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SUMMARY

The main contribution of this paper is the design of a poligdgnknown Input Proportional Integral
Observer (UIPIO) for Linear Varying Parameter (LPV) degtmi systems. This observer is used for actuator
Fault Detection and Isolation (FDI). The proposed methdzhised on the representation of LPV descriptor
systems in polytopic form where its parameters evolve in pehyube domain. The designed polytopic
UIPIO is also able to estimate the states and the unknowrtsngduthe LPV descriptor system. Stability
conditions of such observer are expressed in terms of Ligtrix Inequalities (LMI). An example
illustrates the performances of such polytopic UIPIO forltiple actuator faults estimation in spite of
disturbances.
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1. INTRODUCTION

The topic of Fault Detection and Isolation (FDI) in dynamystems has been an active research
area in the last two decades, as can be seen, in survey paptd lfor linear systems,19] for
multi-models representation angl for nonlinear systems. For many processes it is feasibleséo
differential-algebraic equations to describe the plamtasyic behavior. The use of the physical or
chemical laws is often a natural choice. In the most generai fa set of so-called descriptor system
equations can be used as discussedihy [

Model-based FDI techniques use mathematical models of timétared process and extract features
from measured signals, to generate fault indicating sggrhat is, the residuals. Hence, generation
of residual signals is a central issue in model-based FDkamch variety of methods are available
for FDI. The basic idea behind the observer-based appreash® estimate the outputs of the
system from the measurements by using observers. Thenutpatestimation error is used as a
residual.

The problem of designing observers has been investigatethiny authors. The authors i@ have
proposed full and reduced order observers for linear dascrsystems. In11], the authors have
developed an observer design method based on singular dedeenpositions and the concept of
generalized inverse matrix. Observer design for nonlideacriptor systems was studied4i.[The
authors in [L4] have proposed an unknown inputs multi-observer for neairdescriptor systems
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FAULT DETECTION AND ISOLATION FOR LPV DESCRIPTOR SYSTEMS Y PI OBSERVER 3

described by multi-models. As in the conventional systamsjew of the advantages of integral
actions, some researchers have introduced the integraiterbserver design for descriptor systems
[1, 13. Full and reduced order Proportional Integral (Pl) obsesvfor fuzzy descriptor system
subject to parameter variations have been designetldn These observers allow estimation of
both the state and the unknown inputs. The author&4ih [22] have synthesized robust control
laws for fuzzy descriptor systems. More recently, LinearaReeter Varying (LPV) modeling of
the monitored system has been considered. Such models emebdefficiently to represent some
ordinary nonlinear systems. Some researchers from thiedfeiglction and isolation community have
developed model-based FDI metho8sZ%6] and Fault Tolerant ControPQ] using LPV systems.
For polytopic LPV systems, a polytopic unknown inputs oleseehas been also used for the state
estimation of uncertain systems and for FDI of nonlineatesys described by a multi-models
representation?l].

The authors in16, 17] have designed gain-scheduled controllers for LPV desarigystems. In
spite of that, there are few studies on state reconstruetmmhfault diagnosis for LPV descriptor
systems despite of a method for actuator fault detectioreatichation proposed irL[].

The main contribution of this paper is associated with thgigieof a polytopic Unknown Input
Proportional Integral Observer (UIPIO) for LPV descripgystems and for fault detection and
isolation. In this modeling framework, the dynamic behawbthe LPV descriptor system is given
in a polytopic form, that allows to describe the system as raveo combination of subsystems
defined by the vertices of a convex polytope. These submaudelshen combined by a convex
weighing functions to yield the global model.

The first step of this work consists of modeling the LPV dgxori system by a polytopic form. The
second step is devoted to the design of a polytopic UIPIO RV ldescriptor systems subjected to
external disturbances. The obtained observer is useddts, stnknown inputs estimation and for
actuator faults detection and isolation. Note that, in oaed) to estimate the state and unknown
inputs, all matrices of the LPV descriptor systems are amrsd with time-varying parameters.
On the other hand, to ensure the fault detection and estmatie control matrix and disturbance
matrix of the dynamic systems are considered with statiarpaters.

