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Abstract: In this paper, a sensor model-based fault diagnosis method for a particular class of nonlinear
systems is developed. A polynomial matrices representation is considered for modeling the dynamic
behavior of a class of nonlinear systems. According to nonlinear representation via a polytopic
transformation, the nonlinear faulty system can be considered as a nonlinear system with the presence of
additive unknown inputs. Under fault isolation conditions, the main contribution of the paper relies on the
use of an accurate observer that performs fault detection and isolation over the whole operating range of
the nonlinear system. The effectiveness and performance of the proposed method are illustrated via real

tests on a winding machine subject to sensor faults.

1. INTRODUCTION

Process monitoring is necessary to ensure effectiveness of process
control and consequently a safe and a profitable plant operation.
Sensor or actuator failure, equipment fouling, feedstock variations,
product changes and seasonal influences may affect controller
performance and as many as 60% of industrial controllers problems
(T.J. Harris et al., 1999). Fault Detection and Isolation (FDI) refers
to the task of inferring the occurrence of faults in a process and
finding the root causes of the faults with various strategies according

to the knowledge on the system: quantitative models
(Venkatasubramanian et al., 2003a), qualitative models
(Venkatasubramanian et al., 2003b), historical ~ data

(Venkatasubramanian et al., 2003c). Among quantitative models,
fault diagnosis based on analytical models is developed for exact
and uncertain linear mathematical description of the system, several
books are dedicated to these topics such as (Gertler, 1998), and
(Chen and Patton, 1999). FDI for nonlinear systems remains a
challenge due to the problem of discriminating between disturbances
and faults through a wide range of operating conditions. Different
techniques based on an exact knowledge of the nonlinear system
allow to generate residuals insensitive to fault by specific
decoupling methods (Alcorta-Garcia and Frank, 1997), (Kinnaert,
1999) or geometric approach (De Persis and Isidori, 2001),
(Hammouri et al., 2001).

The aim of this paper is to develop a sensor fault diagnosis method
for nonlinear system with polynomial matrices state space
representation. In order to achieve this objective, it should be
emphasized that the approach presented in this paper relies on a
recent method presented in (Rodrigues, 2006). Thus, this paper
addresses an original contribution that could allow to detect and
isolate sensor fault in nonlinear systems based on a polynomial to
polytopic transformation. According to the associated faulty
polytopic state space representation, Polytopic Unknown Input
Observers is designed to generate residuals decoupled to sensor
faults.
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Based on appropriate observers, the developed technique enables to
supervise nonlinear systems under polynomial matrices state space
representation through an accurate bank of residuals within a
Generalized Observer Scheme (GOS). The effectiveness and
performances of the technique are illustrated on a winding machine
example.

The paper is organized as follows. In section 2, we state the problem
under consideration. Section 3 is devoted to the design of the sensor
fault diagnosis module. Section 4 gives some experimental results to
illustrate the effectiveness and performance. Conclusion and further
work are discussed in the last section.

2. PROBLEM STATEMENT

Consider the following discrete nonlinear system:
{xk+1 = A% ) i + B2y uy

(D
Vi = Cxy

where the system matrix A and the control matrix B are assumed to
be linear polynomial matrices depending on a bounded positive time

(0< Apyin <A <A

min max ) and

varying parameter noted A
verifying:

G(A)= GoL + G A + Gy +---+ G A% @

where G stands for A or B, & defines the polynomial degree and
Vie [0, 1,~~,0{], A€ R and B; e R™P  are constant

matrices. Matrix Ce R defines the output matrix, x€ R" is the

state vector, ue RP is the control input vector and ye R™ is the
output vector

Due to abnormal operation or material aging, sensor faults can occur
in the system. A sensor fault can be represented by additive and/or
multiplicative faults as follows:
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w{ =,Bkwj +wy 3)
where w; and wjf represent the ;" normal and faulty

measurements (i.e., W = y; ), Wy denotes a constant offset and

0 < B <1 denotes a gain degradation of the j™ sensor (constant or
variable).

Therefore, when a sensor fault occurs, the discrete state space
representation defined in (1) becomes as:

{xk+1 = A& ) x +BU& ) uy @
Yie = Cxp + Efy

where F represents the sensor fault distribution matrix and f is
the faulty vector.

The presence of such faults may lead to performance deterioration,
instability of the system or the loss of the process. The next section
is dedicated to the development of an efficient model-based fault
diagnosis method in order to provide an efficient monitoring tool in
the operator’s decision.

