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Active Fault-Tolerant Control for a Class of
Nonlinear Systems with Sensor Faults

Youqing Wang, Donghua Zhou, S. Joe Qin, and Hong Wang

Abstract: A general active fault-tolerant control framework is proposed for nonlinear systems
with sensor faults. According to their identifiability, all sensor faults are divided into two classes:
1dentifiable faults and non-identifiable faults. In the healthy case, the control objective is such
that all outputs converge to their given set-points. A fault detection and isolation module is firstly
built, which can produce an alarm when there is a fault in the system and also tell us which
sensor has a fault. If the fault is identifiable, the control objective remains the same as in the
healthy case; while if the fault is non-identifiable, the control objective degenerates to be such
that only the healthy outputs converge to the set-points. A numerical example is given to illustrate

the effectiveness and feasibility of the proposed method and encouraging results have been
obtained.
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1. INTRODUCTION

The demand for productivity leads increasingly for
industrial plants to operate under challenging
conditions, which consequently exposes the
possibility of systems fault. This is because industrial
processes typically have a large number of sensors
and actuators. If a fault is not detected promptly with
a proper corrective action, it will degrade the process
performance and in a more serious case, even results
in safety problems for the plant and personnel. In this
context, a fault-tolerant controller, which is capable of
maintaining the performance of the closed-loop
system at an acceptable level in the presence of faults,
is desirable. Because of this, fault-tolerant control
using model-based analysis redundancy has received
significant attention recently (e.g., [1-5]).

Since sensor faults are very common in industrial
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systems, fault-tolerant control for sensor faults has to
be considered. Depending on whether a fault
diagnosis module is used, fault-tolerant control can be
divided into two kinds: passive method and active
method. For the passive method, the main task is to
design a fixed controller such that the closed-loop
system can maintain closed loop system stability and
performance, not only when all components are
operational, but also in the case of faults. In [6], Yang
et al. proposed a reliable LQG controller for linear
systems with sensor faults by solving Riccati
equations. In [7], a more practical model of sensor

faults was introduced and H_ performance of the

closed-loop system was considered. In [8], Yee ef al.
designed a reliable controller for discrete-time linear
systems based on the iterative LMI approach.

In an active fault-tolerant system, a new control law
is redesigned using desirable properties of
performance and robustness that were important in the
original system, but with the reduced capability of the
impaired system in mind. In order to achieve effective
feedback control reconfiguration, a fault diagnosis
module is generally required in an active fault-tolerant
system. In [9], Trunov and Polycarpou presented a
learning scheme to detect and approximate sensor
faults occurring in a class of nonlinear multi-input
multi-output dynamical systems. The method was
robust with respect to bounded modeling uncertainties.
In [10], a wavelet-based approach to the abrupt fault
detection and diagnosis of sensors was described. Two
methods for detecting and reconstructing sensor faults
using sliding mode observers were proposed in [11].
In [12], Wang et al. used adaptive updating rules for
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the fault detection and diagnosis of sensor gain faults
in a linear time-invariant system. Based on a bilinear
model and a fault-tolerant observer, an active fault-
tolerant control law was proposed for a rail traction
drive with sensor intermittent disconnection faults in
[13]. [14] presented a fault-tolerant control for a ship
propulsion benchmark, where estimated or wvirtual
measurements were used as feedback variables. The
estimator operates on a self-adjustable design model
so that its outputs can be made immune to the effects
of a specific set of sensor faults. In [15], Jeong et al.
proposed a control strategy that provides fault
tolerance to the major sensor faults which may occur
in an interior-permanent-magnet-motor (IPMM)-
based electric vehicle propulsion drive system.