This paper is organized as follows: The polytopic represgon of LPV descriptor systems is
presented in Section 2. The polytopic Unknown Input Prapoal Integral Observer (UIPIO)
design corresponding to the polytopic models and its stalgibnditions are studied in Section 3.
Section 4 is devoted to detection, isolation and estimatiotiie actuator faults by using a set of
polytopic UIPIO for LPV descriptor systems. Finally, arugtrative example is provided to show
the effectiveness of the proposed approach.

In this paper, the notation is standarl. denotes the set of real numbetsis the complex plane;
AT denotes the generalized inverse of(A> 0 or (Q < 0) indicates that the matrix Q is positive
(or negative) definite. Alsa;, means "for all”.

2. POLYTOPIC LPV DESCRIPTOR SYSTEM

Consider the class of LPV descriptor systems:

{ Ei(t) = A(0()x(t) + BO(1)u(t) + R(O(t)d(t) 1)
y(t) = Ca(t)

x(t) € R™ is the state vectog(t) € R? is the control inputd(t) € RY is the unknown input vector

and y(t) € R™ represents the measured output vecttr), B(-), R(-) are continuous functions
which depend affinely on the time-varying parameter veétor ¢ R'. It is also assumed that this
time-varying parameter vecté(t) is bounded and lies into a hypercube such tBa[25]:

0(t) eT ={0]0,(t) <0(t) <0i(t)}, Vt>0 )

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Proces&011)
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4 H. HAMDI, M. RODRIGUES, C. MECHMECHE, D. THEILLIOL AND N. BENHADJ BRAIEK

The LPV descriptor systeni) with the affine parameter dependenggdllows us to determine
a set of matrices$l; such that:

h
I(0(t) =T + »_ 6:()I;, Vo(t) €T 3)
where L
A B R
= ( C 0 0 ) @

The system 1) can be transformed into a convex interpolation of the gegiofl’ where the
vertices of the polytope are defined such thd]{ S; = [ A;, Bi, C, R; |, Vie[l,...,h]
whereh = 2!, The polytopic coordinates are denojgd(¢)) and vary into the convex s€x

h
Q= {p(6(6)) € R, p(6(1)) = [ (60, pn(6E]" . pi(0(0) 2 0. pi(6(0) =1} )

Consequently, the polytopic LPV descriptor system with tinee-varying parameter vector
p(0(t)) € Q is given by:

{ Ei(t) = Xh: pi(0(t))(Asx(t) + Biu(t) + Rid(t)) ©)

whered; € R"*" B, € R"*?P R, € R"*? andC € R™*™ are time invariant matrices defined for
thei'” model.E € R™™ is a constant matrix ancink(E) = r < n.

The following section presents a design method of a polgtdpriknown Input Proportional
Integral Observer (UIPIO) for LPV descriptor systems satgdo disturbances. This observer is
constructed by the interpolation of a set of sub-UIPIO, aditg to the parameter; (6(¢)). As in
ordinary multi-models representatiobd] and for multi-observer design, the observability regsiire
that all the subsystems are observable. Then, the folloagsgmptions express the observability
properties of the polytopic LPV descriptor system.

Assumption A1 The matrixC' is of full-row rank, i.e.,rank(C) = m.
Assumption A2 The triple matrix(E, A;, C) is R-observablel?], Vi = 1,...,h, i.e.,

rank [ c

]:n, Vs eC. (7

Assumption A3 The triple matrix(E, A;, C) is impulse-observablép], Vi = 1,...,h, i.e.,

E A
rank | 0 E | =n+rank(E) (8)
0o C

Descriptor system is represented by a combined set of Bifteal and Algebraic Equations (DAE).
The observability reflects the capacity to estimate the eBtdte. Then, two types of observability
are required:

The R-observabilitycharacterizes the capacity to reconstruct only the statheoflynamic part
(governed by differential equations).