3. MODEL-BASED FAULT DIAGNOSIS DESIGN

3.1 From polynomial to polytopic faulty representation

As recently proposed by (Hetel et al., 2007), each polynomial
matrice can be defined on a convex polytope with « + 1 vertices

A? calculated as follows:

G 2 1 0
Al = Ga)”%in +oet G2ﬂ“min + Glﬂmin + Goﬂ'mwc
G 2 1 0
A; = Gaﬂ%in +o+ Godyin + GiAax + Goliax

5)
G 2 1 0 (
A3 = Ga/’i’%in +oot GZAmax + Glﬁ'max + G()/lmax

G 2 1 0
ADHl = Ga/lzmx +eeet GZAmax + Glﬁ'max + G()/lmax

The convex polytope formulation is achieved by the computation of
parameter (ﬂ.) (V je [0, L, a+ 1]) established following the

recursive algorithm:

A= Ai
A)=1- min
pl( ) ﬂ’ITMIJC - ﬂ’min
/101 _a. (6)
)=
ﬂ’%ax - ﬂ’zin
ﬂf—l _ T:}’ll a+l )
()= /11_17%— ij(ﬂ) witht=2---a
max min j=r+1

Therefore parameter 0 ; (/1) lie in a specific convex set:

Q= {P(ﬁ)e R p = L?l P2 "'Pa+1}r
a+l
Vjip;20and Y p;=1
j=1

Whereupon, V j€ [O, 1+ 1], A? defines a convex polytope

such that:

a+l

G(A)= Z p;(A)AG )

Based on the previous equation, the faulty discrete state space
representation (4) can be expressed as a polytopic system:

a+l
xesr = .0k )(ijk + Bj”k) ®
=
Yk = Cxp + Ffy

a+l

with V¥ jelol-a+l]p;20 D p;(2)=1  wih
j=1
0<Apin <A <Ay -

3.2 Residual generator synthesis: unknown input observer

Before designing the residual generator, a preliminary work consists
in rewriting system (8) using Park ef al. approach (Park ez al., 1994).
These authors have developed a technique such that a system
affected by a sensor fault can be written as a system represented by

an actuator fault. Assume a new pseudo-fault input fj, such as:

Tt =V i+ fx ©)
where ye R?*? defined by 7=diag(71,. . .,7q) is always satisfied

with 0<g<m.

From (8) and (9), a new faulty polytopic system representation
including this auxiliary state can be introduced:

a+l
Xjyl = zpj(/lk )(Aj)_fk + Bjuy +ka) (10)
=1
i =Cx;
with X

__Xk __AJ (_) __Bj —_Q
AR SRS

C= [C F ] (0 means the zero matrix and / the identity matrix

of appropriate dimensions).

In order to provide efficient fault detection and isolation, the
synthesis of a residual decoupled to sensor fault is dealt with a
Polytopic Unknown Input Observer as proposed by (Rodrigues,
2006) in a multi-model framework. It should be noted that Polytopic
Unknown Input Observer was recently proposed in (Millerioux and
Daafouz, 2004) for communication purposes but not for fault
diagnosis.

Under the assumptions that the necessary conditions for the
existence of an Unknown Input Decoupled Observer, defined by
(Hou and Muller, 1994) in linear case, are fulfilled

cdt i) the number of measurements is greater than the number of
unknown inputs i.e. g < m (always fulfilled with sensor faults);

cdt ii) unknown input matrix is a full column rank i.e. equal to
q.
a Polytopic Unknown Input Observer associated to (10) is defined
such that:

1891



17th IFAC World Congress (IFAC'08)
Seoul, Korea, July 6-11, 2008

a+l

1 = zpj(/ik )(SjZk +TEj”k + ijk)
i (1n
Yes1 = st HH Ve
o+l
or also with notation (0)(pk )= z P (ﬂk )(‘ j) as:
j=1
2k = S(ox )k + TB (o Jug + K (1 )y )

S *
X1 =21 T H Yiq

where X denotes the estimated state and z the observer state
vector.

