ING'S
OPEN (5 ACCESS College
LONDON

King’s Research Portal

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):

Zhou, H., Lam, H-K., Xiao, B., & Xuan, C. (Accepted/In press). Integrated Fault-Tolerant Control Design with
Sampled-Output Measurements for Interval Type-2 Takagi-Sugeno Fuzzy Systems. IEEE Transactions on
Cybernetics.

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volumel/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 19. Feb. 2024


https://kclpure.kcl.ac.uk/portal/en/publications/b2a153de-fe2f-4797-ba78-687979b142e4

Integrated Fault-Tolerant Control Design with
Sampled-Output Measurements for Interval Type-2
Takagi-Sugeno Fuzzy Systems

Hongying Zhou, Hak-Keung Lam, Fellow, IEEE, Bo Xiao, Member, IEEE, and Chengbin Xuan

Abstract—This paper is concerned with the integrated design of
fault estimation (FE) and fault-tolerant control (FTC) for uncer-
tain nonlinear systems suffering from actuator faults and external
disturbance. The uncertain nonlinear systems are characterized
as the interval type-2 (IT2) Takagi-Sugeno (T-S) fuzzy model, and
IT2 membership functions are employed to effectively handle
uncertainties. A fuzzy observer, utilizing only sampled-output
measurements, is applied to simultaneously estimate actuator
faults and system states. Based on the estimation, the fault-
tolerant controller is designed to ensure the system stability
under a predefined H., performance. The sampling behavior
complicates the system dynamics and makes the integrated FTC
design more challenging. To confront this issue, the discontinuous
Lyapunov functional technique is exploited to enhance stability
results by considering the sampling characteristic, upon which
FE and FTC units are co-designed in the linear matrix inequality
(LMI) framework. To further relax stability criteria, the analysis
process incorporates the bound information of membership
functions through the membership-function-dependent (MFD)
method. Additionally, the relationship of mismatched premise
variables resulting from the sampling scheme is also taken into
account. Moreover, considering the imperfect premise matching
(IPM) framework, the proposed fault-tolerant controller provides
greater flexibility in selecting the shapes of membership functions
and number of fuzzy rules that can vary from the counterpart
of the fuzzy system. Finally, the efficacy of the proposed FTC
technique is validated through a detailed numerical example.

Index Terms—Interval type-2 (IT2) fuzzy model, fault esti-
mation (FE), fault-tolerant control (FTC), membership-function-
dependent (MFD) method, sampled-output measurements.

I. INTRODUCTION

OMPLEX nonlinear systems, posing significant chal-

lenges to system analysis and synthesis, are prevalent
in real-world applications. The Takagi-Sugeno (T-S) fuzzy
model, which consists of a bunch of local linear subsys-
tems blended via membership functions, is shown to be
an efficient approach to describe nonlinear plants [?], [?].
The T-S fuzzy model, characterized by a systematic model
structure and advantageous properties, enables the analysis
and control synthesis of nonlinear plants. This is achieved by
integrating fruitful linear system theories alongside fuzzy logic
theories [?], [?]. Apart from nonlinearity, uncertainties quite
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often appear in many cases, such as parameter variation and
measurement inaccuracy, which could deteriorate the system
control performance if not fully considered in the analysis.
While the traditional type-1 fuzzy set possesses prominent
capabilities to deal with nonlinearity, it is less capable of
handling uncertainties with its definite membership functions
directly. Therefore, the subsequent interval type-2 (IT2) fuzzy
set [?] expands abilities in handling nonlinearity within uncer-
tain environments, where uncertainties can be directly captured
and represented by IT2 membership functions [?]. Benefiting
from this favorable property, a large quantity of research
results on the IT2 fuzzy framework have been published,
such as stability analysis [?], [?], tracking control [?], model
reduction [?], [?], and filtering [?], [?]. It is noteworthy
that [?] intorduced an effective constructing technique for
the IT2 fuzzy model, which was followed by an innovative
membership-function-dependent (MFD) method reported in
[?] under the imperfect premise matching (IPM) mechanism in
which fuzzy rule number and shapes of membership functions
of the fuzzy controller and fuzzy model allow to be diverse.
In [?], [?], [?], control applications of IT2 fuzzy sets such
as video streaming, mobile robots, and power systems can be
found.

What should be noted is that the design of fault-tolerant
control (FTC) systems [?] is of considerable significance in
nonlinear control communities, which maintains the system
functionality with an admissible performance in the event of
failures, especially when more rigorous demands on system
safety and reliability are required in engineering fields, for
example, nuclear power plants, underwater vehicles, aircraft,
and chemical processes. Existent FTC methods can be gen-
erally categorized into two types [?], [?]: passive and active.
For both normal and faulty scenarios, the passive FTC methods
employ the unaltered controller throughout the whole control
process, capable of accommodating a collection of presumed
faults. In contrast, the active FTC methods proactively adjust
controllers in response to the impact of faults imposed on the
plant, and compensate for fault effects by utilizing the online
fault estimation (FE), which reveals superior fault tolerance
capabilities. Recalling the merits of fuzzy model in tackling
nonlinear systems, the fuzzy FTC techniques have attracted
great attention and undergone extensive investigation, see, e.g.,
(21, 1?1, 1?1, 1?1, 1?0, 1?0, [0, (20, (2], 2], [?]. However,
the reported FTC strategies regarding IT2 fuzzy systems are
relatively fewer in comparison to the type-1 counterpart. The
works in [?], [?], [?], [?], [?] investigate active FTC issues



for IT2 fuzzy systems, among which only [?] considers the

design of the FE and FTC modules simultaneously, and [?],

[?1, [?], [?] are realized by the two-step design method.