The impulse observabilitguarantees the capacity to estimate the state of stati¢grarerned by
algebraic equations).

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Proces&011)
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FAULT DETECTION AND ISOLATION FOR LPV DESCRIPTOR SYSTEMS Y PI OBSERVER 5

3. POLYTOPIC UNKNOWN INPUT PROPORTIONAL INTEGRAL OBSERVEBESIGN

Polytopic UIPIO of LPV descriptor systerg)(is described by the following equations:

i(t) = épi(ﬁ(t))(Niz(t) + Gyu(t) + Liy(t) + Tid(t))
f@)=:ig)+—bby@) 9)
d(t) = 32 pi(0(t)@; (y(t) — ii(t))

<
I
A

wherei(t) € R™, z(t) € R" andd(t) € R? are the estimated state vector, transformed state vector
and estimated unknown inputs vector respectivily.GG;, L;, T;, H> and®; are unknown matrices

of appropriate dimensions. The unknown inputs can be reghad signals to be estimated. This
polytopic UIPIO Q) aggregates all local observers defined at each vertex.

Definition 1
System 9) is called a polytopic UIPIO for systeng)if for arbitrary initial conditionsz(0) andz(0)
and arbitrary input.(t), the following relations hold:

Jim ((t) = #(t)) =0 (10)
lim (d(t) —d(t)) =0, V d(0) (11)
(]
The state estimation error is equal ¢dt) = =(¢) — &(t); then it follows from @) and @) that
e(t) = z(t) — 2(t) — HoCx(t)
e(t) = (I, — H2C)x(t) — 2(t)
Assuming there exists a matriX; € R™*™ such that:
H\E =1, — H,C (12)
which is equivalent to
[ Hy H }{ e ]In (13)

Equation (3) has a solution ifank [ g ] = n. By using (L2), the state estimation error becomes:
e(t) = HiEx(t) — z(t) (14)

Now, we assume that the bounded unknown inputs are definédslity variation, i.ed(t) ~ 0.
Then, for¢(t) = d(t) — d(t) the derivative of the unknown input is

$(t) = —d(t) (15)
By taking into account), (9) and (L4), the dynamics of the estimation error is given by the
following equation:
e(t) = HiEx(t) — 2(t) (16)
h
e(t) = Zpi(e(t))(N,-e(t) + (HlAi - L;,C — NiHlE)l‘(t) + (HlBi — Gt)u(t) + TzC(t) + (HlRi — Tt)d(t))
=1
a7)

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Proces&011)
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6 H. HAMDI, M. RODRIGUES, C. MECHMECHE, D. THEILLIOL AND N. BENHADJ BRAIEK

If the following relations hold tru&’i =1, ..., h:
H{A; — NNHIE — L;C =0 (18)
H\E =1, — Hy,C (20)

and from @), (15) and (L7), the dynamics of the state estimation and the unknown iepat's
become:

}:m t) + Ti((t)) (22)

- Z pi(0(1))(2;C(x(t) — (1)) (23)
h

-3 n W)@ C)elt) (24)

The above errors dynamics can be represented by connez2ting((22) as follows:

[ =g S T)[6] @

If the above augmented error dynamic equation is stable,stage estimation will converge
asymptotically to the real state.

3.1. UIPIO Matrices Computing

In order to find matriX'. H; H, |, it follows that equationi3) has a solution since

rank{ g } =n, and the solution is given by

[ Hg}z[g} (26)
By substituting 20) into (18), we obtainvi =1, ..., h:
HiA; = Ni(I, — HyC) + L;C (27)
Equation £7) can be equivalently written as:
N; = HiA; — K,C (28)
with
K;=1L;— N;H, (29)
and matriced.; can be deduced from equatid?dj as follows:
L; =K, + N,H> (30)

To compute the gaink; and®;, the estimated errors equatidtbj can be written as:

[ Cg; ] = ;lepiw(t» (Ai — K:0) [ 28 ] (31)

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Proces&011)
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FAULT DETECTION AND ISOLATION FOR LPV DESCRIPTOR SYSTEMS Y PI OBSERVER 7

or equivalently such that:

éalt) = Z pi(0(1) (A; — KiC) ea(t) = A(t)ea(t) (32)
where: [ .
T 14 TG - i A e(t
A; = 0 0:|’KZ|:(I)L:|’C[C 0],ea(t)[ggt§]andeH1Rz

Note that this estimation erroB®) is a continuous function which depends on the time-varying
parameter vectgs(t) € Q.