In [16], identifiability of sensor faults was studied
and a novel approach to fault detection and diagnosis
of a class of nonlinear systems is presented. All sensor
faults are divided into two classes: the conditionally
identifiable faults and the conditionally detectable
faults. The above results will be extended to fault-
tolerant control in this paper. The formulation of
considered system is the same as that considered in
[16]. Similarly, all sensor faults are divided into two
classes: identifiable faults and non-identifiable faults.
Firstly, a fault detection observer is proposed to detect
the fault. If a fault alarm is produced, then some fault
isolation observers are activated to determine which
sensor has a fault. If the fault i1s identifiable, the
control objective remains the same as that in healthy
case: that 1s to regulate all outputs to their set-points.
If the fault is non-identifiable, the control objective
degenerates to regulate only the healthy outputs to
their set-points. All proposed observers are designed
based on LMIs, which can be solved efficiently by
using toolbox in MATLAB. The feasibility and
effectiveness of the proposed schemes are illustrated
in a numerical example.

The remainder of the paper is organized as follows.
In Section 2, the problem formulation is presented.
The fault detection and isolation modules are
developed in Section 3. The fault diagnosis observer
1s presented in Section 4. The normal controller and
fault-tolerant controller are designed and analyzed in
Section 5. To demonstrate the effectiveness of the
proposed scheme, Section 6 gives some simulation
results. Finally, conclusions are drawn in Section 7.

2. PROBLEM FROMULATION

In this paper, the nonlinear dynamical systems
under study are described as follows:

{x(r) = Ax(?) + g(x,u,t) + Bu(t)

1
(o) = Cx(0) ()

where xeR” 1is the state vector; u<R? 1is the

input vector; y € R™ is the output vector; g(x,u,r)

is a smooth vector field on R”: 4,B,C are known

parameter matrices of appropriate dimensions. For
convenience, the controlled output is chosen as

z(t) = Cx(2), (2)

which is a fictitious variable of the state vector.

Bias faults and gain faults are two kinds of sensor
faults commonly existing in practice. A sensor bias
fault can be described as:

y(t) =z(t) + f(1) 3)
and a sensor gain fault can be described as:

y(0) = (1-T(0) (), 4)
where 0<I'(f)<I is called attenuation matrix.
Obviously, equation (4) can be rewritten as

y(1) =z(t) T (t)z(t) = z() + f(x,0). (5)

Therefore, the above two kinds of sensor faults can be
uniformly described as

y(t)=z(D) + f(x,0). (6)

In this paper, both bias and gain faults are studied.
Since yeR™, there are m sensor faults to be

considered. In practice, it is infrequent that two or
more than two sensor faults occur simultaneously.
Therefore, the following assumptions are made.
Assumption 1: Only one single fault might occur
at one time.
If there is a fault in sensor i, then

y; () =z;(t)+ f;(x,t) = C;x(¥) + f;(x,1), (7)

where C, e R™” denotes the ith row vector of

matrix C.

Assumption 2: (4,C) is detectable.
Assumption 3: g(x,u,t) 1is globally Lipschitz

with respectto x, 1.e.,

Hg(xl,u,t) — g(xz,u,t)” < /’1“361 — X, Vu,t, (8)

where A is the Lipschitz constant.

The control objective of this paper is as follows: if
there is no fault, outputs y =z should be regulated
to achieve their given set-points y,; if a fault occurs
and it is identifiable, the control objective 1is to
regulate z to track set-pomnts y,.; if a non-

identifiable fault occurs, only the unpolluted outputs
are regulated to track the given set-points.



Active Fault-Tolerant Control for a Class of Nonlinear Systems with Sensor Faults 341

3. FAULT DETECTION AND ISOLATION

To achieve the control objective, an FDI module
should be designed first to detect the fault, to isolate

which sensor has fault, to judge whether the fault is
identifiable.

Firstly, a fault detection observer (FDO) is
infroduced in the follows:

X(t) = AX(t) + Bu + g(X,u,t)+ L(Cx — y). (9)
Let the error vector be defined as

e, (1) =x(t)—x(1). (10)
From (1), (9) and (10), it can be obtained that

61 = (A+ LC)e, (1) + (g(F,u,1) - glx,u,0)). (11)

The following lemma gives a sufficient condition for
(11) being stable.

