, the term Q. (2(t))(—Q* (£)JQ(t)) can be enlarged as

< Qs (w2) [ Amax ()12
< NQus (@2) [ Amas (1) (1 Quuy (VI + Apan ). (45)

Considering the modified FLS expressed in (33), it yields that

Vi(t) <
<

T (20)(—2°J9)

H1

N
o (@2) (1) < |Quy (@2) 1D 77 (@ () + Qs (2) |0 (46)

i=1
By Assumption 2, it is derived that
i (22)d(t) < Qs (w2)]]d. (47)

It should be noted that A\pax(G(z1)) < 5 for z1 € R3, and then it is derived as

| —

i (22) (k1 JoG (1)) < Sk Amax(J0) | Quuy (22) 1 (1Qpuy (V)| + Apan). (48)

~— N

Recalling the input quantization error in (14), the following inequality holds:

Q. (@2)peu(t) < [|Quu (x2)l| Apsa. (49)

By Assumption 1, 1 < A(p) < 72 can be obtained, where 71, ro are known constants which refer to
actuator efficiency bounds. Thus the following term can be enlarged as

b () [ = () IQUL) + V() + d(t) + pu(t) + peu(t) + k1 JoG(z1)S]

<@ ()l [Amax(«f)(llQm Q) + Apa)? + %klAmx(Jo)(llQm Dl +Ap) +d

+ 27 A(Qua (V) + do + 1Az | + QL (2 (1)) po(t). (50)

Considering the state quantization error e;o(t) in (43), it can be seen that e,(t) is coupled with
state variables, unknown nonlinearity function, external disturbances, and control input, which makes it
complex to eliminate the effects of both state quantization and input quantization behavior. Therefore,
we should focus on the characteristics of both dynamic quantizer @, and static quantizer @),,. According
to Lemma 1, the norm of e,o(t) and x5 follow the constraint:

llez, (O < I Qui (z2(8)) - (51)

Hence, it is easy to obtain the following inequality

—eq, () = QX () JQUE) + VU (Q, 1) + d(t) + pv(t) + peu(t) + k1 JoG(21)9]
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1 _
< Qpuy (z2 ()] [ max () (1Qus (V] + Ap11) + SE1 Amax (o) (| Qs (V) + Appr) + d

N
+ Z%*(b(@”l( + 60 + reApa | — ey, (t)pu(t). (52)

Then considering the coupled term —e;_(t)pv(t) with v(t) designed in (34), it is derived that

L) < 2 | Qu a2(0)|

0 DA ]+ A
5 A (o) (1 + 0) (1@, (D] + A
2 | Qs (22) | + (14 D)r2dpa + (1 + 0)d

1+ ) (Qpui (z1)|| + Apa)

+(1+9) <ZV@¢1 Qm ) +(1+19)50+€ ] (53)
which further implies that
—ex ()] = Q) JQ(t) + ¥ (Q, ) + d(t) + po(t) + peu(t) + k1 JoG(21)]
< INQpus (@20 | Amax (V) (| Qs (V)| + Apn)* + %klAmaX(JO)(HQm Q) +Ap) +d
N —
+ Z Vi Qi (R2)) + 0o + 128w
+ ﬂw ||Qu1(z2( DA+ D UQuy ()]l + Apa) + (1 + ) Amax () (| Qs (V] + Api)
+ %Amaxuo)(l (1 Qus )] + ) + kal| Qs ()| + (1 + D)oz + (1 + 0)d
1+19 <Z'Vz¢z Qm ) +(1+19)50+€ ) (54)

where ¥ is designed to satisfy ¢ < :—;
Based on the above analysis, it follows that

V(1) < =kt (z1(t) + (1Quu (21 ()| + A | Quuy (2 (0) | + (1Qus (w1 (D) + A1) Qg (2(1) |

HQu (@2 ()| Amasx (N ([Qpuy (D + Apar)? + %kaaX(Jo)(HQm Dl + A1) +d

+ Z % O(Qui () + 00 + r2Apz | + Qi (x2(t))pv(t)

+19|Qm(fﬂ2(t))|l max () (|Quy (V)] + Apr)? + %kﬁ\max(Jo)(llQm(Q)ll +Am)+d

N
+ Z Vi A(Qpur () + do + r2Aps

197’2

+ (1 + (1@ (z) [ + Apa) + (14 ) Amax (J) (| Qus (D] + Aper)

o 1Qui (z2(8))]

+%>\max(Jo)(1 + ) (1Quy (D + Ap1)? + k2| Quy ()| + (L +D)raApz + (1 +9)d
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)3 d(t)d(t)
t) '

cd
Substituting the control law into the term Q} (x2)pv(t), it yields that
Qy, (w2)pu(?)

