Chapter 3

Fuzzy Logic System-Based Adaptive
FC for NSV Attitude Dynamics

with Multiple Faults

3.1 Introduction

It is well known that the controlled systems in practical applications may become
faulty due to various reasons. Hence, FD and FTC have received considerable atten-
tion, and obtained significant results in the past decades, see [1-22] and the refer-
ences therein. However, most of the existing results on FD and FTC work under the
restrictive condition that only one actuator or sensor fault occurs at one time. In real
applications, multiple types multiple faults may occur in the controlled system. The
faulty cases include: multiple actuator faults, multiple sensors faults and multiple
actuator and sensor faults. Up to now, few revelent results are reported in literature
[23]. In [23], an actuator fault diagnosis scheme was proposed for a class of affine
nonlinear systems with both known and unknown inputs, which was designed by
making use of the derived input/output relation and the recently developed high-
order sliding-mode robust differentiators. Hence, considering multiple type multiple
faults simultaneously occurred in the controlled system is a motivation of this chapter.

Near space hypersonic vehicle, as a class of vehicle flying in near space which
offers a promising and new, lower cost technology for future spacecraft. It can
advance space transportation and also prompt global strike capabilities. Such com-
plex technological system attracts considerable interests from the control research
community and aeronautical engineering in the past couple of decades and significant
results were reported [24—35]. For such high technological system, it is of course
essential to maintain high reliability against possible faults [36-54].

Recently, T-S fuzzy system was used to describe the NSV attitude dynamics
which are complex nonlinear, multi-variable and strongly coupled ones [24-35].
During the past two decades, the stability analysis for Takagi-Sugeno (T-S) fuzzy
systems has attracted increasing attention [25-27]. In [55], the authors studied the
problem of fault-tolerant tracking control for near-space-vehicle attitude dynamics
with bias actuator fault, where the bias fault was assumed to be unknown constant.
However, in practical application, the fault may be state-dependent, namely, it is a
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unknown function of system state. In this chapter, we will propose a more general FTC
scheme that handles such state-dependent faults. On the other hand, as a universal
approximation, fuzzy logic system (FLS) played an important role in modeling and
controlling uncertain systems, see [56—61] and the references therein. In this chapter,
we use the above FLSs to approximate the unknown state-dependent gain and bias
faults.

In this chapter, we investigate the problem of fault tolerant control NSV with
multiple state-dependent actuator faults, with the objective to provide an efficient
solution for controlling NSV in faulty situations. Compared with existing literatures,
the following contributions are worth to be emphasized.

(1) The actuator fault model presented in this chapter integrates state-dependent
gain bias faults, which means that a wide class of faults can be handled. The
theoretic developments and results of this chapter are thus valuable in a wide
field of practical applications.

(2) Differing from some design scheme in literature, the fault-tolerant control
scheme does not need the condition that the bounds of the time derivatives of the
faults should be known constants, which thus enlarges the practical application
scope.

(3) In general, the denominator of the fault-tolerant control input contains the esti-
mation of the gain fault. If the denominator is equal to zero, a controller singu-
larity occurs. In the proposed modified FTC scheme, the controller singularity
is avoided without projection algorithm.

The rest of this chapter is organized as follows. In Sect. 3.2, the T-S fuzzy model for
NSV attitude dynamics is first briefly recalled. Actuator faults are integrated in such
model, and the FTC objective is formulated. In addition, mathematical description
of fuzzy logic system is given. In Sect. 3.3, the main technical results of this chapter
are given, which include fault detection, isolation, and fuzzy logic system-based
fault accommodation in the two cases where system states are available or not. The
NSV application is presented in Sect.3.4. Simulation results of NSV are presented
to demonstrate the effectiveness of the proposed technique. Finally, Sect. 3.5 draws
the conclusion.

3.2 Problem Statement and Preliminaries

3.2.1 Problem Statement

In this chapter, a NSV attitude dynamics in re-entry phase is given as [62]:

Jio= —Q2Jw+ 8
[ @ @ 3.1)

y =R
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(the inner loop) (the outer loop)

Fig. 3.1 The control diagram of NSV

where J € R** is the symmetric positive definite moment of inertia tensor, and
w=1I[p,q,r]" =[w,w, ws]" is the angular rate vector composed of roll p, pitch g
and yaw rate 7, § = [8,, 84, 8,17 € R3*! is the control surface deflection, 8., 8, 8,
are the elevator deflection, the aileron deflection, the rudder deflection, respectively.
The skew symmetric matrix £2 is given by:

0 —w3 Wy
RL=|lw; 0 —o 3.2)
wy Wi 0

In the re-entry phase, R(-) is defined as follows:

cosa 0 sina
R()=| sina 0 —cos« (3.3)
0 1 0

where ¥y = [¢, 8, «]” and ¢, B, o are the bank, sideslip, and the attack angles,
respectively. According to the singular perturbation theory, the above six equations
can be expressed in the form of inner loop @ and outer loop y; w and y are also
respectively called fast loop and slow loop. The control diagram of NSV attitude
dynamics is shown in Fig. 3.1. From the motion law of NSV, it is easy to find that,
the response of the angular rate w is faster than the one of the attitude angle y. Based
on time scale principle, we define w as fast state and y as slow state, thus system
(3.1) can be divided into the following two subsystems: fast subsystem (3.4a) related
to fast state w and slow subsystem (3.4b) related slow state y .

).Cw zf(-xw) + g(xw)u(t)
(@)
Yoo = Xo
. (3.4)
Ixy = /(. Y0 >
Yy =Xy

where f(x,,) = J ' 2(w)Jx,, g(x,) = J‘l,f(xy) =R(),x, =w,x, = .
The control objectives are,

(1) for the slow subsystem (the outer loop), to design the ideal angular rate y,,(=wy)
such that subsystem output y, follows the desired reference signal y; whose 1st
derivative are available and bounded;
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(2) for the fast subsystem (the inner loop), to design the control u(¢) such that the
angular rate x,, follows the ideal angular rate y,,(=wg).

That is to say, the main task is to design proper control input u(¢) such that
lim; 00 (X0 — wg) =0 = limt%oo(yy —va) =0.

A fuzzy linear dynamic model has been proposed by Takagi and Sugeno in 1985 to
represent a nonlinear system as an aggregation of local linear input/output relations.
The fuzzy linear model is described by fuzzy IF-THEN rules and will be employed
to deal with the fuzzy control problem for inner loop dynamics described by (3.4a)
in this chapter.