Lemma 1: Estimation error e, converges

asymptotically to zero if there exist matrices
R=R">0, X and positive scalar x>0 such that

the following linear matrix inequality (LMI) is
satisfied:

RA+ ATR+XC+CTXT + uA’I R

0. (1
R —,u[}< (12

The observer gain matrix can be selected as

L=R'x. (13)
Proof: Consider the following Lyapunov function
V(1) = e, (1)Re, (1), (14)
Computing ¥ (1) along the trajectory of (11) yields
V:eg(RA+RZC+ATR+CTZTR)ex
+2el R (g(x,u,t) - g(x,u,t))
seg(RA+RZC+ATR+CTZTR)ex
_ 2
+ %lengex + u”g(x,u,t) — g(x,u,t) ‘
<el (RA +RLC+ A'R+ CTZTR)ex
) 2
+ %{egR e, + pA? ”exﬂ
RA+RLC + A'R
=¢ e...
x +CTﬁR+yAQJ+%R2 x

(15)

Substituting (13) into (15), it can be further obtained
that

V<el (RA+XC+A'R+C" X'

16
+,u/121+%uR2)ex. (16)

If the following inequality
RA+XC+ ATR+CTXT +,ux121+%1R2 <0 (17)

holds, e, converges asymptotically to zero. From the

Schur complement, (17) is equivalent to (12). This
completes the proof. O

Similarly, the following theorem can be readily
obtained.

Theorem 1: If there exist matrices R =R’ > (0,
X and positive scalars ¢ >0 and x>0 such that
the following inequality is satisfied:

RA+ ATR+XC+CTXT + uA*I+xR R
R —ul

<0 (18)
and let

L=R'Xx (19)

then, estimation error e, converges exponentially to
zero with rate x/2 > 0.

Proof: Similar to the proof of Lemma 1, from (18)
and (16), it can be obtained that

V(t) < —kel Re, = —kV(¢). (20)
Hence,
V() <e M1 (0). (21)

From (14), it can be obtain that

Amin B||ex O < €™ A (B ]ex O, (22)

where A .. (R) and A4, (R) denote the mmimum

and maximum eigenvalues of matrix R respectively.
Therefore the nom of the error vector satisfies

e, O] < o B e B e O 72, 23)

This finished the proof. ]
From (9) and (1), the detection residual can be defined
as

r(t) 2| Cx () - (@) (24)

From (10) and (23), it can be seen that the following
inequality holds in healthy case:

(0% Vs B e B[O 72, 25)
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Note that [, (0)| is unknown generally, so the

threshold in (25) is unavailable. However, since it can
be shown that ”C””ex , the fault detection

can be performed using the following mechanism:

< max (R)/ Aumin (R [[F(0)]} €~
F(£)-

(26)
Notice that matrix inequality (18) is not an LMI and is
therefore difficult to solve. The following algorithm is
proposed here to solve this inequality:
Algorithm 1:
1) Solve LMI (12) and obtain R>0, X and u>0.

Then R, X and u are fixed andlet x=0.

2) Let x=«x+Axk.

3) Solve (18): if solvable, go to 2); else, go to 4).
4y x=x—Ax. Exit,

where Ax >0 isthe designed search step.

Remark 1: It i1s worthwhile to point out that
uncertainties were not considered in fault detection
scheme (26). In fact, there are many literatures about
robust fault detection (for example [17-19]). Since
fault detection is not the emphasis of this paper, a
simple fault detection threshold is chosen as

£(1)2 9T B e ® O 72+, @7)

where 9>1

magnitude of uncertainties.

Because any sensor fault can affect all estimation
errors simultaneously, the above observer and scheme
are only used for fault detection. In the following,
some observers will be designed to isolate sensor

faults. For this purpose, define éi =C\(C;, ie.,1tis

and 7>0 1is determined by the

the remaining part of matrix C with by omitting its
row vector C;. Similarly to (9) and (10), we can
design m 1isolation observers as follows,

m

{x(t) AX,(f) + Bu + g(%;,u,0) + L(C;X, — 5,)
e, (1) = x;(¢) — x(1),
i=1-,m

(28)
where

v, = y\y,,i=1 m. (29)
From Lemma 1, it is obtained that if LMI
RA+A R + X,C; +CT XT + A% R,

[
R; I }
<0 (30)

Kt
A , there is no fault

-~ \/ Amax (R)/ Apmin (R) |[7(0) e_x% , there is a fault.

holds, with the observer gain matrices being
determined by

L =R X, 3D
then e,; converges asymptotically to zero.