On the other hand, sampled-data control mechanisms play
a significant role in theoretical and practical research fields
due to widely used digital technologies. Within sampled-data
control systems, the control signals hold constants over the
sampling interval and update only at the sampling instants
[?]. This behavior perplexes the systems dynamics and brings
about great challenges in the stability analysis with the discon-
tinuity included. To perform stability analysis for sampled-data
control systems, several methods have been presented such as
the impulsive model approach [?], the discrete-time approach
[?], and the input delay approach [?], [?]. In the last strategy,
discrete-time signals are converted to the time-delay forms,
enabling continuous-time stability analysis methods available
to sampled-data control systems. By virtue of the input delay
method, a large amount of research [?], [?], [?], [?], [?]
concerning the fuzzy sample-data control strategies has been
published. Nevertheless, to the best of the authors’ knowl-
edge, no results have been published on the observer-based
active FTC issue for IT2 fuzzy systems under the sampled-
data mechanism. For the sampled observer-based fuzzy FTC
system, there exist bidirectional robustness interactions [?]
between the fault-tolerant controller and observer resulting
from mismatched membership functions and estimation errors.
If the bidirectional robustness interactions are ignored in the
analysis, only a suboptimal solution is expected. Hence, the
integrated design approach is required where the fault-tolerant
controller and observer are designed together. It is beneficial
to obtain an optimal solution with the desired fault-tolerant
performance, but it makes the sampled-data based integrated
FTC problem even more complex.

Inspired by the aforesaid discussions, in this work, we
propose a sampled-data based integrated design of FE and
FTC for nonlinear plants subject to uncertainties, actuator
faults, and external disturbances, depicted by the IT2 T-
S fuzzy model. Resorting to the Lyapunov stability theory,
the MFD results are developed to ensure the asymptotical
stability of the augmented system under the prespecified H,
performance. Then, the technique on co-designing the FE and
FTC is provided via the one-step linear matrix inequality
(LMI) expression. At last, a simulation example is proposed
to illuminate the efficacy of the established FTC technique.
The key contributions of the paper are shown as below:

1) In this work, to facilitate the digital implementation, an in-
tegrated fuzzy FTC design technique is provided for nonlin-
ear systems with uncertainties, actuator faults, and external
disturbance via co-designing FE and FTC units based on
sampled-output measurements. The proposed FTC strategy
is designed to obtain an optimal solution by considering the
bidirectional robustness interaction between the observer
and controller, different from most existing IT2 fuzzy FTC
approaches that ignore such interactions.

2) The discontinuous Lyapunov functional technique, which
considers the sampling characteristic, is utilized along with
the MFD method to relax stability criteria. Moreover, the
mismatched problem of premise variables stemming from

sampling behaviors is considered as well to earn tighter
membership function bounds, which facilitates the stability
analysis.

3) The developed IT2 fuzzy observer estimates both system
states and actuator faults using only sampled measure-
ments. In addition, the fault-tolerant controller enjoys more
design flexibility with the aid of IPM scheme where the
fuzzy rule number and membership functions of the fuzzy
controller and the fuzzy system are allowed to be different.

The remainder of the paper is organized as below. In Section
II, some preliminaries are presented. Section III introduces
the main results. Section IV gives a simulation example to
demonstrate the validity of the designed FTC technique. In
Section V, the conclusions are summarized.

Notations: I and 0 indicate the identity matrix and zero
matrix with compatible dimensions, respectively; P > 0(> 0)
represents that P is a real symmetric and positive defi-
nite (semidefinite) matrix; the superscript “T” represents ma-
trix transposition; x denotes a term produced by symmetry;
diag{...} is used to describe a block-diagonal matrix.

II. PRELIMINARIES
A. IT2 T-S Fuzzy Model

Consider a family of nonlinear systems affected by additive
actuator faults and external disturbance along with uncertain-
ties, which are depicted as the IT2 T-S fuzzy model as below:

Rule i: IF 11 (w(t)) is O} and s (ww(t)) is G} and - - - and
Yy (w(t)) is By, THEN

{a‘c(t) = Az(t) + B;(u(t) + f(t)) + Djw(t),
y(t) = Cult),

in which z(t) € R”, u(t) € R™, and y(t) € RP stand
for the system state, control input, and measurement output,
respectively. w(t) € R indicates the external disturbance
that belong to £3[0,00). f(t) € R™ signifies actuator faults
with an assumption that f(t) belongs to L5[0,00). ¥ (w(t))
represents the premise variables and [5; stands for IT2 fuzzy
sets where « = 1,2,..., % and i = 1,2,...,7. w(t) denotes
the measurable system states. A;, B;, D;, and C' are known
constant matrices. The subsequent interval sets depict the firing
strength of rule %