Obviously, the stability of%2) is ensured if and only if the paird;, C) is detectable’i = 1,...,h
which is equivalent to:

SE—HlA,L' —HlRi
0 sl
C 0

rank =n+gq, VsecCt. (33)

Equation 83) is the generalization dR-detectabilityf 12] for the polytopic descriptor system.

3.2. Stability and convergence conditions

The exponential convergence of the estimation errost@bility of the observer) is a way to
ensure a convergence velocity of the estimation error vi@eayl rate and to improve dynamic
performances of the observetd. The following theorem provides sufficient conditions for
ensuring the exponential convergence of the estimatianm ).

Theoreml

Let consider the systent) and the polytopic UIPIO ). The exponential convergence of the
estimation error §2) is guaranteed if there exists a symmetric and positive defmatrix @,
matriceslW; = QK; and a positive scalar for all p € © such that:

ATQ+ QA —C"W! —W,C +22Q <0, Vic]l,...,h] (34)
|
Proof 1
The proof of this theorem is performed by using the followingdratic Lyapunov function:
V(t) = ez (Qea(t), Q=Q" >0 (35)

The exponential convergence of the estimation error isaguaed if:
3Q=Q">0: V(t)+2aV(t) <0 (36)
whereq is called the decay rate. Indeed, the solution of the Eqn#86) is given by:
V(t) < V(0)exp(—2at),Vt >0 (37)

DUue toAnin (Q) || ea(t) IS V(1) < Anaz(Q) || €a(t) ||?, the norm of the estimation error can be
bounded by:

)\maa; (Q)

The derivative of 5) with respect to time yields:

I ea(®) 1< exp(—at) || €4 (0) ||,v¢ >0 (38)

V(1) = 3 Qea + eq (H)Qéal(t) (39)

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Proces&011)
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8 H. HAMDI, M. RODRIGUES, C. MECHMECHE, D. THEILLIOL AND N. BENHADJ BRAIEK

that becomes by using equati@?):

V(1) = ea(®)" {A1)TQ + QA(t) Yea(t) (40)

By using 85) and @0), the inequality 86) becomes:

eat) T {AM)TQ + QA(t) +2aQ}eq(t) (41)

that is a quadratic form ir,(¢t). Therefore, the above inequality is satisfied if the follogyi
inequality holds:

ABDTQ + QA(t) +220Q <0 (42)

that is a sufficient condition for ensuring the exponentiivergence of the estimation errs(¢).
By considering the fact thap is positive definite matrix and thad(¢) is a continuous function
of parametep € 2, and(2 is compact: it is clear that if there exists a positive dedimitatrix Q)
for all p € Q it implies that the left hand side of equatiof?] is uniformly negative definiteZb)].

Then, from equation3?), let replaceA(t )byZp,( ) (A — K;C) = Zpl( (t))¥,. Hence, the
inequality @2) becomes for alp; (6(t)) €

Zpt WTQ+QZpL DT +2aQ <0 (43)

i=1

For anyp;(6(t)) € Q and due to the properties of this compact 4&f,[the previous inequality43)
becomes

Zpt \I/TQ+QZpL )V, +Zpt ))2aQ <0 (44)
=1

The inequality 44) holds if the following inequalities are satisfied over@lld(t)) € Q:
UTQ+QV; +2aQ <0, Vie[l,..., h) (45)
or equivalently by substituting,:
ATQ+ QA; — QK,C — (K,C)'Q +20Q < 0,Yi € [1,...,h] (46)