It is easy to prove that a necessary condition for
(30) is (A,éi) being detectable.
From Theorem 1, it is obtained that if LMI

RA+A'R + X,C,+CI XI + u2*I +x;R. R,
R; iy
<0 (32)
then, estimation error e,; converges exponentially to
zero with rate «;/2>0. Therefore, if there is no

fault, then
R () 2| CE () - ()

(33)
< TRl el

and

R (1) 2| Cx (0 - 70

) gy G4
< e (R /i R |Gl (O] 72

Assume that there is a fault in sensor i and there is
no fault in other sensors. Since y; 1s not used in =;,
so inequality (34) is still true whilst (33) does not hold.

Hence, the isolation law for sensor i can be designed
as

7}'(t)>‘9£\/;i‘max(Ri)/Z‘min(Ri) r(0)e % +17

_ Kt
ﬁ'(t) < ‘gi\/jmax(Rz‘)/jmin(Ri) J";';(O) € é +77;,
(35)

if <

then there is a fault in sensor i.

4. FAULT DIAGNOSIS

According to the fault detection and 1isolation
results in the above section, we have obtained that
whether there exist faults and which sensor has a fault.
Assume that there is a fault in sensor i, an observer
should be designed to estimate this fault and the real
value of the polluted output. The ith output can be
described as:

Yi(t) = Cx(®) + f; (x,0). (36)
Rewriting the system description (1) by taking into
account (36), we obtain

{)'c(z‘) = Ax(t) + g(x,u,t) + Bu(t)

(37)
y(t) = Cx(t) + D, f;(x,1),
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where it has been denoted that

D;=[0 - 010 - 0]. (38)

;
To use the observer presented in [16], matrix D,
should satisfy the following equation:

ul—4 0
rank = n+rankD;,
C D; (39)
V u € C"(closed right-half plane).
Denote
rE:[]n Onxl]
H;=1C D] (40)
L)
Let
[PQJ—ETEET (41)
P H;| | H, H |~ |

where Pz c R(HH)XH,Q;' c R(n%—])xm.

Construct the unknown-input observer as follows:

. (42)

{zi =N;z; + L,y + PBu+ Pg(X;,u,t),
Si =2+ 0y,

where z, € R"". Let

¢ i[x] ; i(% 43
i f; 9§i_ ]’;1)9 ( )

e =¢; ¢, =(Jff_x}£[%]- (44)
fi=ti) \UJi

It 1s valuable to point out that X, denotes the

estimation of x produced by the i th observer.
From [16], we obtain

. (45)
+ P(g(x;,u,1)— g(x,u,t1)),
where
F =L — N;Q;. | (46)
Let
N;2PM-FH,, (47)

then (45) can be further expressed as

& = (PM - EH,)e, + P(g(%,u,0) ~ g(x,u,1)). (48)

Lemma 2 [16]: Assume that system (1) satisfies
Assumptions 2 and 3. The estimation error e; of

observer (48) converges asymptotically to zero if
there exist matrices R, =R/ >0, X, and positive

scalars x4, >0 such that the following LMI is

satisfied:

Q. 2

1
RPM+MTP'R -XH,-H X! + 12’1 RP
PiTRz' —p;

<0. (49)
where A is the Lipschitz constant defined in (8). Let

F2RX,. (50)

From (50), (47) and (46), we can obtain N; and L.

By using (49), we can judge whether the fault can
be estimated. If €2, <0 1is solvable, then sensor i is

said to be identifiable sensor, and a fault in this sensor
is called identifiable fault. Otherwise, sensor i 1s
called non-identifiable sensor and its fault is called
non-identifiable fault. For each identifiable sensor, an
unknown-input observer (42) 1s designed corre-

spondingly. Since y € R™, at most m estimation

observers should be designed. In the following section,
different control schemes will be designed for
different classes of sensor faults.