Consider the following T-S fuzzy model composed of a set of fuzzy implications,
where each implication is expressed by a linear state space model. The ith rule of
this T-S fuzzy model is of the following form:

Plant rule i: IF z;(¢) is M;; and . .. z,(¢) is M;,, THEN
{ (1) = Aix(t) + Biu(t) 55)

y(1) = Cix(1)

where i = 1, ..., r, ris the number of the IF-THEN rules, M;;,j = 1,..., q is the
fuzzy set, z(t) = [z1(?), ..., 24 (1)]" are the premise variables which are supposed to
be known, x(¢t) = [x1(?), ..., x,()]T € R" denotes state vector, u(t) € R" denotes
control input, A; € R™", and B; € R™" are local state and control matrices.

The overall fuzzy system is inferred as follows:

£(6) = D" hiz(O)[Ax(1) + Biu(t)]

i=1

; (3.6)
Y =D hiz(1)Cix (1)
i=1
where h;(z(t)) is defined as
[T Mylz(0))
hz)) = i=12....r 3.7)
Z: l:[ M;[z(1)]

where M;;[z(#)] is the grade of membership of z;(¢) in M;;. It is assumed in this chapter

that [ | M;;[z(r)] > Oforall 7. Therefore, we have > h;(z(1)) =1, 0 < hi(z(1)) < 1
j=1 i=1
for all ¢.
In this chapter, the state feedback control strategy is chosen as a parallel distributed

compensation (PDC), which can be described as follows:
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Control rule i: IF z;(¢) is M;; and . .. z,(¢) is M;;, THEN

q»
ui(t) = Kix(1) (3.8)

where K; is the controller gain matrix to be determined later.
The overall fuzzy controller is given as follows:

u(t) = D hiO)Kix(0) (3.9)

i=1

The control objective under normal conditions is to design a proper state feedback
control input u(#) such that lim,_, oo (x, — @g) =0 = lim;, o (y, — v4) = 0.

However, in practical application, actuators may become faulty. Two kinds of
actuator faults are considered: loss of effectiveness of the actuators and actuator bias
faults. The first kind of fault is modeled as follows.

u{(t) = =p/CNut), i=1,....m, t >t (3.10)
where p;'(x) (0 < pj'(x) < 1), which is supposed to be unknown, denotes the

remaining control rate, #; is unknown fault occurrence time. The second kind of
fault, namely actuator bias fault, can be described as:

W) =w@) +d'x), i=1,....m > (3.11)

where d;'(x) denotes a bounded signal. Therefore, the above two kinds of actuator
faults can be uniformly described as

W (1) = (1= (D) + d' ), 124y (3.12)

Furthermore, a more general fault model can be given as:

i

P}
(1) = (1= pl)ui() + D gldlyx), 1> 1 (3.13)

j=1
where d;-fj(x), i=1,...,mj=1,...,p! denotes a bounded signal, p¥ is a known
positive constant. g;'; denotes an unknown constant. With no restriction, let suppose
p| = - = ph= p, withpaknown positive constant. Consider the following notation

a;;(x) = gi;d;;(x), (3.13) can be re-written as follows:

14
W[ (0) = (1= pre)u(0) + >y, 1= 1 (3.14)

J=1
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where the nonlinear functions p;(x), a}f ; (x) and the failure time instant #; are
unknown. In this chapter, both bias and gain faults are handled by considering the
general fault model (3.14).

Now, the control objective is re-defined as follows. An active fault tolerant control
approach is proposed to obtain the above tracking objective in normal and faulty
conditions, namely, lim;_, o (X, — wg) = 0. Furthermore, lim,_, . (y, — y4) = 0.
Under normal condition (no fault), a state feedback control input u(¢) is designed,
such that lim;_, o (x, — @4) = 0. Meanwhile, the FDI algorithm is working. As soon
as actuator faults are detected and isolated, the fault accommodation algorithm is
activated and a proper fault-tolerant control input u(¢) is used such that the tracking
performance (lim;_, o (X, — wyz) = 0) is still maintained stable under faulty case.

3.2.2 Mathematical Description of Fuzzy Logic System

FLS consists of four parts: the knowledge base, the fuzzifier, the fuzzy inference
engine working on fuzzy rules, and the defuzzifier. The knowledge base for FLS
comprises a collection of fuzzy if-then rules of the following form:

Rl:ifxl isAl1 and x, isAlz... and x,, isAL, thenyisBl, [=1,2,....M

where x = X1, %2, ..., %07 € U C R" and y are the FLS input and out-
put, respectively. Fuzzy sets Aﬁ and B! are associated with the fuzzy functions

ol
a1 (i) = exp(—(*5*)?) and wg (") = 1, respectively. M is the rules number.
Through singleton function, center average defuzzification and product inference,
the FLS can be expressed as

M n M n
y) = [Zy’ (H Iy, (x,»))] / [Z (H M (x»)} (3.15)
I=1 i=1 =1 \i=I
where j' = max,crp . Define the fuzzy basis functions as
n M n
£'(x) = [H ey (x»} / [Z (H o (x,-))} (3.16)
i=1 I=1 \i=1

and define 87 = [y',3%, ..., 9] = [61,65,...,0y] and & = [E', &2, ... EM]T,
then FLS (3.15) can be rewritten as

y(x) = 0"E(x) (3.17)
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Lemma 3.1 (Boulkroune et al. [60]) Let f (x) be a continuous function defined on a
compact set 2. Then for any constant ¢ > 0, there exists an FLS (3.17) such as

sup [f(x) —0TE()| < & (3.18)

xef2

By Lemma 3.1, FLSs are universal approximations, i.e., they can approximate any
smooth function on a compact space. Due to this approximation capability, we can
assume that the nonlinear term f (x) can be approximated as

fx,0) =0"&(x) (3.19)

Define the optimal parameter vector 6* as
0" = argmin[sup |f (x) —f(x, 0%)|]
fe2 xeU

where £2 and U are compact regions for 6 and x, respectively. Also the FLS minimum
approximation error is defined as

e=f(x)—0"TE®x) (3.20)

In this chapter, we use the above fuzzy logic system to approximate the unknown
functions p} (x), aﬁj(x), namely, there exist 9;1., 6;’1.’]., €p.i> €a,ij Such that pj'(x) =
0, .:80,i(0) + &pia} ;(x) = 0y, 601 j(x) + €q,: ;. Now, the following assumptions are
made.