Let us notice that the above inequalities are bilineakKinand Q. Therefore, it is not possible to
solve them directly using standard convex optimizatiomatgms. However, the following change
of variable:WW; = QK; can be useful in order to linearizég) which becomes:

ATQ+ QA — CT"W! —W,C +2aQ <0, Vi€ [1,...,h] (47)

that are linear inequalities i andW;. Now, a solution can be found using classical LMI tools and
the gains are computed witki; = Q~'W,,Vi € [1,...,h]. O

Remark: Exponential convergence of estimation err8g)(is a strong form of convergence; it
implies asymptotic convergenc2d. Indeed, the asymptotic convergence of the estimatiar ésr
obtained by considering a decay rate equal to zere: 0).

In the following, the proposed observer is used for fauledgon, isolation and estimation of
actuator fault with disturbance rejection.

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Proces&011)
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FAULT DETECTION AND ISOLATION FOR LPV DESCRIPTOR SYSTEMS Y PI OBSERVER 9

4. FAULT DETECTION AND ISOLATION IN LPV DESCRIPTOR SYSTEM

Fault diagnosis is usually performed to accomplish one orenaf the following tasks: fault
detection (or monitoring), to indicate the fault occurrenfault isolation, to determine the location
of the fault and fault identification, to estimate the faulignitude.

However, the relative importance of these three tasks ari@afly subjective even if fault detection
and isolation are an absolute must for any practical systenit identification (estimation), which is
certainly helpful, may not be essential if no reconfigunatiction is involved. Hence, fault diagnosis
is very often considered as fault detection and isolation.

In this section, the polytopic UIPIO are specifically desigrfor fault detection, isolation and
estimation. In the framework of robust fault detection, we laoking forward to generate residual
signals that indicate if a fault occurs or not.

4.1. Residual generation via polytopic UIPIO

A residual generation algorithm using a polytopic UIP1Oassidered in order to be sensitive to an
actuator fault vectof € R/ and insensitive to the disturbance veat@r) [23).

Consider the following polytopic descriptor system withamstant control matrixB;, i.e. B; = B
and a constant unknown input matii = R:

h

{ Bé(t) = 3% i(8(0) (Aua() + Bult) + Rdlt) + F1 (1) s
y(t) = Cx(t)

For residual generation purposes 48), the polytopic UIPIO has the following form:

h

2(t) = 2 pi(0(t))(Niz(t) + Giu(t) + Liy(t) + T f(t))
B(t) = 2(t) + Hay(?)
r(t) = y(t) — i(t) (49)

wherer(t) is the so-called residual signal generated by the compat®giween measured and
estimated outputs. The diverse matricesdi) ill be determined to ensure the convergence of the
estimated errors. In order to describe the dynamic of pplgtdIP10O (49), the estimation error and
the residual equations are defined bl) = x(t) — Z(¢) andr(t) = Ce(t). It can be shown that:

h
é(t) = 3 pil6()Nie(t) + (Hy Ay — Ny E — LiC)a(t) + (HyB — Gyu(t) + HyRd(t) + (HLF — T)f(t) + T¢s (1)

i=1
(50)
where
Cr(t) = f(t) = f(2) (51)
The following conditions have to be verified in order to pairobustness to unknown inputs and
sensitivity to faults. Then, equationkd) to (20) and the following equations must be satisfied:

T=HF (52)
HiR=0 (53)
Hence, equatiorbQ) becomes:
h
e(t) =Y pil()(Nie(t) + T¢s (1)) (54)
=1
Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Proces&011)
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10 H. HAMDI, M. RODRIGUES, C. MECHMECHE, D. THEILLIOL AND N. BENHADJ BRAIEK

By assuming the fault as a step, we find:

Cr(t)=—f(t) (55)

Thus, from @9) we obtain:

Z pi(0(1))®;Ce(t) (56)

Equations %4) and £6) can be combined in an augmented form as follows:

[0 ] sonon | e §1] 0] &)

The design of the polytopic UIPICGL9) is equivalent to solve equationkd) to (20) under constraint
(53) and to ensure that the augmented error equaki@ni¢ stable. Then, matrice§; and H, are

determined such that constrainf) and £3) are satisfied. Equation&@) and £3) are rewritten in
an augmented matrix equation as

A, Hg][glg]:[an} (58)

A solution of 68) exists if [L3]:

mnk{ B R

c o } =n+rank(R) (59)

Under 6£9), the general solution 06@) is:
E R ]*

(#nom =[5 0] &g

(60)

The remaining matrice§;, N; and L; of this polytopic UIPIO based residual generator are given
by (19), (28) and 30) respectively.