Wi(w(t) = [wi(w(t), wi(w(t))], i=12,....r

in which wi(w(t)) = Ila, sy (Pa(@(t) and
w;(w(t)) = H§:1 figsi (Va(w(t))) denote the lower and
upper grades of membership, respectively. B (a(w(1)))
and [ig; (1o (w(t))) signify the lower and upper membership
functions, respectively. Upon definitions of IT2 membership
functions, fig; (Ya(@(t))) = pg (Yal(w(t))) = 0, which
results in the holding of w;(w@(t)) > w,(w(t)) > 0 for all .
The inferred IT2 fuzzy model is shown as

i(t) = Z w;(w(t)) [Aiz(t) + B; (u(t) + f(t)) + Diw(t)],
i=1

y(t) = Cx(1),
)



in  which  w;(@(t)) = &(wt)w;(w(t)) +
&(w(t))w;(w(t)) > 0, furnished with the performance
that ' w;i(w(t)) = 1. 0 < g(w(®) < 1 and
0 < €(w(t)) <1 indicate nonlinear weighting functions with
¢ (w(t)) + €(w(t)) = 1 for all 4. In this work, the fuzzy
system (1) is assumed to be controllable and observable,
which allows existence of controllers and observers to attain
the expected FTC performance.

Remark 1. In this work, the actuator is only supposed to
suffer partial damage. Under such a condition, the faults may
be compensated by adjusting the actuator action.

B. IT2 Fuzzy Observer With Sampled-Output Measurements

In this work, the designed observer relies only on the
sampled-output measurements to simultaneously estimate sys-
tem states and actuator faults. In addition, as system member-
ship functions are uncertain, the proposed fuzzy observer only
shares the known bound expressions of membership functions
with the fuzzy system. Thus, the rule j of the IT2 fuzzy
observer is represented by ‘

Rule j: IF ¢ (wo(ts)) is O] and o (w(ts)) is O and - -
and ¢y (w(t,)) is B}, THEN

i(t) = Az (t) + B (u(t) + F(1)) + L; (y(t) — 9(t.))
F(t) = F(y(ts) —9(ts)),
y(t) = a?()

where #(t) € R", f(t) € R™, §(t) € R are the observer
state, fault estimation, and observer output, respectively. ¢
denotes the sth sampling time with ¢,1q —t5 < h. L; and F}
denote the fuzzy observer gains that need to be decided with

7 =1,2,...,r. The IT2 fuzzy observer is represented as
= 0;(w(ts)) [Aja(t) + B; (ult) + £(¢))
j=1
‘tLj (y(ts) - :l)(ts))], )
:Zgj(w t Fj(y(ts)_g(ts»]a
g(t) = C(t),

s)+a;(w(ts))w;(w(ts))

those of the concerned fuzzy system. The rule [ of the IT2
fuzzy fault-tolerant controller is shown by

Rule [: IF 1 (w(t,)) is RY and pa(w(t,)) is R, and - --
and @q(w(t,)) is N, THEN

u(t) = Kia(t) — f(t),

in which ¢, (w(ts)) and R, v =1,2,...,Q,1=1,2,...,¢,
denote the premise variables and IT2 fuzzy sets, respectively.
K is the fuzzy controller gain that needs to be decided. The
subsequent interval sets depict the firing strength of rule {

M(w(ts)) = [my(w(ts)), mu(w(ts))];

in which my(w(t,)) = [l g (o(w(ts)) and
m(w(ts) = 10 i (po(w(ts))  indicate the
lower and upper grades of membership, respectively.
iy (o(@ () and iy (pul@(t,))  represent  the
lower and upper membership functions, respectively.
Upon  definitions of IT2 membership functions,
ﬂ&g}(@v(w(ts») 2 My (po(w(ts))) = 0, which results
in the holding of m;(w(ts)) > m,(w(ts)) > 0 for all I. The
inferred IT2 fuzzy fault-tolerant controller is shown by

l=1,2,...,c

(&

u(t) = mi(w(ts)) [Kid(t) — f(t)], 3)

ts))my (w(ts))+Bi(w(ts)) i (w(ts))

where my(w(ts)) = — l(;
k=1 \Zp
and YO my(w(t,)) = L B(wm(t)) € [0.1] and
Bi(w(ts)) € [0,1] denote nonlinear weighting functions
having the property 8, (w(ts)) + fi(w(ts)) =1 for all .

Remark 2. Note that the proposed fuzzy FTC technique
utilizes only sampled-output measurements to stabilize the
closed-loop system, which is greatly practical and significant
in engineering applications due to widely used digital tech-
nologies. The observer-based FTC design with sampled-output
measurements is the first time to be considered for uncertain
nonlinear systems in the IT2 fuzzy model. Furthermore, the
proposed fuzzy fault-tolerant controller enjoys a high degree of
freedom in selecting the number of fuzzy rules and membership
functions not constrained to the counterpart of the fuzzy system
by virtue of the IPM scheme.

|~

where 0, (w(t,)) = — (=), (=
with 370 0;(w(ts)) = 1. 0 < aj(w(ts)) < 1 and
0 < @;(w(ts)) < 1 denote nonlinear weighting functions
with a;(w(ts)) + a;(w(ts)) = 1 for all j, which can be
determlned in light of the practical demand [?].