*
a,ij

Assumption 3.1 There exist unknown constants ¢}, > 0, ¢

\ \ * * * *
constants M, g, My s, ; such that |e, ;| < €}, |€a,s.jl < 3y 600 < My, 60 <

Ma,SkJ'

> (0 and two known

Assumption 3.2 There exist known constants M, , M, ; such that ||9:‘ | <
Sk
My s, ||9;:H.|| < My g, -

3.3 Fault Diagnosis and FLS-Based Fault Accommodation

In this section, the main technical results of this chapter are given. We will first
formulate the fault diagnosis and accommodation problems of the above T-S fuzzy
system. We will then design a bank of SMOs to generate residuals, investigate the
FDI algorithm based on the SMOs, and propose a FTC scheme to tolerate the faults
by compensating for faults.
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3.3.1 Preliminary

Consider the T-S fuzzy faulty system described in (3.6). We assume that only actu-
ator faults occur and no sensor fault is involved. The following assumptions are
considered.

Assumption 3.3 Matrix B; is of full column rank and the pair (A;, C;) is observable.

We first design the fault diagnosis observers to detect and isolate the faults, and
then, propose a FTC method to compensate the faults.

3.3.2 Fault Detection

In order to detect the actuator faults, we design a fuzzy state-space observer for the
system (3.6), which is described as:
Observer rule i: IF z;(¢) is M;; and . . . z,(¢) is M;,, THEN

(1) = Ak(0) + Bu() + Li(y(r) — 5(1)) 321)
y(0) = Cx(0)
where L;, i = 1, ..., ris the observer gain for the ith observer rule.
The overall fuzzy system is inferred as follows:
F0) = D hiGO)ARW) + Bu() + Liy(t) — 5(1))]
~ (3.22)
5 =D hiz())CR()
i=1
Denote
ex(t) = x(t) —x(1), ey(t) = y(®) — (1) (3.23)
then the error dynamics is described by
&) = D~ hizO)A; — LiChey(1)]
= (3.24)

ey(t) = D~ hi(z())Ciex (1)

i=1
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Lemma 3.2 The estimation error e, converges asymptotically to zero if there exist
common matrices P = PT > 0 and Q > 0 with appropriate dimensions such that
the following linear matrix inequality is satisfied:

PA —LC)+ A —LC)'P<—0Q,i=1,2,...,r (3.25)
Proof Consider the following Lyapunov function

Vp = el (t)Pey(t)
Differentiating V| with respect to timet, one has
Vo(t) = D hizt)lel ()(P(A; — LiC) + (A; — LiC)  P)e.(1)]
i=1

< = > hiz)le] () Qe (]

i=1

(3.26)

<0

Because Vp(f) € Lo is a monotonous and non-increasing bounded function,
Vp(+00) exists. Hence, we have

4o I

Vo0) = Vokoo) > = [ 3 hic)lel Qe 0],
0 =i

which means taht e, (t) € L,. Since e, (1), éx(t) € Lo, using the Lyapunov stability
theory, we obtain lim e, () = 0. Furthermore, we have lim e, (#) = 0. The proof is
—00 11— 00

completed.

From Lemma 3.2, we have
Vp(t) < = D hi(z(0)le] (1) Qe (1)]
i=1

= > hi(@(t) hin Q)] (Dex(1)]

<

"=r1 (3.27)
< - Z i (2(1) [Mmin (@) /Amax (P)el (1) Pey (1)]

i=1
< =hiZ(O) [Amin (Q) /Amax (P)1V ()

—Kk Vp(1)
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where Kk = Anin(Q)/Amax (P) € R. Hence,
Vp(t) < eV (0) (3.28)
Furthermore, we have
hanin (P ex (D11 < € hmax (P)lex (0)]] (3.29)
Therefore the norm of the error vector satisfies
llex (1] < v/ Amax (P)/Amin (P)lex (0) ||~/ (3.30)
Furthermore, the detection residual can be defined as
MOESNOENOI (3.31)

From (3.30), it can be seen that the following inequality holds in the healthy case:

J() < D~ hi@(E)V anax (P) /2anin (P Ci| e (0) [ e/ (3.32)
i=1

Then, the fault detection can be performed using the following mechanism:

J(t) < T, no fault occurred,
(3.33)

J(t) > T, fault has occurred

where threshold T, is defined as follows.

Ta =D @)V hmax (P)/Amin (P)]|Cil ||l (0|2 (3.34)
i=1

3.3.3 Fault Isolation

Since the system has m actuators, which maybe become faulty, we have C! + C? +
-+ C" possible faulty cases, where C’, denotes the number of faulty cases where
there are i faulty actuators within m actuators. Let us define the following symbol,
j{‘ (i=1,2,...,myk=1,2,...,i) which denotes the situation where the ith actu-
ator fails when there are k possible faulty actuators among the m actuators. Fault

patterns can be described in details as follows.
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Case 1: only an actuator is faulty
1 . . .
Ny RN RS = (1) ()L U

In this case, there are C!, fault patterns.
Case 2: only two actuators are faulty
2 2 ) )
b }’ b }’ AR b }7 AR
N L Gy = | U Rb UL b X
) Jm}

) ) 2 2 2
27]3}5 {]27]4}9'°-’ 27]m}7‘-'{]m—17

where the number of fault patterns reached a total of C2,.
Case i: only i actuators are faulty

R (RLRZ RO = (L Ui )

where the total fault patternis C ,i = 1,2, ..., m.
Case m: all m actuators are faulty

N o (R RS = ({1

Here, there is only one fault pattern (C}, = 1).

Now, let 8, = {R!, ..., 8GRI 8GR RGH. Obviously,
there are C) + C% + - - - + C possible fault patterns that are numbered as the 1st,
2nd, Nth fault pattern, where N = C} + C2 + ... + C™.