5. CONTROLLER DESIGN

Generally speaking, m outputs could be regulated
by using m inputs. Hence, the following assumption
1s made.

Assumption 4: It is assumed that p=m, and

matrix CB is nonsingular.

That is to say, the considered system is a multi-
input and multi-output nonlinear square system. Most
industrial processes are designed to be open-loop
stable; that is to say, the outputs must be bounded
when the system is subjected to bounded inputs. On
the other hand, due to some physical limitations, the
system states are bounded by some known boundary.
Hence, it is also reasonable to introduce the following
assumption:

Assumption 5: In all cases, system states are
bounded, i.e.,

x| <=, (51)

where X >0 is a known constant.
Assume that the set-point of the outputis y,, then,
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it is intuitive to choose the sliding mode as

s(t) = Cx(t) - y,. (52)

Since C 1is of a full row rank, there must exist a

matrix C € R7"P»" guch that matrix

Tic 53
"“5 ()

1s nonsingular. Correspondingly, the inverse matrix of
T 1s defined as

7'zl B] (54)
From (1), (52), (53) and (54), we obtain

§(t) = CAx(¢) + Cg(x,u,t) + CBu(?)
= CAT 'Tx(¢) + Cg(T "' Tx,u,£) + CBu(z)

=ca| T, Tz}[g}x
C
+ Cg[[Tl Tz}[é} x,u,t} + CBu(t)

= CAT;s(t) + CAT,y, + CAT,Cx
+ Cg(Tls + Ty, + Tz(_fx,u,t) + CBu(1).

(35)

From the above statement, we can design the control
law as the following form:

u=—(CB) 'CAT;s — a(CB)™'s
[CAT,y, || + |CcATC| X +|C||g(Trs. )

~(CB)™

+A)clizy, |+ 2l |RCx

-
(56)
where o >0 and

sen(s) 2 [sgn(sy) sen(s;) -~ sen(s,)] . (57)

Obviously, we have
st sgn(s) = ”SII (58)

Theorem 2: Under control law (56), the output of
the closed-loop system convergences to the sliding-
mode surface s =0 asymptotically.

Proof: Define

Wit)= %ST s (59)

then, from (55), it can be formulated that

| CATis + CAT,y, + CAT,Cx

W=s's§=s —
+Cg(Y]S+T1y,, +T2Cx,u,t)+ CBu

sgn(s),

<sTCATys +|s|||CAT y, | + y|s|;ﬂCAT25”z .
+[slIcl|e(Tis + Ty, + T,Cx,u,t)| + " CBu.

From Assumption 3, the following inequality should
hold true.

“g(YiS+ler +T25x,u,1‘) 61)

< ||g (s, u,t)” +A ||T1y,, +A ”TZEH X

Combining (60) with (61), (56) and (58), it can be
obtained that

W < —asT S. (62)

This completes the proof. B
From Theorem 2 and (52), we obtain that the
outputs convergence to their set-points asymptotically.
In designing sliding mode control law (56), it is
assumed that the control can switch infinitely fast.
This is infeasible due to speed limitations on actuators.
The non-ideal switching can result in chattering
phenomenon. To eliminate this undesirable chattering,
it is practical to replace the sign function by a

saturation function, sat,(s), which is defined by

,\ T
sat, (s)= [satﬂ ($1) sat, (55) sat,, (Sp )] ,

sat, (s;) = if|s1-/y|<1
o if |s;/u>1,

Si/lua

=1, p.
sgn(s; / p),

(63)
Theorem 3: Under the following control law

u=—(CB)Y 'CAT;s — a(CB) s
|cAT;y, | +|cATC|= + 2|Cl|Ty, |

~(CB)™!
+A [

sat,, (s)

T,C [z +|Clle(Ts,u.2)|

(64)
the closed-loop system convergences to boundary
layer |s| < u ultimately. In other words, sliding mode

s(¢) 1s ultimately uniformly bounded.
Proof: From the proof of Theorem 2 and (63), we

obtain that W <-as’s if |s/,u|21. Hence, s(7)
convergences to boundary layer |s| < u ultimately.