C. IT2 Fuzzy Fault-Tolerant Controller

Upon the estimated information on actuator faults and
system states, an [T2 fuzzy fault-tolerant controller will be
developed to ensure the stability of the uncertain nonlinear
system suffering from actuator faults in the form of IT2 fuzzy
model (1). To furnish the fuzzy controller with more design
freedom, the constructed controller is capable of having its
particular membership functions, potentially differing from

x5 1( 0 (3 (), ((8)) +an (w(te) )k ((£5)) )

D. Useful Lemmas

Lemma 1. [?] Let g(z) € Y[ty t2) with g(t1) = 0. Then for
any matrix M > 0, the inequality below is satisfied:

/ * g7 () Mg(a)de < 2220 / " 4T (0) Mg () d.

™ 0"

Lemma 2. [?] With symmetric matrix X, positive definite
matrix W and scalar s, the following inequality holds:

— XWX <W — 26X.

Lemma 3. [?] For any matrix

It) €

> 0, scalar function

[—h,0] — R2n+m

%
* U
[0, h], and vector function £(t) :

@ (te))my, (@ (6)) 4B (w(te) i (e (L)) )



so that the integration in the inequality below is well defined,
then

m/ ET(NUEW)dw < 1 (8) A (),
t—h

in which
U Uu-V Vv
A=| » 204+V+VTU-V ],
* * U
n(t) = [€7(t) €7(t—9(t) €7t —h)]"

IIT. MAIN RESULTS

Upon the preliminaries aforementioned, the stability analy-
sis of the whole closed-loop system in the IT2 fuzzy frame-
work will be conducted with the prescribed H., performance
in this section. Then, resorting to the obtained MFD stability
criteria, the integrated design strategy of the FE and FTC will
be proposed in the form of the LMI.

A. Stability and H., Performance Analysis

Denote e, (t) = x(t) — &(t), ef(t) = f(t) — f(t), e(t) =
[eL(t) e?(t)]T, and v(t) = [wT (t) fT(¢)]”. In this work, the
sampling behavior is handled by the input delay approach.
Thus, defining 9(t) = t —t5 for t; < t < tgy1, we can get
0 < 9Y(t) < h. Applying t; = t — 9(t) and combining (1), (2)
and (3), we have

t) :ZZwi(w t))my

i=1 =1

@ (ts))[(Ai + B K;)&(t)

+ Ajex(t) + Bies(t) + Dw(t)], “4)
£(t) =iiﬁj(w’t @ (ts))[(Aj + B K))a(t)
j::lj:ctem(t —9(1))], (5)
=33 S )8t () [0
T»d?;el(:t; +e(t — (1) + &), 6)
where
2 = [Ai—AjJr %BZ —Bj)m} L H)i Bﬂ ’
- [e) - [39]
Denote % (t) = [#7(t) €T (t)]T. Combining (5) and (6), an

augmented system is depicted as following:

=333 wilw )0 (@ ()l (k) [ (1)

i=1 j=1I=1
g (¢ 0(1) + Ew(D)],
zp(t) = Cpi(t) + Cee(t),
(7N
where
11 12
e[ ) =0 =[]

At = Aj + BiK,, A’

=[L;,C 0],
A2, A2, 7 and 7" have been defined under (6). 2, (t) €
RQ”J”” represents the performance output where weighting
matrices C,, and C, are given by the user.
In the subsequent analysis, for notational convenience,
w;(w(t)), 0;(w(ts)) and my(w(ts)) are represented by w;, 07
and m7, respectively. The augmented system (7) is rewritten

in a concise form as

= Z Z Z w;0;mi T (t),

i=1j=1 =1 ®)
Zp(t) = C% (t)a
where Iy = [ @y 0 &), C(t) = [%7(t) (¢t
9(t) %1 (t — h) v (1)]T, and C = [C C.l.

Remark 3. According to (4) and (6), we can find that the
bidirectional robustness interaction exists between the control
system and the observer. Consequently, it is infeasible to
conduct the controller design independent of the observer
design. To get rid of this problem, we integrate together
the design of fault-tolerant controller and observer, which is
conducive to attaining an optimal solution with the desired
Sfault-tolerant performance.

The target of the article is to develop the fault-tolerant
controller based on FE using sampled-output measurements so
that augmented system (7) is asymptotically stable despite the
occurrence of actuator faults and satisﬁes the prescribed H
performance [ 21 (t)z, (t)dt < ~4? [ vT (t)v(t)dt under the
zero initial condition.