In this chapter, it is assumed that there d actuators became faulty whose pattern s is
Nj , namely, s = Nj . We also assume that the d actuators are the s;th, s,th, ..., ssth
actuators, where 1 < s; < s < --- < 55 < m. Then the faulty model can be
described as:

(0 = D hi@E)Ax(0) + D hiz(6))Bu(t)—

i=1 i=1

r d 14
D i) D {biglpl @ud ()= D a" ()] (3.35)
i=1 k=1 j=1

YO =D hiz(1))Cix(1)
L i=1
where B; = [bi1,bi2,....biml, bis € R\, 1 < I < m, ,0‘: (x), al‘:l‘_k(x),j =

1,2, ..., pdenote the time profiles of the s;th actuator fault, which are described by
(3.14), ufk () is the desired controller when the s;th actuator is healthy.
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Inspired by the SMOs in [63], we are ready to present one of the results of this
chapter. It is assumed that fuzzy observer and fuzzy control systems have the same
premise variables z(), then the following fuzzy observers are proposed to isolate the
actuator fault.

Isolation Observer Rule i: IF z;(¢) is M;; and . .. z,(?) is My, THEN

s (1) = Ak () + Ly (t) — $is (1)) + Bau(t)+
d

p
D {biskalple 0+ D a ] (3.36)

k=1 j=1
j}is(t) = Cis)%is([)

where X;(1), y;5(¢) are the sth fuzzy observer’s state and output, respectively. L; is
the observer’s gain matrix for ith observer. The global fuzzy observer is represented
as:

E(0) = D" hiEASi () + D hi@L () = $is(0) + D hiz(0)Bu()+

i=1 i=1 i=1
r d 4
. i “u s ~U
le hi(z(1)) ;; bi,s s [Pk} () + le a1
= = ]j=

Fs(t) = D hiz(1) Cifs (1)

i=1

hi(z(1))Fig eys (1)
1

1

Il _Zlhi(z(t))Fiskeys(t)H

1

r

Mg = —

(3.37)

where Fi;, € R'" is the sythrow of F; € R™*", which will be defined later, L; € R™"
is chosen such that A; — L; C; is Hurwitz, ey (1) = x,(t) — (1) and ey, (1) = y(t) — (1)
are respectively the state error and output error between the plant and the sth SMO
observer. Let / denotes the practical fault pattern where the faulty actuators are the
lith, Irth, ..., [;<th actuators, 1 < <L < --- <z < m.

For s = [, namely,d = d*,l; = s1, b = $3, ..., ;= = s4, the error dynamics is
obtained from (3.35) and (3.36).
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exs(t) = D hizO)Aien(t) = D~ hizO)Li(y(1) — Fis(D) +
i=1 i=1

S ) D b0 o (1) — o 5 (D)) +

i=1

p
D@ 00— pga )l
= (3.38)

= > i) (A; — LiChe(r) +
i=1
Zizl bis [(=p ()} (1) — ps pl |} (D)) +

k)

P
D@ @ = pga )
j=1

For s # 1, namely, d # d*ord = d* and at least there exists /; such that [; % s;,i =
1,2,...,d, we have

eus(t) = D~ hiz(0) (A — LiCpes (1) +
i=1
S h GO D b 00 (1) = 3 bl () +

i=1
L a* . d »
2 Q. bindl @) =D bigugdt )]
j=1
(3.39)

The stability of the state error dynamics is guaranteed by the following theorem.

Theorem 3.1 Under Assumptions 3.1-3.3, if there exist a common symmetric pos-

itive definite matrix P and matrices L;, F;, Q > 0, i = 1,2, ..., r with appropriate
dimensions, such that the following conditions hold

(A; — LiIC)'P + PA; — LiC) < —Q (3.40)

PB; = (F;C)T (3.41)

Then, when the Ith pattern is the actual fault pattern i.e., s = I, we have lim e,; = 0,
11— 00

and for s # I, we have lim e, # 0.
1—00
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Proof (1) For s = [, according to (3.38), we have

ex(1) = Z hi(z(O){(A; — LiCieis(1)+

i=1

d _
D bis (=" (0 (6) = b 2 Jus, () )+

P
D@ @ = pgd )
j=1

Define the following Lyapunov function
Vi(t) = el (t)Pey () (3.42)
Differentiating V, with respect to time #, and using (3.40), one has
Vi(t) = &l (1) Peys(t) + el (1) Péy (1)
< —e (NQe (1) +2e, ()P Z hi(z(1) Zzzl bis [(—p!f (O (1) —

i=1

~u S d u =Uu
pa PN O+ (@ (@) = g )]

Sk+J

From pg = — i hi(z(1)) Fig ey, (1) /1] i hi(z(1)) Fig ey, (1)]] and (3.41), one has

i=1 i=1

2L (0P @) D b [(—p! @0 (1) — o 5 (1)) < 0.
i=1

2eL(OP D hi(z(1)) ZZ:1 (@ (@) = pya' ) <0,
i=1

Hence,
Vi) < —el () Qey(t) <0 (3.43)

Because V;(t) € Ly is a monotonous and non-increasing bounded function,

Vi(+00) exists. Hence, we have V;(0)—V;(+00) > — :)roo e;(t)Qexs(t), ie.,

exs(t) € L. Since ey (1) and e (f) € L, using the Lyapunov stability theory,
we have lim e,;(f) = 0. Thus, we have lim e;(t) = 0.
11— 00 =00

(2) For s # [, it follows from (3.35) and (3.39) that:



3.3 Fault Diagnosis and FLS-Based Fault Accommodation 57

exs(t) = D hiz(t)(Ai — LiCeis(t) +

i=1

: ar d
D GO bigpl (0w () = D i Bt (D) +

i=1
Z(Zkl 1 llkl lkl (x) Z zsk/-'Lska )]

Because matrix B; is of full column rank (Assumption 3.1), we know that b;;, and
bj;,, are linearly independent. Therefore,

3 c a u S d u S
Tim > hiGON D buapl () 0 = D" i 81 (O] +
i=1

4 *
z (ZZ=1 biya ) = zzz Lschs @ )] # 0
j=1

Thus, we have lim e, (¢) # 0 and lim ey (¢) # 0.
11— 00 —00

From (1) and (2), we obtain the conclusion. This ends the proof.