If there is a fault in identifiable sensor i
(i=1,---, p), then, observer (42) is used to estimate

the states and fault. It is reasonable to design the fault-
tolerant control law as the following form:

u=—(CB) ' CAT;$; — a(CB) ™',
lcatiy, |+ |canClz + Alc|Iny. |

—~(CB)™! _
-+l @swn)+ 2Cl|ClE

sat ,(S;),

(65)
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where

. T
A A A 1
Sf:[Sl S GXp = Ve S Sp:I . (66)

For this fault tolerant control law, the following result
can be obtained

Theorem 4: Under control law (65), the closed-
loop system convergences to boundary layer |s] < u

ultimately.

Proof: From (59), (60), (61), (63), and (65), we
obtain that if |S| > u, then

W<—as!s +STCATl§I. +0.’ST§I.
+s" |Clll|g(Tis,u,0)|sat,, ()
~|\e(i3;,u,0)|sat, (3,)]

6
+sT{|cATy, ||+ HCATQEHE ©7)

+[Cliny. |+ Alcl ] =)

x[sat, (s)—sat,,(5;)],

where §; =5—35;. From Lemma 2 and (66), it can
shown that

lim ||3; ()| = 0. (68)

From Assumption 3 and (63), we obtain that
||g(7]s,u,t)||satﬂ(s)—Hg(]’lﬁf,u,t)||satu(§i) and sat,
(s)—sat,(s;) convergence to zeros as ||§i(t)||

convergences to zero. On the other hand, from
Assumption 5, we know that s is bounded.

Therefore, there is a 7 >0 such that if +>7 and
|S| > U

STCAY]EI- + asTé} +s7 HC||D|g(Yis,u,t)Hsatﬂ (s)

+A| ||y, |+ /1||C||\|T25\|2} x [Sat . (8) = sat #(é‘i)]
1 1 7

2
<—au°- <—as's. 69
5 1 5 (69)

Combining (67) and (69), it can be shown that the
following inequality

T's<0 (70)

W < —l-as

2
holds, if =T and \S\z,u. Hence, W will
decrease, and then s(¢) will decrease until it
convergences to boundary layer ‘S‘ < u ultimately.

This finishes the proof. O

&5, w0 sat, (3,) |+ 57 | [CATy, | +]|cAT>C| 2

If there is a fault in non-identifiable sensor i
(i=1,---,p), then we cannot design an estimate

observer. Hence, the control objective should be
released. For this purposed, define

- - 1
C, Vr
- C—'l i~ A yl_l A ~
Ci = C:l s Vi = :_'_1 s 8 =X — Vi (71)
i+l Y
N 74

From Assumption 4, it can be seen that there exist
Ji € {1,2,---, p}, such that CI-E j 1s nonsingular,

where
ijéI:Bl o By Biy - Bp:]' (72)
Notice that
Bu=Bju; +Bjuj,
where
L T
uji:[:ul U Uyl o up]. (73)

Assume that the non-identifiable fault is tsolated at
time 7T,,.,» thenitisreasonable to choose the j;th

control law as
ujz' = ujz- (]}Solate)' (74)

Then, similarly to (64), we can design the fault-
tolerant control law as

Pl

~ =~ B N1 A -1
i =~(C,B,) ATy —a(C.B,) s,

~(C;B;) 'sat,, (s;)

“éiATliyr

+

|

\m“é‘fgj.u | |

———

C. AT, C, ”z + | C. ng(fiisi,u,r)

} is nonsingular and

;

CilllT2C

2|l 4 "

(75)

!

o,

where

|

i

[TH TQ]E} -1 (76)

Theorem 5: Under control law (75), the closed-
loop system convergences to boundary layer lsz'l <u

ultimately.
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Fig. 1. Block diagram of the proposed scheme.