< <||@m<z2<t>>|| -

o 1@ (a2t ))|> XA+ ([Quy (1) + Apn)

(1 + ) Amax () (| Quy (V| + Apan)? + —klAmax(Jo)(Hﬂ)(llQm( )+ Apa)

k2| Quy ()]l + (1 +0)r2 Az + (1 +0)d + (1 +0) (Z% $i(Quy (2 ) (1+9)do + <. (56)

Thus, V5(t) follows the following property:

Va(t) = Qb (x2(t)) [ — QX (£)JQU) + U(Qt) + d(t) + pv(t) + peu(t) + k1 JoG(21)Q]
—er ()] = QX () JQt) + W (Q, ) + d(t) + po(t) + peu(t) + k1 JoG(21)]

N

[Qui (2 (D)) [)‘maX(J)(”Qm QI + Apa)? + %kaaX(Jo)(HQm Dl + A1) +d

3 (@ () + 0+ 2 Ao

A0 Quy (@2 (D) | Amax (1) (|Quuy (D + Apia)? + %kﬂmax(Jo)(llQm )+ Ap) +d

N
+ Zv;‘qb(Qm () + Jo + raAps

197"2

o 1Qu (2O (14 9) (1 Qs (@I + A1) + (1 + D Amax (N (1@ (D] + Apin)

1 )
+§>\mmx(«fo)(1 + ) (1Qu (VI + Apua)* + k2 [|Qpy (w2) | + (1 + D)r2Apiz + (1 + D)d

HA+9) (zw% ) (L D)o+

~NQu (@2 (D | (A + ) (|Quy (1) | + Apr) + (1 + ) Amax () (| Qs (V| + Apar)?

5 F Ama(Jo) (1 0) Qs ()] + Agi) + Ral| Qo (22)]| + (L + D)radhps + (14 0)d

+(1+9) (Z%@Qm ) +(1+9)bo +¢

’197“2

o 1Qus @2 (I (4 D) (1@ (1)l + Apir) + (14 9) A () (| Qs (€2 )+ Ap)®

+1’€1>\ nax (J0) (1 +9) (1Qus (V)| + Apur) + k2| Qs (w2)ll + (1 + 0)r2Apaz + (1 + 0)d

1+19 <ZV’L¢'L Qltl ) (14—19)5\0—’_6 9
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which further implies that
Va(t) < =[1Qu (@) (1 + 9)([|Quy (w1 ()| + Apr) = (1 + 9)[| Qs (2(1) | d

—(1+ N Qpy (z2(1))l (Z%d)z Qua ( ))) — (L4 0)1Qu, (22(2)) 1|80
— (k2 +€)||Qm(fﬂz( NI, (58)

Noting that 7;(t) = 7 (t), go(t) ( and d(t) d( , it follows from the adaptive law that

V(t) = —Va(t) + Va(t) + Va(t) + Va(t) + V5 (t)
<~k O () = (b + ) [Qu (2
<~k () - BT 0ate), (59)

It can be seen that V(t) < 0 for 21 (t) # 0 and x3(t) # 0, so the states 2 (t) and z(t) will converge to
zero under the designed controller, which further implies that ¢, (¢) and Q(¢) will converge to zero, and
qo(t) converges to 1. Thus the proof is completed.

Remark 4. The selecting conditions for initial values are given as 4;(0) > 0, 60( ) >0, and d(0) >

By the adaptive laws (35a)(35¢), it can be guaranteed that 47 (t), do(t), and d(t) are posmve values
during the controller activation time. It is also noted that the positive constraints of 47 (t), do(t), and
cZ(t) are essential conditions for stability analysis procedure. In practical engineering application, to
avoid overestimation of adaptive variables, the monotone increasing adaptive laws (35a)—(35¢) can be
terminated when tracking errors converge into a small residual set in the vicinity of origin.

4 Simulation results

In this section, a practical example is presented to verify the effectiveness of the quantized fault-tolerant
control strategy proposed in this study, and a comparative example with traditional adaptive fast sliding
mode control (AFSMC) method is also presented to show the superiority of the developed control method.
The spacecraft parameters used in [48] are employed. The inertia matrix and the coupling matrix are
given by

6.45637 1.27814 2.15629

350 3 4
5 —1.25619 0.91756 —1.67264
J=1] 3 280 10 | kgm~, 6=
1.11687 2.48901 —0.83674
4 10 190

1.23637 —2.6581 —1.12503

For flexible appendages, the natural frequencies are given by wy,1 = 0.7681 rad/s, w,2 = 1.1038 rad/s,
wps = 1.8733 rad/s, wpa = 2.5496 rad/s, and the damping ratios are given by ¢; = 0.005607, (» =
0.008620, ¢35 = 0.01283, ¢4 = 0.02516.

We consider the spacecraft is serving under the following working conditions:

(I) The initial attitude of the spacecraft is chosen as roll angle 8°, pitch angle —5°, yaw angle —12°,
which corresponds to the quaternion ¢(0) = [0.9915 0.0648 — 0.0506 — 0.1011]"; the initial angular
velocity of the satellite is ,(0) = —0.8°/s, ©,(0) = 0.5°/s, ©Q.(0) = 1.5°/s; the initial vibration mode
7;(0) = 0.001, and its derivative 7;(0) = 0.0005.