Theorem 1. With given scalars v > 0, N, Oijius fuzzy
observer gain matrices Lj € R"*P, F; € R™*P, and fuzzy
controller gain matrix K; € R™*", the augmented system (7)
is guaranteed to be asymptotically stable under the prespec-
ified H performance index ~, if there exist positive definite
matrices P € R(2n+m)><(2n+m)’ Q c R(2n+m)><(2n+m)’
R € R@tm)x(@2ntm) y ¢ REn+m)x(2ntm) non-negative
definite matrix 11,5, € R(I2n+7mtd)x(12n+Tm+d) - qnd matrix
S € RCntm)x@ntm) gych that the following inequalities are

satisfied for 1,5 =1,2,...,r, 1l =1,2,....,.cu=1,2,...,U:
RS
L R] >0, ©)
Eiji — ijie <0, Vi,5,0,u (10)
Z Z ( Z]lu*—dzgl + 67,jlu 'leu) < 0 Vu (11)
i=1j=11=1
where
®;; hT] R ALY CT
N * —R 0 0
—ijl * % Ve 0 )
* * * -1
<I>lljll <I>12 S P&,
.- | * 2 R_S 0
Tl %« —Q—-R 0 ’
*  * e

2

™
Oy =Py + SPP+Q— R— Y,



2
®12 —Pofy + R— 5 + %Y,
2

<I>22:—2R+S+ST—%Y.

Proof. Consider the discontinuous Lyapunov-Krasovskii func-
tional candidate as below

12)

in which

Vi(t) =27 (1)P2 (1),
Va(t) = - wT(V)Q¥ (v)dv

1) =h / ’ i BT ()R (v)dvdw,

h2/ BT WY U (v)dv

5[

with positive matrices P, ), R, and Y. By virtue of Lemma
1, it is obvious that V4 (¢) > 0. In addition, V() reduces to
zero at t = t5 so that we have lim, - V(t) > V(¢s).
Computing the derivative of the Vk( ) (B = 1,2,3,4)
regarding time ¢ and considering ts = ¢ — ¥(¢), we can have
Vi(t) =" (t)Pu (t) + %" (t)PU (1), (13)
Va(t) =2 ()Q (t) — %™ (t — h)Q (t — h), (14)

Va(t) =h>% T (t)R% (t)

U(t))" Y (U (v) — U (1)) dv,

h/ wT (W)RW (v)dv, (15)

2

RSAOREAIONE

Ut —9(t)).

Va(t) =R*UT ()Y % () ~

<Y (%(t) - (16)

_Resorting to Lemma 3 to address the integral term inside
V3(t) in (15), it yields that

Va(t) <h?*% ™ ()R (t) — ¢T (1) AC(1), (17)
where
—R R—-S S 0
A—| * 2R+S+STR-S0
T % * —-R 0
* * ~ 0

To study the H,, performance of augmented system (7), the
following index function is introduced

J(t) —/OOO (2 (1) 2p(t) — ¥*0" (t)v(t))dt.

It can be seen that the H,, performance is guaranteed if
the condition J(¢) < 0 holds. Under zero initial conditions,

namely V' (¢)|t=o = 0, we can find that
J(t) /Ooo(V(t)qug(t)zp(t)VQUT(t)v(t))dt/OOOV(t)dt
_ /0 V(1) 42T (02 (1) 20T (1)0(8)) i~V (00) +V(0)

(18)

< /ODO(V(t)—&—sz(t)zp(t)—’vaT(t)v(t))dt. (19)

Hence, considering (13)-(19) along with (8), we can con-
clude that J(t) < 0 once the condition below holds

V( t)+ ZT( t)zp(t) = 7*0" (H)u(t)

< Z Z Z w;3m; [T (¢)

UL P (t)+ %" (1) PT (1))

=1 j=1[=1
+UTOQU (t) — U™ (t — W)QU (t — h) — ¢T (1)AC(t)

= @)~ —9w) Y (% ()~ u (1 - 9(1)

+uT(t )CTC%(t) — 2T (t)u(t)

+ h2¢T Zzzwze m;TL) (R+Y)
=1 j=11=1
T T c
(Zzzwﬂjmfriﬂ)g(ﬂ
i=1j=1I1=1
= Z Zzwﬂ;mch(t)‘I’ijo(ﬂ
i=1j=11=1
+R2CTO (D0 wibmi T R) R
i=1 j=1 I=1
i=1j=1i1=1
+ h3¢T ZZZ“W m TL Y)Y !
=1 j=11=1
s I C
X (Z Z Z wlﬁjmeFUl)C(t)
i=1 j=1I1=1
<0, (20)
in which
ol 2 S P&,
o | * ® RS 0
T« x —Q—-R 0 ’
* * =21
2
Oy =Py + AP +Q — R - %Y +C7C,
2
12 —Pa/y + R— S + %Y,
772
P22 :—2R+S+ST—ZY.

Through utilizing Schur complement, the holding of the
inequality (20) is implied by the following inequality

r r c
Z Z Z wﬁjmem <0,

i=1j=11=1

21

in which =;;; is defined in Theorem 1.