(3.44)

Now, we denote the residuals between the real system and SMOs as follows:

Js(t) = ”e_vs(t)” = ”j\)v(t) -

1 <s<m (3.45)

According to Theorem 3.1, when the actual fault pattern is s = [, the residual J(¢)
will tend to zero; while for any s # [, J;(t) does not equal zero. Furthermore, from
Lemma 3.2, we have, if [ = s,

Jo) <D hi(@0)v max (P) [ nin (P) €5 (0) | [/ (3.46)
i=1
and if [ # s, then

Js@) > D" 1 (2(0)v max (P) /domin (P) €5 (0) ||/ (3.47)
i=1

Hence, the isolation law for actuator fault can be designed as

[ Js(t) < T7, 1 = s = the [jth, Lth, ..., [;th actuators are faulty (3.48)

Js(@t) > T, 1l #s

where threshold 77 is defined as follows.
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Ty = D hi@(O)V Amax (P)/ A (P) ey (0) | e
i=1

Notice that, the denominator of u,, = — > hi(z(t))Figeys, (1)/11 D hi(z(1))Fis,
i i=1

ey, (1)]] in (3.37), contains ey (7). Just as pointed out in [63], the chattering phe-
nomenon occurs when e () — 0 in practice. Inspired by [63], in order to reduce
this chattering in practical applications, we modify SMOs (3.37) by introducing a
positive constants as follows:

Es(0) = D" hizO)ASis(0) + D hi@DL() = Fis (D) + D hi(z(0)Bju(®) +

i=1 i=1 i=1
r d p
X X ~u —~U
Z}: hi(z(1)) ;; bi,se s [Pk 6] (1) + le a1
= = Jj=

Fs(t) = D hiz(1)) Cifs (1)
i=1

2 hi(z(0)Figp eys (1)

’ _ i=1

Ko = r
I 22 hiz))Fig eys (D] + 6

i=

(3.49)
where § > 0 € R is a constant. Obviously, the denominator of u; will converge
asymptotically to § when e,; — 0, which reduces this chattering phenomenon.

3.3.4 Fuzzy Logic Systems-Based Fault Accommodation
with Available System State

After fault isolation, the next task is fault accommodation. Before this task, we inves-
tigate firstly the following normal systems (fault-free), and drive the ideal control
u’ () when all actuators are healthy.

2(1) = D hiz)[Ax(t) + B ()]
i=1

i (3.50)
Y(0) = D~ hi(z())Cix(t)

i=1

The parallel distributed compensation (PDC) technique offers a procedure to design
a fuzzy control law from a given T-S fuzzy model. In the PDC design, each control
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rule is designed from the corresponding rule of T-S fuzzy model. The designed fuzzy
controller has the same fuzzy sets as the considered fuzzy system.
Control Rule i: IF z;(¢) is M;; and . .. z,(¢?) is M;,, THEN

u (1) = Kix(1)

and the overall fuzzy controller is given as follows:
W) = D hi(t)Kix(0) (3.51)
i=1

where the controller gain matrix K; is determined by solving the following condition:
P(Ai+KiB)+(A; + KiB)) P+(A; + KiB) PSI\P(Ai+KiB)+P$P < —Q (3.52)

where P = PT > 0,0 > 0,5, > 0,5, > 0 are matrices with appropriate dimen-
sions.

Define tracking error e = y — w,. The tracking error dynamics is obtained from
the above equations,

e=3—ag=Cik—ag= Zhi(Z(l))[CiAix(l) + CiBiu’ ()] — wq
i—1

Because all the states are supposed to be available, we have C; = I,,»,,. The tracking
error dynamics can be simplified as follows:

é=x—dg =Y h@)Ax(0) + BKix(t) — i)
i=1

= > hi(z(t)[(Ai + BiK)x(t) — ) (3.53)

i=1

= D hO)(A; + BiK)e(®) + o — @

i=1
Define the following Lyapunov function
Vo =e'Pe

where P = PT > 0.
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Differentiating Vj with respect to time ¢, leads to

Vo = Z hi(z(0)[e” (1) (P(A; + KiB) + (A; + KiB) P)e()] —

i=1

D hiz)[2e" (1)(Ai + KiB) P(wq — a)] —

i=1

D hiz)R2e" (P(ws — da)l + D ki) [2(0d — da)" Plwg — )]
- - (3.54)
Since

—2¢" (A + K;B) ' P(wg — g) < (1)(A; + KiB)" PS\P(A; + K;B)e +
(Wi — @) S; (@i — @q)
—28"P(wg — @g) < e (H)PS2PE 4 (wq — a)" Sy (wg — a)
(3.54) can be re-written as follows:
Vo < D hiz)e" (1 Ae(0)] +
i=1

> hieO)(wa — )" (ST + 85" +2P) (@4 — @)

i=1

where A = P(A; +K;B;) + (A; + KiB;))TP+ (A; + K;B;)TPS|P(A; + K;B;) + PS,P.
Obviously, if

Ay = P(A; + KiBi) + (A + KiB)T P + (A; + KiB)T PS1P(A; + KiBj) + PS2P < —0Q,

then .
Vo < = > i) ()Qe(0)] + po < —roVo + o,
i=1
here 1y = 3 hi(zO)(@4 — ) (ST + S5 +2P) @y — 6], 2o = 229D
where 119 (@) (wg —@a) (ST + S, + wg — o)1, ro LunQ)
i=1
0=0T>0.

Then, one has %(Vo(t)eko’ ) < €' . Furthermore,

0< Vo) < 22 [Vo(0) — 21 < B2 4 v (0).
Ao Ao Ao
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Therefore, the error system (3.53) is asymptotically stable. Moreover, e(¢) is
semi-globally uniformly ultimately bounded, converging asymptotically to a small
neighborhood of zero, namely, |é| < /&/Amin(P), Where o = j19/A¢ + Vo (0).

After obtaining the desired control u° (), we will design fault-tolerant control u(t)
such that the same control objective can be achieved in spite of actuator faults.

On the basis of the desired control u°(¢), the fault tolerant controller is constructed
as

Y4 ~ A ~
uik - Zi:] A5, (X, O 5. 7) — Easy

1 85y ) (3.55)
1 - Ps; (X, Qﬂ-sk) — Ep.se

Us, =

A A ~ A ~ ~ . . *
where 0, 5, Ou g, js Pp,5 (X, 0p.5), Gi j(X, Oq 5, ;) are the estimations of 0;‘,3}, Gayxk’j,

Os, (, 0;" 5 ), ag, (X, 9;,3k , j), which are used to compensate for the gain and bias faults

psk(x)’ ask,j(x)v and psk(x) = IOSk(-xa 9;,”\,) + Esis ask,j(x) = a.vk,j(x» eg,sk,j) + Esij»

Es» £5,j AT€ approximation errors, 6 o500 Ga’sk j are optunal vectors.