The residuals are generated by integrating the estimatgaiberrors and the occurence of faults
are detected by its magnitudes. Thus, it is verified that thgtppic UIPIO based residual generator
can estimate the state variables and detect faults at the thaue.

4.2. Actuator Fault Isolation

The fault isolation problem is to determine in which actudtee fault has occurred. The idea is
to make each residual sensitive to only one actuator faultiasensitive to all other faultsLp)].

To design robust actuator fault isolation scheme, only @mponent ofu(t) is considered faulty.
The others are assumed to be fault free and considered aswnkmputs. Hence, for each actuator
fault, the polytopic LPV descriptor system corrupted byltand unknown inputs is described by:

{E¢<t>=ipi<e<t>>(m<>+Bu<> (r ] O s e

where F7 is the j*" column of B with j € [1,...,p], F" is a matrix of the remaining columns of
B. f; represents the faults to be isolated and estimatedfgiylis considered in this FDI scheme
as anunknowninput. R F" | is the new disturbance matrix composed by the original umkno
inputs matrixk and the matrix,.. Based on the above system descriptjopolytopic UIPIO based

Copyright© 2011 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Proces&011)
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FAULT DETECTION AND ISOLATION FOR LPV DESCRIPTOR SYSTEMS WPl OBSERVER 11
residual generators can be synthesizedfer[l,. .., p] such that:
] h . ) . N
2(t) = 32 pi(0(1)) (V] 2(t) + Giu(t) + Liy(t) + T £;(t))
. =1
r(t) = y(t) — 9(t) (62)
2 h )
Fi(t) = 32 pi(0() 2 (y(t) —4(2))

The observer matrices must satisfy the equati@fy (28), (29) and ©0) such that the initial matrix
Risreplacedby R F” |.Each residual vecto¥ (t) produced by thg’" polytopic UIPIO, may
be used to isolate a fault according to a statistical &8t [The isolation scheme can only isolate a
single fault at the same time. This is based on the fact tlgptbbability for two or more faults to
occur at the same time is very small in a real situation.

5. ILLUSTRATIVE EXAMPLE

Let us consider the following LPV descriptor system defingd b

{ Ei(t) = A0(#))x(t) + B(O(t))ult) + R(6(1))d(t)

y(t) = Cx(t)
where
[ —1.75 + 0, 1 0 0 1 0 0 0
B -1 —1+46; 0 0 1o 10 0
A(0) = ~1.8 -1 —0.75 + 604 0 E=10 0 0 0
I -1 0 0 —1+4 6 |00 0 0
’ (146, 1 0 i
1 010
B(6) = 1 0'5;92 JR(9) = 0'68”91 andC=|0 1 0
6 0 1 0 0 11

In this example, the polytopic LPV descriptor system is éd&ed where variables, vary
according to#; € [—0.05, 0.05] and 6, € [-0.1, 0.1], I =2. In this case, the polytopic
representation can be written as follows:

Ei(t) = é:l pi(0(t))(A;x(t) + Biu(t) + R;d(t))
y(t) = Cax(t)

The obtained system evolves in a polytope of 4 vertices spoeding to the extreme values of the
parameters; andf,. The system matrices are given:

[ —1.85 1 0 0 [ —1.65 1 0 0
-1 -=105 0 0 -1 —-1.05 0 0
=1 48  1 _os 0 A= e 1 o8 o
! 0 0 —1.1 | ! 0 0 —09 |
[ —1.85 1 0 0 ] —1.65 1 0 0
-1 -095 0 0 -1 =095 0 0
=1 45 1 o7 0 Aa=1 0e 1 Lo7 o
! 0 0 —1.1 | ! 0 0 09 |
095 1 095 1 ] 1.05 1 1.05 1
1 04 1 06 1 04 1 06
By = 1 0o |»B2= 1 o |Bs= 1 o |B= 0 0
—0.1 0 01 0 | | —01 0 0.1 0

Copyright© 2011 John Wiley & Sons, Ltd.
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0 0
1 010
Ry =Ry = 0.55 , R3 = Ry = 0.65 andC = 0 1 0 1
0 0 0 01 1
1 1
The weighing functiong; (6(t)) are defined such that:
91 - Ql 92 - QQ 0.02 91 — Ql 92 — QQ 0.02
0 — — .05 — Nl 0, — 6,0, — .05 — 11—
p3(0(t)) = el 01 92 0, _ (0.05 —61)(02 + 0 ),p4(9(t)) _ 91 0, ?2 0 _ (0.05 — 61)(0 02)
01— 0, 02— 0, 0.02 0, —0,0,—0, 0.02

5.1. UIPIO Design

The polytopic Unknown Input Proportional Integral Obserngarepresented by

i) = ; P (0()(Niz(t) + Gru(t) + Luy(t) + T (1))
(1) = 2(0) + Hay(1)
d(t) = 3 pu(0(0)2:(y(1) — (1)

The design procedure of the polytopic UIPIO is thus giverodlews:

(i) Based on the system matrices, assumptidnand A; are satisfied.

(ii) Matrices H; and H, are obtained from equatio@).

(iiif) By using (21), LMI (47) can be efficiently solved via numerical approach using tiétoolbox
to determine the gains matrices. Therefore, these ingtpsadire fulfilled with:

[ —1.1672 2.7989 —2.2082 ] [ —1.1179 27162 —2.1058 ]
Ko = 5.1350 —5.8683 6.9783 o= 5.0955 —5.6972  6.7604
L= 1 39170 5.6084 —5.1706 |72 | 27157  6.7906 —5.9916
—8.4141  9.8486  0.1051 | | —7.6181 88765  0.8780 |
[ —1.2822 2.9205 —2.3191 ] [ —1.2307 2.8367 —2.2169 ]
oo — 5.5822 —6.3372  7.3882 ", 5.5333 —6.1608 7.1708
371 42007  5.3086 —4.9580 |’ T | 2.9920  6.4925 —5.7753
—8.8752  10.3629 —0.3293 | | —8.0687 9.3878  0.4393 |
= [ 38.2002 —37.1450 31.6370 |,® = 37.0113 —35.2044 29.8070 |
®y = [ 42.2863 —41.4254 35.1279 |, &, = [ 41.0013 —39.4316 33.3043 |

whereK; are the proportional and; are the integral gains matrices.
(iv) The remaining polytopic UIPIO matrices;, N; and L; can be established by ), (28) and
(29) respectively.
The input signals are constant:(t) = us(t) = 2, the disturbancé(t) is a rectangular signal applied
for 7 <t < 10. The initial values of the original statet) and the unknown inpui(¢) are equal
to 0 and the initial values of the estimated states @@ = [ 0.5 1 0.5 —0.5 ]T. The state
estimation and unknown inputs estimation given by the paigt UIP1O are shown on the following
figures.

Copyright© 2011 John Wiley & Sons, Ltd.
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T T
= = = original x1 = = = original x2
estimated x2 |

estimated x1

1(s) 1(s)

Figure 1. Original state; (¢) and its estimated (t) Figure 2. Original state(¢) and its estimateds (¢)

-0.5 T T T 1 T
= = = original x3 = = = original x4
estimated x3 | estimated x4

0.5

-15p

20 0 5 10 15 20
1(s) 1(s)

Figure 3. Original states(¢) and its estimateds (¢) Figure 4. Original state,(t) and its estimated, (¢)

The behavior of the polytopic UIPIO is shown on figurés o (4). It can be observed that the
estimated states can closely track the original stateseopdtytopic descriptor system affected by
an unknown input in spite of measurements which are pertubyea white Gaussian noise with
variance).01.