For obtaining less conservative results, the MFD approach is
employed by introducing the membership function information
into the stability criteria. The state space of interest © is
partitioned into U/ connected substate spaces ©,, i.e., © =
UY_,©,, so that more local membership function information



can be considered. Let us define h;ji(w(t), @(ts)) = wi05m]
to lighten notations. In each subspace ©,, the constant maxi-
mum and minimum to enclose the local membership function
hijiu(w(t), w(ts)) are denoted as hwlu and h, ;;,,, respectively,
which are included into stability conditions with the aid of
slack matrices. According to the definition of h;;,, and Rjs
it is obvious that 0 < hj;,, < hijiu(w@(t), @(ts)) < hijiu < 1.
Here, we introduce the slack matrices IL;;;,, 2,5 = 1,2,...,r,
Il = 1,2,...0¢, u = 1,2,...,U, with the constraint that
IL;j1w > 0 and 1l > Z;j;. Thereby, within the subspace
©,, from (21) we can deduce

DD i@ (t)

i=1 j=1 I=1

=22 (hiju(=(t)

i=1 j=1 I=1

T T c
< Z Z Zﬁiﬂuaijl

i=1j=11=1

T T C
+2.2. > (higu(=(t
i=1j=11=1
T T C

< Z Z Z (ﬁiﬂugijl + 5ijluHijlu)7

i=1 j=1 I=1

@(ts))Ziji

@(ts)) + hyjry — ﬁijlu)Eijl

@(ts))

— Iy jlu) Zijl
(22

in which d;j5, = Bijlu — hijlu are constants relative to the
bounds of IT2 membership functions.

Accordingly, the holding of criteria (10) and (11) can
make sure that 325 775 Y77 hijiu(w(t), @ (ts))Zi < 0,
which guarantees the H,, performance of the augmented
system (7). Furthermore, when v(t) = 0, considering (20)-
(22), it is obvious that V(t) < 0 excluding % (t) = 0, which
indicates that augmented system (7) is asymptotically stable.
This completes the proof. O

Remark 4. Because of the sampling mechanism adopted,
the values of hiji(w(t), @w(ts)) are dependent on both w(t)
and w(ts). As we deem w(ts) totally irrelevant to w(t),
the injected information of membership functions cannot be
extracted well via h;;,, and d;j.,. The potential relation
between w(t) and w(ts) should be explored to calculate lower
and upper bounds of hiji.,(w(t),w(ts)) to narrow down the
bounds of IT2 membership functions, which helps further relax
the MFD stability criteria. Recalling that t, = t — 9(t) and
0 < Y(t) < h over a sampling period, w;(ts) can be estimated
via w;(t) by: w;(ts) € [wi(t) — htUimaz @i(t) + Aimaz),
where w;(ts) and w;(t) represent the i-th element of vectors
w(ts) and w(t), respectively. Timaz denotes the maximum
value of |w;(t)| amid the dynamic process. Hence, based
on the aforementioned estimation, h;j(w(t),w(ts)) can be
estimated by h;;;(w(t)) which only depends on the variable
w(t).

B. Integrated Design of IT2 Fuzzy Observer and Fault-
Tolerant Controller

Note that the observer and controller gain matrices are
coupled with unknown matrix variables in Theorem 1, so

that the gain matrices cannot be immediately solved through
Theorem 1 by utilizing the LMI toolbox. Hence, according to
the results developed in Theorem 1, the procedures on the co-
design of the fuzzy fault-tolerant controller and fuzzy observer
are provided in what follows.

Theorem 2. With given scalars v > 0, R, Oijius S1
So, and constant matrix ¢ € R"™, the augmented
system (7) is guaranteed to be asymptotically stable un-
der the prespecified H., performance index =, if there
exist positive definite matrices W1 € R"*" W, €
Rnxn’ W3 c Rmxm’ Q c R(2n+m)><(2n+m)’ R c
REntm)x@ntm) -y ¢ REntm)x@ntm) - pop_pegative defi-
nite matrix I:Iiﬂu e RU2n+Tmtd)x(12n+7m+d) - gnd matrices
Sv c R(2n+m)x(2n+m)’ N e Rpxp’ T] c ]Rnxp’ Gj c Rmxp,

M; € R™™ for i,j = 1,2,...,7, L = 1,2,...,¢, u =
. U, such that
= (23)
R S
: R]_
Ziji — Mijie <0, Yi,j,0u (25)
z;j;1 l;l (hiﬂuiijl-ﬁ-@'jluﬂz‘jzu) <0, Yu (26
where
(2 B2 S & BN =S Wi
x B2 58 g ZH =26
— J j
5 x x 2% 0 0 0 0
Eiji=| x * * =T hEF RET 0 |,
x x x o+ =% 0 0
*  x % * % E06 0
L * * x x * * =1 |
[yl »l2 o
5l il _ _ 2
== « 2372 2 +Q—R—%Y,
| x x 0
oy [0 ;¢ T;,C 7 a2
Ei°=|0 -T;C¢ -T;C 7 +R_S+ZY’
|10 —G;C -G;C 7
T” T2 0 Wy 0 0
seog o | ko) w=| . wmw
Sl T2 = ) = 2 Wa 7 |,
0 T?QO *x * Wi
2
éﬂ:_2R+§+5T_%y;§3:R_§
0 0 0
22 =226 | pCTTT —hCtT? —hCTGT
/ T AT T T TATAT |
h g CHTy —h gTCTTy —h 77 CT G
Ew:—Q—R,:“zﬁR—%MCEﬁ:éY—%ﬂK

S =A;Wh + B;M; + W1 AT + M" B},
g=Wa(A - A)T + M (B - B))T,

NP =AWy + B 7T Wo + Wo AT + W, 7 B,
L3P =AW, 7 + B;W;,

Ti =h(W1A] + MB),

5 =h(Wi(Ai — A" + M (B; — B))"),
T3 =h(W2A] + W2 7 Bl),



152 =h( 7TWLAT + W3B]).