Consider the following faulty system

(1) = D hi(2() A (1) + D hi(z(6) By’ (1) —

i=1 i=1

r d )4
D @) D {bislpl @ud (1) = D a" ()]
i=1 k=1

j=1

(3.56)

Submitting the fault-tolerant control law (3.55) to the faulty system (3.56), it yields

(1) = D hiO)Aps (1) + D hi(2(1)Biu (1) +

i=1 i=1

r d V4
D hi@) D 1 bis @] Epus () + Epsdier = D0 Eas i) — Eps]
i=1 k=1 j=1

(3.57)

P N
5 ~u a
s, _Ié [amsk J (6, 00,51,.j) — a5

)s éﬁ»é‘k = ép»Sk -0

where Oy 5, j = Ou5,j — OF s

)
a,sgJ

ke = (

Further, the error dynamics is obtained:

1=y, (665 0.5,

¢ = M)A + BK)e(t) + g — dal +

i=1

a5

r d p
D @) D 1 bislO] &y (0 + 850Kk = D00 () = Epy]
i=1 k=1 Jj=1

(3.58)
Now, an adaptive fault accommodation algorithm is proposed to control the faulty
system. The stability of the error dynamics is guaranteed by the following theorem.
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Theorem 3.2 Under Assumptions 3.1-3.3, if there exist a common symmetric pos-
itive definite matrix P, real matrices K; and Q > 0, i =1, 2, ..., r with appropriate
dimensions, such that the following conditions hold

P(A; + K:B) + (Ai + K;B;)" P+

(A; + K;B;) PS1P(A; + K;B;) + PSP < -0

Consider the control law (3.55) and the adaptive laws given as follows:

[ — me P& ki, if 116,11 < My, or
165,51l = Mp 5, and me" Ph; o " (O > 0;
= 0,07 (3.60)
P>k - - Pk
_ nleTPb,-,ské;‘“\_k (X)kx + me’ Pb; g ki ||9A-f|72k &, ),
[)
if110p.5:1| = M5, and me" Ph; £ ()i <0

>

nZéTPbi,Sk%-:ik'j(x)’ if||9a,sk,j” < Ma,sk,j
OF 15,1l = M j and —128" Phi 8" (x) = 0;

) ) Oy 0T (3.61)
02e Phiy " () + e’ Phyy ——1E (x),
| |9a,sk J | |

if 110,50 ll = Mas,j and =" Py €' (x) <0

~ A

O 51 =

0, if 8,5, = M, 5, and —n3e" Pb; g ic; > 0
ép,sk = oré, = —Mp,xk and —n3éTPbi,SkKk < 0; (3.62)

— r]3ETwa Ky, otherwise

0, if 8y, = My, and nse’ Pb;;, > 0
o) = Busij = —Muy, j and nye" Ph; 5, < 0; (3.63)
n4ETPb,<,Sk, otherwise
where n; > 0,i = 1, ..., 4 denote the adaptive rates, then the error system (3.59)

is asymptotically stable. Moreover, e(t), ép,sk and éww- are semi-globally uniformly
ultimately bounded, converging asymptotically to a small neighborhood of zero,

namely, ||e]l < & rminP), 16,511 < 2Zma, and |0y 1l <270, where
r _ )4
@ =84V 2 = min(2 G 5 )= RACONGE, + X307 )+

m posg m s

and po = i hi(z(O) (@4 — &)  (S7' + 851+ 2P) (w4 — @)

i=1
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Proof Define the following smooth function
V=Vi+WV4+V+Vi+ Vs

where

Vi=2'Pe, V, = Zh(z(t))( psfp,sk)

ZZWU))( 00 s, B ) w—ZZh(m))( “Eon)

i=1 j=1 i=1 j=I
ZZh (z(r))( £a )
i=1 j=1
Differentiating V with respect to time ¢, it leads to
V=Vi+Va+Vs+Vi+ Vs
where

= D he)IE (1)Qe(1)] + po +

i=1

r d
Zh,-<z<r>>2éTP Z bis [0]5,8", () + Ep )] +

Zh (z(r))ZeTPZb, Ak[z s b () F Bage ]

Zh(z(t))—e ep e Vs = Zzh(Z(t)) 0 B

i=1 i=1 j=1

ZZh(z(r))( smspsu Vs = ZZh(z(r»( sawsw)

i=1 j=1 i=1 j=1

. WS, =0 gy (05 ) sy )
Since u;, = —* 1" = ‘k’é 2% then
— Py (,0p,5.)—Ep 5,

63
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P
= (1= po (s, + D7 ()
P o= P ~
=u - Zi:] Orrsse s () — Zj:l Basei FOps A+ eps A

P p ~
o ' ' _— -
= Uy — 2 =1 Ou, sy j6ersi T+ 2 /i1 Easig T 0p5 A+ Ep s A

FN A ~
U, =2t sy (00 ) —Ep sy

1=y, (4,055 =05,

where A = . Furthermore, one has

= D hi)IE (1)Qe(0)] + po +

i=1
r d 1 - 1.
Zh,-@(r))zéTPZbi,sk 0y, (" @A+~ 9M> Bos(A+ e,,sk>—

14

Z ask](‘i:fw() otxk/ Zgotsk](l_ otsk/)]

j=1

Substituting the adaptive laws (3.60-3.63) into the above equation, it yields

- Z hi(z(n)[e" (1))Qe()] + o

i=1

Since ||9Ap,‘vk|| <M, ||6Aa,sk,j|| < Mg, j, which can be guaranteed by using the
adaptive laws (3.60) and (3.61), when Assumptions 3.1 and 2.2 (i.e., ||9:_Vk <M,
||9* || M, , ;) are satisfied, one has

V<=AV(@) +u

whereu—zh(Z(t)) Mpzk""zv;; M ta M2

oS) PsSk
i=1

+Z;ﬁ M2 D1+ pos b =

mn(@ 11
min{$"vE s 2 2

Then, one has, E(V(l)e“) e . Furthermore,

0< V@) < §+[V<0> e < %+V(0)

Leta = & + V(0), one has le| < /%, 10,5 < v/2ma, and |0y 4, j| < /2720
This ends the proof.
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3.3.5 Modified Fault Accommodation with Available System