Proof: The proof is similar to that of Theorem 3,
and is omitted here. O

In this section, two kinds of fault-tolerant control
laws were designed for identifiable and non-
identifiable faults respectively. For convenience,
control law (65) is named FTC I, whilst control law
(74) and (75) i1s named FTC II. To summarize the
controllers, the block diagram of the proposed scheme
is shown in Fig. 1.

6. SIMULATION STUDY

In this section, the following example is studied

-2 1 0 | sin x;
A= 0 -1 1 |,B=1L,C=13,g2=0.8x|cosx, |.
0 0 -1 | sinx |

Solving LMI (12), it can be obtained that

[-0.7150 0.8420 -35.3886
L=|-1.8420 -1.7150 -79.0740 |,
35.3886 78.0740 -2.2150 |
(10.1542 0 0 |
R=| 0 10.1542 0o |
-0 0 10.1542
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Let Ax =0.01 and use Algorithm 1, then we obtain
that x =2.66. The detection threshold is chosen as

in (27), where $=2 and 7 =0.5.

Solving LMI (30) and using Algorithm 1, we obtain

that

-1.0000
-1.6969
81.7877

"-1.1504
-1.4511
 48.3983

[ -0.0440
145.4842
| 84.7751

(12.9899
R=l 0
0

[ 9.0098

-3.2557
0

(0.4186
R3 = 0
0

I -

0
-82.7877 |,
-2.1969
-52.3676 |
-11.9846 |,
-2.1261 |
-106.1783
-2.6692 |,
-2.6742 |
0 0 |
10.0428 0 |, K =17,
0 10.0428
-3.2557 0
155213 0 |, x, =0.39,
0 9.0098
0 0 |
0.4840 -0.3112 |, x5 = 0.05.
-0.3112  0.5340 |

Solving LMI (49) for three sensors respectively, it is

obtained that
-1.4430 -1.7896 0.1280 0.5570 |
2.6844 -13290 02304 2.6844
M=l 01921 02304 13290 -0.1921
1 0.5570 -1.7896 0.1280 -1.4430_
(0 1.8948 -0.0640
0 0.1645 0.3848
=0 01152 04145 |
0 -0.1052 -0.0640
1 0 0 0 0 0
0 05 0 10 05 0
B=10 0 os] 970 o os|
-1 0 0| 1 0 0
and
"3.0817 -1.8939 0.0661 -2.3939
N, - -1.9868 -2.8766 2.7964 -1.8766,
0.0514 -3.9756 -1.2841 -3.9756
42809 2.0680 2.6749 1.0680
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- 0.5408 0 -0.0330"
L, - 0.9934 0 -0.3982’
0.0257 0 0.3921
|-2.1405 0 -2.3374
(05 0 0| (0.5 0 0|
P2:o10,Q2: 00,
0 0 05 0 0.5
0 -1 0 I 1 0

however Q; <0 is unsolvable, that is to say, sensor

3 1s non-identifiable sensor.

Then, the normal control law, FTC I and FTC II can
be designed as (64), (65) and (74), (75) respectively,
where =05 Z=50 and x#=0.5. To demon-

strate the effectiveness of the proposed method
sufficiently, three kinds of sensor faults are studied in
the following.

Case 1: Bias Fault in Sensor 1.

In this case, the measured outputs are assumed to be

2(1),

0<t<5

¥(t) =1

2()+10], £>5.

. — —

The output responses under FTC and normal
control are shown in Fig. 2, which indicates that the
proposed method can tolerate this fault excellently
while the normal one cannot. The fault detection
result 1s shown in Fig. 3(a), and it is found that the
fault can be detected immediately after 5 second. The
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estimation results of isolation observer 1 is shown in
Figs. 3(b) and (c). From (35), we can judge that the
fault is in sensor 1, so the corresponding control law
can be activated then.

Case 2: Gain Fault in Sensor 2.

The measured outputs are

(1), 0<tr<S
: 1 0 O]
1) =+
YO=10 08 0|z, 125
L_O 0 1_
10 . . - . -
(a) —— residual
-- threshold

Fig. 2. Comparison of FTC and normal control with

fault in sensor 1.