Then the observer gains are obtained as L; = TyN~', F; =
Gijl, and the fault-tolerant controller gain is obtained as

K, =MWw!

Proof. Aiming to attain the convex design criteria that can be
handled by convex programming strategies, the congruence
transformation is employed to (10)-(11) by pre- and post-
multiplication of X = diag{W,W, W, I, R, Y1 I} with
the definition W = P~!. After performing the congru-
ence transformation, apply Lemma 2 to the terms —R™! =
~WR™W and —~Y ! = —WY W respectively to circum-
vent the existence of R~! and Y ! in the design conditions.
Then, it yields

St — Wijie <0, Vi, 5, L u 27
3> (ﬁijluéijlu + 05j1a11i1) < 0, Vu (28)
i=1j=11=1
where
[EU B 5§ & 21 21 WO
* =22 =23 0 Ej5 Ejﬁ 0
- * o« =30 0 0 0
Si=| x * x = I hEF RET 0 ,
* ok * x* B% 0 0
*  x  x % x 266 0
I * * * —I |
R=WRW, S=WSW,Q=WQW, Y =WYW,
2
— _ T —
B =digW + W, + Q -R- Y,
2P =adyW+R-S +Z Y, gl =Eiy = hWa,
:?5 ’_‘26 - thQ(dj7 zjlu - XHZ]Z’U,X
22, 523, 533, Z%, and Z% are the same as defined in

Theorem 2. Similarly, after pre- and post-multiplication of
diag{W, W} to (9), we can get the condition (24).

In order to facilitate design synthesis, the positive definite
matrix W is specified as

Wi 0 0
W = * W2 ng s (29)
* ok Ws

where matrix variables W7 € R™*"™, Wy € R"*", and W3 €
R™>™ are unknown, while ¢ € R"*™ is the constant matrix
chosen by the user. Meanwhile, assume that there exists a
nonsingular matrix IV to make the equality constraint CWy =
NC valid. Then, we have

L;CWy =L;NC
=TyC, (30)
F,CW, = F;NC
=G,C. 31)

Substituting the matrix variable W constructed in (29) into
(27) and (28) and considering the expressions stated in (30)
and (31) with M; = K;W, the inequalities (25) and (26) can
be derived. This completes the proof.

O

Remark 5. Theorem 2 proposes sufficient conditions for
asymptotical stability of the augmented system (7). However,
there is an equality constraint (23) in Theorem 2, which is
hard to be solved through the LMI toolbox. To obviate this
problem, we introduce the following condition:

(CWo — NCYT(CW, — NC) <ol, (32)

where o is a positive scalar. By Schur complement, we can
see that (32) can be rewritten as

—QI (CWQ - NC)T

h N <0.

(33)
In consequence, the issue of solving the conditions (23)-(26)
in Theorem 2 is transformed into the optimization problem
below

(34)

min g

subject to (24)-(26) and (33).

IV. SIMULATION EXAMPLE

To validate the efficacy of the designed FTC strategy under
the sampled-data scheme, a numerical example is presented.

Consider a nonlinear system with the parameter uncertainty,
actuator fault and external disturbance, depicted by an IT2 T-S
fuzzy model with three fuzzy rules in the form of (1):

0.59 —7.29 0.02 —4.64
A= {o 01 —2. 85} Az = [0.35 —8.56}
0.73  8.45 1
As = {026 —1543] B [03}’
By = [82 [4 0.8]",
Dy = [0501] =[101]"
D3 = [0.2 0.01] , C=[10],

in which the lower and upper membership functions of
the IT2 fuzzy model are depicted as: w,(x1(t)) = 1 —
/(1 + emO7390) g (a4 (1) = 1/(1 + em10+39),
wa(x1 (1)) = 1 = wy(21(t)) — wy(21(t), @1(21(8)) = 1 -
1/(1 4 e=210=25) g (zy(t) = 1/(1 4+ el-#1(O)+2.5)),
wo(x1(t)) = 1 — wy(x1(¢)) — ws(z1(t)). To certify design
flexibility of the established FTC technique by using the
IPM scheme, a two-rule IT2 fuzzy fault-tolerant controller is
provided to stabilize the nonlinear plant subject to the actuator
fault with the lower and upper membership functions defined
as: my (z1(ts)) = {1, when x4 (t5) < —2.2; (—z1(ts)+1.8)/4,
when —2.2 < x(t5) < 1.8; 0, when z1(t;) > 1.8},
mi(z1(ts)) = {1, when z1(ts) < —1.8; (—=z1(ts) + 2.2)/4,
when —1.8 < z1(ts) < 2.2; 0, when z(t;) > 2.2},
ma(21(ts)) = 1—my (21(ts)), mo(21(ts)) = 1—ma(21(ts)).