State

In the above subsection, the fault tolerant controller was constructed as

Y4 A A N
Mjk - Z;‘:l afluj(x’ ea,sk,j) — Ca,sij

1 - ﬁsk (x, Qp,sk) - ép,sk

U, =

65

Unfortunately, there may exist controller singularity when 1— g, (x, émk )—Ep.5, = 0.
In order to avoid such singularity, the fault tolerant controller is modified as

follows

-

lask(-xs Qp,sk) - ép,sk)(ugk - Z}'"zl ask,j(-x» Qa,sk,j) - 2,:}oz,sk,j)

Us, =

N ~ N 2
(1— Ps; (x, Qp,sk) - Sp,.vk) +¢€

(3.64)

where ¢ > 0 € Risadesign constant. Correspondingly, the adaptive laws in Theorem
3.2 are re-designed as follows

>e

>

PSk —

Got,Sk,j =

-T . A
—me Pbiy§& k', if 160,511 < M, gor

100,51 = My, and 1" Py £ () > 0;
T

- UléTPbi,xkE:% ()K" + nie" Pb; i TR
if

i 116,511 = My, and mie" Ph; € (0" <0

-T . I~
me Pbig & (%), if [|6us Il < Mo, or

||éa,sk,j|| = M., j and _siéi?Eif' > 0;

A AT
ea,sk,jea,xk,j u
A—zsa.w @),
16,5511

if [10a,501| = Mo and —&"Ph; 8" (x) <0,

me' Pbig§! (x) +me’ Phiy,

0, if8,,, = M, and — nse’ Pb;y, >0

A A " -T
Eayspj = Or Eg 5, j = —Mgy5 jand —nge’ Pb;,, <0

n4éTPb,-,Sk, otherwise

0, if &,, =M, and —n3e’ Ph; k' > 0

A _ N _ y =T /
Ep s = oré,, =—M,, and —nze’ Pb; k' <0,

— m3e’ Pb; , k', otherwise

:fke .
Pk g
—§&" (%),

(3.65)

(3.66)

(3.67)

(3.68)
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~ LN
(I=py 0y ) —Ep s, =267 £ ()]
j=1

@, Sp o TSy

where ¥’ = ,m > 0,1 =1,...,4 denote the

(1= (1055 )~Eps) +e
adaptive rates.

Now, a modified adaptive fault accommodation algorithm is proposed to control
the faulty system. The stability of the error dynamics is guaranteed by the following

theorem.

Theorem 3.3 Under Assumptions 3.1-3.3, if there exist a common symmetric posi-
tive definite matrix P, real matrices K; and Q > 0,1 =1, 2, ..., r with appropriate
dimensions, such that the following conditions hold

P(Ai 4+ KiB) + (Ai + KiB)" P+

r (3.69)

(A; + K;B;)' PS1P(A; + K;B;) + PS:P < —Q
when the control law (3.64) and adaptive laws ( 3.65j3. 68) are applied, the error sys-
tem (3.58) is asymptotically stable. Moreover e(t), 0, 5, and 0, , j are semi-globally
uniformly ultimately bounded, converging asymptotically to a small neighborhood

of zero, namely, |||l < V& Amin(P), 110,511 < 2Zma, and |0yl < 2ma

r )4
s f Amin n n
where ). = mm{m((%;, ﬁ, ﬁ}, n = ‘21 h,'(z(t))(%Qi_k + El ,]2—26?3%!_) + o, and
i= j=

o = X hi@O)[(@4 — )" (ST + 83" +2P) (w4 — @a) + ), & = 5+ V(0).

i=1
Proof Similar to the proof of Theorem 3.2, it is easy to obtain the conclusion. The
detailed proof is omitted.

3.3.6 FLSs-Based Fault Accommodation with Unavailable
System State

Notice that, the FTC (3.55) and the modified FTC (3.64) are designed under the
condition that system states are measurable. In fact, in some situations, system state
may be unavailable, and the above FTC (3.55) and (3.64) do not work. In this case,
observers (3.21) and (3.22) may be used to obtain the estimation x of system state x,
and design the following observer-based FTC.

(1= Py Gy 0p5) — 8p )@, — 30 g j R, By ) — B )
u, = k P8k DSk Sk Zj—l ko] k] ko] (3.70)

Sk ~ ~ A N 2
(1 - psk(-xs Qp,sk) - Sp,sk) + &
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Correspondingly, the adaptive laws in Theorem 3.3 are re-designed as follows:

- mngb,,skst B, if 10,1 < M, or
16,511 = My and m@" Ph; £ (D > 0;

_T u ~
X —nie Pb;g X)w+
Qp,sk _ m ’kéfmk( )T 371
me’ Pb; s, ”"k90~»gu 63)
1 1,5 ~ o B
C G2

| if (16,511 = M, ,, and méTPb,;Skép’ka ®w <0

-T ~ . N
me Pbi,sk%_:X”(x)v if ||90t,5k,j|| < Ma,sk,j or

~ _r R .
||9a,sk,j|| - Mot,xk,j and —e Pbi,-YkE:f:k,j(x) 2 0,

~ A

Ou,sj = g, . 6T (3.72)
Mm@ Pbi £ (R) + el Phyg, — gt (p),
o, Sg ] 2 @Sk o]
||6a,sk,j||
if |10y 1| = My, and —gfpb,,yk;jw ®) <0
0, if&,,, =M, and — n3e’ Ph; 0 > 0
o =1 oré,, =-M,, and — 538" Ph; 0 < O; (3.73)
— méTPb,;Skw, otherwise
0, if 8,5 = My, jand — nse’ Pb; s, > 0 or
Busij = Busij = —Myy jand — e’ Pb;g, < 0; (3.74)

n4éTPb,-,Sk , otherwise

N P
A a s T u 2
(1 (BBl =207 61 G
where w =

— ~ ,m > 0,1 = 1,...,4 denote the
(l_pxk (X~9p.Ak)_€p.Jk) +&
adaptive rates.

Now, an observer-based adaptive fault accommodation algorithm is proposed to
control the faulty system. The stability of the error dynamics is guaranteed by the

following theorem.