15 T T T T I ! - !
(a) — FTC
...... hormal control
1ok : ]
0 I ] i i 1 L L : :
0 1 5 3 4 5 g 7 g g 10
15 ' :
(h) e FT G
...... normal cortrol
10F
o
5 F |
1] 1 ] ] 1 ] 1 L 1 !
0 ] 5 3 4 5 B 7 8 9 10
15 : '
() e FTC
...... normal cantrol
10F
m j
5H I
a 1 1 i i 1 1 1 L :
Time (5]

3
(b)
6 L
4 : ]
el (51 [T
5[, ---- threshold |_
3 R S T bt Rl
1] 1 2 3 4 5 B 7 a 9 10
8 T 1
(c) el (-1-113 [0 F-]
-- threshold
4 k. i
[
0 . P 3 4 ) B 7 8 g 10
Time (s)
Fig. 3. Fault detection and isolation for fault in
sensor 1.
15 . T
(a) — residual
------ threshald
10 F . A
A / -
|:| | i | | 1 | i i 1
0 1 2 3 4 5 5 7 8 9 10
14 T
) T
10 by :
5{ — residual ||
------ threshold
GD 1 2 3 4 5 b 7 g g 10
15 .
(c) —— tesidual
------ threshold
10 -j . =
5; |
D 1 1 L 1 1 | 1 1 1
0 1 2 3 4 5 B 7 g 9 10
Time (s)

Fig. 4. Comparison of FTC and normal control with
fault in sensor 2.
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(a) — residual
6L ---- threshold H
w 4F ._
2“‘\ M"‘ -
0 e ]* -------------------- l,-__---_] ‘‘‘‘‘‘‘ R .
0 1 2 3 4 5 B 7 8 g 10
3 ] 1 1 1 1 1 ] 1 1
_!:b:l ~ tesidual
-- threshold
2 5
Li."'wl
1 I\. """"""""""" ]
Mo,
0 L ey I ! ! 1
1] 1 2 3 4 5 3] 7 8 9 10
E T 1 |
5 residual
AR -- threshold

______
e
MMMMM

Fig. 5. Fault detection and isolation for fault in

sensor 2.
15
(a)
10F
NF /
. .
f — FiC
------ normal control
0 1 ] 1 1 1 . . L 1
0 1 > 3 P 5 6 7 8 9 10
15
{b)
0 b e e oaaAssseAetsiAAAsAAAAAAALAAARAALAAAAAAAAAAARRRARS
NN
: i
— FTC
------ harmal contraol
U [ ]
0 ] 5 3 4 5 B 7 g8 9 10
20
(c)
15 - e ms e AN A RSN I NA NN A AAA GGG A kb maEr e -1
- 10f, ]
: H —= T .
F ------ normal control
] 1 L 1 1 1 L L L I
G 1 2 3 4 5 B 7 8 2 10

Fig. 6. Comparison of FTC and normal control with
fault in sensor 3.

The output responses are shown in Fig. 4. The fault
detection and isolation results are given in Fig. 5.
Case 3: Bias Fault in Sensor 3.
In this case, the measured outputs are

o[
y= z(t)+[0 0 —5]T, t>35.

0<t<5

From Fig. 6(c), we can find that the control
performance of z; descends evidently under normal

control law but slightly under FTC II. The fault
detection and isolation results are shown in Fig. 7.

10

(a) ~— tagidual
' -- threshold

7 g = 10

(b) e tagidual ||
-- threshold

————————————————————————————————

(c) — residual
______ N ---- threshaold

----------

-------------

Fig. 7. Fault detection and isolation for fault in
sensor 3.

7. CONCLUSIONS

By designing one detection observer for all outputs
and presenting an isolation observer and an estimation
observer for each output, an active fault-tolerant
control framework has been proposed for a class of
nonlinear systems with sensor faults. If an identifiable
fault occurs, the closed-loop system under fault-
tolerant control has a similar control performance
compared with that in the healthy case. It a non-
identifiable fault occurs, the closed-loop control
performance has a little degradation. A simulated
example is included to show the effectiveness of the
proposed algorithms and encouraging results have
been obtained.
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