The operation domain of x1(t) is assumed within the range
of [—3,3]. As discussed before, more abundant information
of membership functions will be captured via partitioning
the entire operation domain into a series of subdomains. But
the more subdomains are, the higher the computation cost
will be. Here, the operating domain z; is partitioned into 5
uniform subdomains where the suddomain is characterized by



[-28 + Su, -3 + Su], w = 1,2,...,5. To apply the FTC
approach built in Theorem 2, let us define ¢; = 0.1, ¢o = 0.1,
# = [1 1]T. Set the sampling interval h 0.01s and
T1maz = 10 which should be verified by simulations. In light
of Remark 4, the largest variation of x1(t) over a sampling
period can be calculated by Ati,,4, = 0.1. It implies that
x1(ts) locates in the interval of [z1(¢) — 0.1, x1(¢) + 0.1].
This relationship helps gain more accurate constant parameters
i j1,, @nd 1, Televant to bounds of membership functions. By
solving the minimization problem (34) under the prespecified
H, performance v = 1.5, the fuzzy observer and fuzzy fault-

tolerant controller gains are computed as: [, = 7.5160
& P “ LT 195580 |0
32.9597 14.6504
L 56085 | X3 = | paag |0 0= 82363

Fy, = 15.6380, F5 = 27.3333, K1 =
Ky = [ ~3.1414 1.7613].

To conduct simulations, we assume that e (z1(t))
(sin(a1 (1) + 1)/2, @(@1(t) = 1 - € (@1(0)), &5(a1(0)
(cos(z1(t)) + 1)/2, &(x1(t)) = 1 — e5(x1(t)), through
which wy (z1(¢)) and ws(x1(t)) can be obtained. €,(x1(t))
and € (x1(t)) are unnecessary to know as ws(x1(t)) can
be calculated based on the relationship wo(z1(t)) = 1 —
wi(x1(t)) — ws(x1(¢)). Besides, for the observer and fault-
tolerant controller, the weighting functions are selected as:
%j(ml(ts)) = aj(ajl(ts)) =0.5,5=1,2,3, and gl@jl(ts)) =
Bi(z1(ts)) = 0.5, 1 = 1,2, respectively. We first assume the
actuator fault f(t) as

—2.9992 2.5619 |,

s 0, t <5,
)= 2(1—e 0009y ¢ >5.
The external disturbance is depicted as w(t) =

e~ -2t 5in(0.3t). The simulation results are provided by Figs.
1-3 under the initial states z(0) = [1 — 0.8]7 and #(0)
[-0.5 0]7. Specifically, Fig. 1 displays the state responses
of the open-loop system; Fig. 2 shows the time response of
the actuator fault and its estimation; Fig. 3 represents the
trajectories of system states and their estimations. From Fig.
1, we can find that the concerned system is unstable without
cooperation of the controller. As displayed in Figs. 2 and 3,
the obtained sampled-data fuzzy observer can reconstruct the
actuator fault and system states with a satisfactory level. And
also, it is observed that the obtained fault-tolerant controller
can successfully stabilize the closed-loop system with system
states asymptotically approaching zero despite the appearance
of actuator faults. It demonstrates the efficacy of the provided
FE-based FTC approach with sampled-output measurements.

To further demonstrate the robust FTC performance of
the presented strategy, we assume the actuator fault f(t) as
follows:

1, 10 < t < 20,
Fo) = 1.5 — 0.5¢(7t20), 20 < t < 40,
0.5+ cos(0.1t —4), 40 <t < 123,
0, otherwise.

The simulation results are represented in Figs. 4 and 5. Fig.
4 displays the time response of the actual fault and its estima-
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tion, and Fig. 5 exhibits the trajectories of system states and
their estimations. It indicates that the actuator fault and system
states can be effectively estimated by the designed fuzzy
observer, and the system states converge to zero gradually
based on the obtained fuzzy fault-tolerant controller. In light of
the simulation results above, we can draw a conclusion that the
fault compensation based fault-tolerant controller is well built
to stabilize the nonlinear system suffering from uncertainties,
actuator faults and external disturbance, which demonstrates
the validity of the proposed sampled-data observer-based FTC
approach.

Remark 6. 7o validate the merits of the proposed MFD FTC
technique, the elements related to the information on member-
ship functions in Theorem 2 are removed. The stability con-
ditions will reduce to the membership-function-independent
(MFI) form, which are concluded by a minimization problem
o subject to the LMI constraints of (24), (33), and éijl < 0 for
i, = 1,2,...,r, 1 = 1,2,...,c. The remaining parameters
are under the same setting above-mentioned, and the MFI
approach does not provide a feasible solution, which manifests
that our proposed MFD FTC strategy excels the MFI one with

the results relaxed.

V. CONCLUSION

In this paper, we propose an integrated design strategy of
the FE and FTC for IT2 fuzzy systems subject to uncertainties,
actuator faults, and external disturbance. Using only sampled-
output measurements, an T2 fuzzy observer on jointly esti-
mating actuator faults and system states is presented. Upon the
estimated information, an IT2 fuzzy fault-tolerant controller
is designed to compensate for the impact of faults on the
plant and stabilize the closed-loop system with a satisfactory
performance. To make the results less conservative, the MFD
approach is employed in the stability analysis. This approach
considers information from the sampling process to narrow
down the boundaries of membership functions. Finally, the
simulation example demonstrates the efficacy of the integrated
FTC approach with sampled-output measurements provided
in this work. The future research topics could include the
extension of the main results in the IT2 fuzzy framework, such
as fault-tolerant tracking control and FTC for simultaneous
actuator and sensor faults.