Theorem 3.4 Under Assumptions 3.1-3.3, if there exist a common symmetric posi-
tive definite matrix P, real matrices K; and Q > 0,i =1, 2, ..., r with appropriate
dimensions, such that the following conditions hold

P(Ai+K:B)+(A; + K:B)" P+(A; + K:B)" PS| P(A;+K;B)+PS,P < —Q (3.75)

when the control law (3.70) and adaptive laws (3.71-3.74) are_ applied, ~then
the error system (3.58) is asymptotically stable. Moreover e(t), 0, and Oy,
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are semi-globally uniformly ultimately bounded, converging asymptotically to a
small neighborhood of zero, namely, |le|| < /o/Anin(P), 10,511 < /2na,

and ||«9~a,sk,j|| < 2ma, where « = p/x + V(0), L = min{%, ﬁ, i},

r _ )4 _ r
po= 2 h@n)G0 + X 202 )+ o and o = 3 i) (@i — da)" -
i=1 j=1 =

Sk N2 a.sj =

ST 487 2P) (w4 — wg) + o).

Proof Similar to the proof of Theorem 3.2, it is easy to obtain the conclusion. The
detailed proof is omitted.

3.4 Simulation Results

To verify the effectiveness of the proposed method, we consider the re-entry phase
of a NSV with the altitude H = 40km and speed V = 2500 m/s as the initial states.
The symmetric, positive definite moment of inertia tensor is given as follows:

554486 0 —23002
J = 0 1136949 0
—23002 0 1376852

Consider that the nonlinearity of NSV re-entry attitude dynamics mainly comes
from attack angle « and attitude angular velocity w. In NSV re-entry phase o €
[0, /4], we assume that « has two related fuzzy sets {&¢ = 0} and {o = 7 /4}, the
corresponding membership functions are given by:

1 1
Mw:O - (1 - )
1+ exp[—6 — 28w)]" 1 + exp[6 — 28w)]
M =( ! ), M = ! )
e=703 T M Fexpl6 + 28w)] 0 T T 1 + exp[—6 + 28w)]

We choose six operating points:
la, 0] € {[0, —0.5], [0, 0], [0, 0.5], [ /4, —0.5], [7r/4, 0], [ /4, 0.5]}
Under the membership functions and the six operating points, six plant rules and six

control rules can be defined. All A; and B; can be obtained by substituting the six
operating points to f(x,), g(x,). The detailed matrix parameters are given in [62].
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Rule 1: IF w is about — 0.5 rad/s and « is about O rad, THEN
() = A1x(t) + Biu, y(t) = Cix(1)

Rule 2: IF w is about — 0.5 rad/s and « is about 77/4 rad, THEN
x(t) = Axx(t) 4+ Bou, y(t) = Cox(t)

Rule 3: IF w is about O rad/s and « is about 0 rad, THEN
X(t) = Asx(t) + Bsu, y(t) = C3x(1)

Rule 4: IF w is about 0 rad/s and « is about /4 rad, THEN
X(t) = Agx(t) + Bau, y(t) = Cyx(t)

Rule 5: IF w is about 0.5 rad/s and « is about 0 rad, THEN
x(t) = Asx(t) + Bsu, y(t) = Csx(t)

Rule 6: IF w is about0.5 rad/s and « is about /4 rad, THEN
Xx(t) = Aex(t) + Bou, y(t) = Cex()

The initial conditions are taken as follows: w(0) = [0, 0, 017, y(0) = [0, 0, 017
and the tracking command is chosen as w; = [0, 0, 0]”, y; = [1, 0, 2]” during the
re-entry phase. The parameters are taken as in [62] and will not be described in detail
here. We consider the case where only two actuators fail at one time:

¥ ui(t), t < 5s
D=1 d - ) + > g, 1> s
_ u(t), t <5
(1) = P
(=P @)+ 92if(), 15
Wy(1) = w3 (1)
where p;(x) = 0.4cos(x)),p = 1,911 = 04,fi1(x) = cos(x3), p2(x) =

0.4sin(x2), g2.1 = 0.4, fo.1(x) = cos(x3). By using Matlab toolbox to solve the
matrices inequalities (3.25), one can obtain the fault diagnostic observer gains L;.
By solving (3.52), one can obtain the positive definite symmetric matrix P and the
nominal controller gains K;. Therefore, one can design the ideal control (3.51). Using
the ideal control input (3.51), we can design fault-tolerant controller (3.55), the mod-
ified fault-tolerant (3.64) and the observer-based fault-tolerant control (3.70). In this
example, we assume that the system state is not fully measured and thus the observer
(3.22) is used to estimate the system state. Consequently, the observer-based fault-
tolerant control input (3.70) is used to control the faulty system. The simulation
results are presented in Figs. 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8 and 3.9. From Fig.3.2,
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time/s

Fig. 3.2 The observer errors time responses: e}, €2, €3
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Fig. 3.3 State responses of NSV attitude dynamics under normal conditions

it is seen that, under normal operating condition, observation errors globally asymp-
totically converge to zero. If no actuator fails, the system states globally asymptoti-
cally converge to zero, as shown in Fig. 3.3. Figure 3.4 shows that, when an actuator
fault occurs, when keeping the normal controller, the system states deviate signifi-
cantly from zero. However, as shown in Fig. 3.5, using the proposed FTC (3.70), the
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Fig. 3.4 State responses of NSV attitude dynamics without FTC
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Fig. 3.5 State responses of NSV attitude dynamics with observer-based FTC (3.70)

system states globally asymptotically converge to zero. From Figs. 3.6, 3.7, 3.8 and
3.9, we can clearly draw the conclusion that both gain faults and bias faults can be
approximated accurately and promptly by FLSs.
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Fig. 3.6 The estimation
error of bias fault g1 1f1,1(x)
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Fig. 3.7 The estimation 4
error of gain fault p; (x)
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3.5 Conclusions

In this chapter, the problem of fault tolerant control for NSV with multiple state-
dependent faults was studied. We first designed a bank of SMOs to detect and estimate
the fault. Compared with some results in literature, the proposed fault accommodation
scheme is designed to online approximate not only bias faults but also gain faults.
Moreover, it can accommodate multiple actuator faults simultaneously. In addition,
the adaptive fault accommodation algorithm removes the classical assumption that
the time derivative of the output errors should be known. Simulation results of NSV
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Fig. 3.8 The estimation 5
error of bias fault g2 1/2,1(x)
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t/s

Fig. 3.9 The estimation 3
error of gain fault po (x)
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t/s

show that the designed fault detection, isolation and estimation algorithms as well as
the fault-tolerant control scheme have good dynamic performances in the presence
of multiple actuator faults.
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