(IT) The external disturbances are given by

—3 4+ 2Qsin(0.11¢) — cos(0.47t) 4 4cos(0.27t)
d=| 4+ Qyc08(0.11t) — 2cos(0.47t) + 3sin(0.27tt) | x 107* Nm.
—3 — 2Q3c0s(0.11¢) — 3sin(0.47t) 4 4sin(0.27t)

(IIT) The bounds of the actuator efficiency factor p;(t) are set as r; = p, =0.45 and r; = p; = 1. The
time-varying efficiency factors of the actuators are given by

p1(t) = 0.8 — 0.1sin(5¢), p2(t) = 0.67, p3(t) = 0.75 + 0.1cos(2t).
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Figure 2 (Color online) Quaternion values and their quantized values under the proposed controller.

(IV) For dynamic uniform quantizer @),,, the co-design parameters are selected as ¥ = 0.24 and
A = ‘/TS , and then the online adjusting parameter is tuned by p;(t) = %. For static uniform
9
quantizer Q),,, the quantization resolution parameter is set as A = @, po = 0.005.
(V) Moreover, in order to make the simulation more practical, the input saturation is considered. For
reaction wheels, the maximum output torque and angular momentum are Tax = 0.5 Nm and Apax =

10 Nms, respectively.
4.1 Control performance under the proposed control scheme

In this subsection, the simulation is implemented with the proposed method, and the controller parameters
for attitude control is selected as follows. First, define the fuzzy membership functions as follows:

Opi () = e (WHE=DN07/03 1, e 119 3} i€ {1,2,3,4,5),

which is known to the controller. Furthermore, it derives that

su(@(t)) = 1 0r (%)
' O (B 0 ()

Second, the adaptive gains for 50, dA, and 4, i = 1,2,3 are chosen as ¢5 = 0.001, ¢q = 0.0035, ¢, =5,
Cyp = 0.5, ¢y, = 0.5, ¢, = 0.5, ¢y, = 5, respectively, the scalar € is set as 0.01, and the backstepping
control law gains are set as k1 = 0.375, ko = 145.

Third, the initial values of adaptive variables are 4;(0) =0, i = 1,2,3,4,5, 5(0) =0, and J(O) =0.

Quy (z2(1))

(22 (1) 0-0015 to realize the term

To prevent the control signals from chattering, we employ I®)
M1

Hgﬂ% in the simulation.

Under the quantized adaptive backstepping control law (34), the simulation results are shown in

Figures 2-5 clearly. Figures 2 and 3 present the quaternion values and angular velocity values with
their quantized values of the closed-loop flexible spacecraft control system respectively, which show that



Liu Q H, et al. Sci China Inf Sci  May 2021 Vol. 64 152205:13

0.4 T T T 0.8 r r -
2 —o0 | 3 — )
3 — 0, @) £ 06 — 0, @)
= =
8 S
| § o4t :
= | g
2 g 02F 1
9 E 9
: Z o
S S
- : : -0.2 . . .
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)
2.0 T T T
)
g 15 — o .
= — 0O, (@5(1)
S
.§ 1.0F 1
S
<
=
S 05+ J
=
g
= Or
S)
-0.5 - - -
0 50 100 150 200
Time (s)

Figure 3 (Color online) Angular velocity values and their quantized values under the proposed controller.
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Figure 4 (Color online) The curve of vibration mode under the proposed controller.

the proposed method can compensate for the quantized errors completely. Figure 4 presents the vibration
displacements, which are all suppressed in bounded range. Figure 5 presents the quantized control torque
commands generated by the proposed controller, and Figure 6 gives the momentum of reaction wheel
actuators.

4.2 Control performance under the existing AFSMC method

In this subsection, the traditional AFSMC [49] is employed under actuator faults and signal quantization
to make a comparison with the proposed method in this study. The controller parameters are adopted as
they were in [49]. Figures 7 and 8 illustrate the quaternion and angular velocity of the spacecraft during
the attitude stabilization process.
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Figure 7 (Color online) Quaternion values and their quantized values under AFSMC.

4.3 Analysis of comparing experiments

From Figures 2 and 3, it can be seen that the proposed adaptive fuzzy backstepping controller can
accommodate signal quantization and actuator faults effectively. However, from Figures 7 and 8, it is
shown that the attitude variables diverge as time goes on, which means that the traditional AFSMC may
not be qualified and cannot be directly applied when signal quantization and actuator faults exist. By the
comparative experiments, it can be concluded that the proposed controller in this study has advantages
over the traditional AFSMC when signal quantization and actuator faults exist, which endows the attitude
control system more reliability against actuator faults, especially in application scenarios.
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Figure 8 (Color online) Angular velocity values and their quantized values under AFSMC.

5 Conclusion

In this study, an adaptive fuzzy backstepping control strategy has been developed for flexible spacecraft
systems with signal quantization and actuator faults. The proposed quantized fault-tolerant control
strategy can effectively resolve the time-varying actuator failures, unmeasurable modal vibrations, and
quantization errors simultaneously in case of a flexible spacecraft attitude control system by injecting the
quantizer parameters into the controller gain and applying the backstepping design technique, the fuzzy
logic method, and the adaptive estimation mechanism. Finally, the simulation results are compared to
prove the effectiveness and advantages of the proposed control method. Future work will focus on the
investigation of spacecraft control in the presence of signal quantization and communication delay.
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