15

= = = original d(t)
estimated d(t)

Figure 5. Unknown inpui(¢) and its estimatedt)
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In addition, as seen on the figurg),(the polytopic UIPIO provides a correct unknown input
estimation in spite of noise and disturbances. The polgtopP|O design is easy but the restriction
for this polytopic UIPIO is to consider that disturbanceséhslow variation i.ed(t) ~ 0. However,
in practice, we can relax this constraint.

5.2. Fault diagnosis with polytopic UIPIO

In this paragraph, we will only consider a constant maiiand two actuator faults with constant
magnitudes. Let us consider the mod&l)(and the polytopic UIPIO49) with the same previous
matrices except for a constant matsxé) :

1 1 101" T

L 05 0 o | @dR@O)=R=[0 06 0 1].

In this part, we recall thak” is thej*"* column of B andF" is the matrixB without the;j** column.

In order to detect and isolate the actuators faults, twotpplg UIPIO are designed here, each one
designed to isolate an actuator fault. Let consitlét) and f>(t), the fault signals which represent
control input dysfunctions ai; (¢) andus(t) respectively and defined by:

B(@)B[

0.4us(t) for 15 <t <19

0 :{ g dor WSS and ) ={ 0 elsewhere

0 elsewhere

The first polytopic UIPIO is designed to estimate and isotheefirst actuator faulff; (¢) and a
second one is also designed to estimate and isolate thedsactrator faulyfz(¢). The performance
of the fault diagnosis system is illustrated for two actuddalts as shown below.

0.15

0.25

T
= residual signal r1(t) = residual signal r2(t)

0.1 02k

0.05f 0.15

0.1F

-0.05 1 0.05
-0.1 1 0
-0.15 : : 1 -0.05
-0.2 ! : : ' -0.1
0 5 10 15 20 25 0 5 10 15 20 25
t(s) t(s)
Figure 6. the residual signa] (¢) Figure 7. the residual signa(¢)

0.6

T
= = = original f1(t)

g = = = original f2(t)
estimated f1(t) 0.8

estimated f2(t) -

0.4

0.6

0.2
0.4

0.2

i i i i i i i i
0 5 10 15 20 25 ~o 5 10 15 20 25

t(s) t(s)
Figure 8. first actuator fault; (¢) and its estimated, (¢) Figure 9. second actuator fayli(¢) and its estimated (¢)
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Figures 6) and (/) display the isolation task. One can see that the residualnmst zero
throughout the time simulation run for fault-free residudéspite noisy environment and increase
in magnitude considerably when actuator faults occur at tim 10s (Fig.(6)) and at timeg = 15s
(Fig.(7)). Then, faults are easily isolated using the informatioyvmed by residuals signals.
Figures B) and Q) display the estimation of; (¢) and f2(¢). An error appears in the estimation of
both f1(¢) and f2(t) respectively. This is due to the fact that when those faudis abruptly, there
is a remaining time to give an estimation ff(¢) and f>(¢) owing to the response of this polytopic
UIPIO. It is important to note that without noise, the estiimia is better but we want to present a
more realistic point of view in a noisy environment.

6. CONCLUSION

This paper has addressed the problem of state estimatidndétection and isolation for dynamic
systems that can be described by polytopic LPV descriptadatsosubject to disturbances. The
state and unknown inputs estimation are obtained by a pgatytdnknown Inputs Proportional
Integral Observer which has been used here for the detecisofation and estimation of
actuators faults in spite of disturbances. Stability ctods of this polytopic UIPIO have
been formulated and solved within a linear matrix ineqyaliamework. The developed FDI
scheme for LPV descriptor systems has been applied into am@e in order to estimate
both state vector and disturbances. Based on fault estimadi fault tolerant control scheme
for LPV descriptor systems could be synthesized so as toneeheobustness of the system.
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