The error estimation e = X; —Jick between (10) and (12) is

equivalent to:

k1 = Xp4l (Zk+1 - H*Yk+1)
= X1~ Zg1 + H*(E)_Ckﬂ
= (I_H*E);kﬂ - S(pe )z
—TB(py Ju — Koy vk

By taking into account the gain decomposition K (pk ) such as

K(pk ) = Kl(pk )+ H(,Ok ), (12) leads to:

13)

€yl = (1 - H*fxﬁ(pk J5i + Bpg Juy + i)

- K (p 0T ~ Tl i - S(o M —ex ~ H' i)
- TB(py )iy
Consequently, the estimation error and the residual is equivalent to:

(14)

et = 5(pg ey - [5(o0) -1~ BTNl )- K (o ) hee
r-l- e Bl (o) - (o0 )H" b
+ (1 —H*E)ﬁk

s)

e = Cek
Thus, S(pk ), K(pk ) = Kl(pk )+ H(pk), H and T matrices
of the Polytopic Unknown Input Observer (12) are designed to be

insensitive only to fk such as:

S(pr)=TA(p)-K'(p )C
T=(I—H*5)

M(p; )-S(pp JH" =0

TF =0

(16)

The synthesis of the Polytopic Unknown Input Observer is realized
through the resolution of equations (16) under the condition that

S (pk) is stable. The necessary and sufficient conditions for the

existence of a Polytopic Unknown Input Observer are directly
extended from the linear case presented in (Chen and Patton, 1999):

i) rank(EF) =rank(F)=q<m;:

ii) je [1, o+ l], (TZJ', E) are detectable pairs.

If condition i) is fulfilled, then :

H = 17(517)+ a7

Condition ii) ensures that a gain K 1(pk) can be synthesized in

order to obtain a Hurwitz matrix S(pk ) = TK(pk )— Kl(pk )5 in
order to generate an estimation error and consequently a residual
vector which tends asymptotically to zero in fault-free case
otherwise in faulty case.

If the previous conditions hold true, equation (15) becomes:

err =S(op)er
_ (18)
rk :Cek

The definition of Polytopic Unknown Input Observer requires the
design of a specific gain K(pk ) =K' (pk )+ H(pk) to generate a
residual which is decoupled from disturbances. H(pk) is

determined as a solution of (16) whereas the gain K l(pk) should

be synthesized in order to obtain a Hurwitz matrix S (pk)
equivalent to:

S(px)=TA(py)- K' (0 )C (19)

In order to achieve this objective for convex sets, a classical pole
assignment by LMI (Oliviera et al., 1999) (Chilali and Gahinet,
1996) is considered in this paper. Pole assignment by LMI ensures
the polytopic observer stability and its poles will be constrained in a
specified and appropriate region of the complex plane (Rodrigues et
al., 2005).

3.3 Generalized polytopic unknown input observer scheme

While a single residual is sufficient to detect a fault, a set of
residuals is required for fault isolation. Several methods have been
proposed in the literature to generate structured residuals and to
perform the fault diagnosis (Isermann and Ballé, 1996). The basic
idea of the proposed approach is to reconstruct the state of the
system from the subsets of measurements. The objective is to build a
bank of observers so that each is driven by all inputs and all outputs

except the 7™ measurement variable. Signal y; is not used in the N

observer due to the fact that y; is assumed to be corrupted by the

fault and therefore does not carry the relevant information. This
fault diagnosis scheme is similar to the well known Generalized
Observer Structure (GOS) proposed by (Frank, 1990). According to
the proposed approach, the bank of unknown input observers
generates an incidence matrix as follows where each column is
called the coherence vector associated to each fault signature:

Table 1. Incidence matrix

Fault Fy K F, oo F

I, 0 0 1 1 1

1

I, 0o 1 0o 1 1
2

oo 0o 1 10 1

I, 0o 1 1 1 0
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Therefore, without (F,) sensor faults, the bank of decoupled

observers generates some zero-mean residuals. Otherwise, the
Polytopic Unknown Input Observers, insensitive to a sensor fault

(F j ), is easily isolated based on the GOS structure. Decision

making is then carried-out according to an elementary logic
(Leonhardt and Ayoubi, 1997) which can be described as follows: a
fault indicator is equal to one if the residual vector generated by the
bank is equal to a column of the incidence matrix and is equal to
zero otherwise. The element which is associated with the indicator
being equal to one is then declared to be faulty.

In the next section, an example is provided in fault-free case and
sensor faulty case to illustrate the performance and limitations of the
developed method.

4. THE WINDING MACHINE

4.1 System description

The winding process is composed of a plastic web and three reels,
respectively called the unwinding, pacer and rewinding reels but the
radius are unmeasurable. Each reel is coupled with a DC-motor via
gear reduction. The angular speed of each reel (S, S5, S3) and both
tensions between the reels (7, T3) are measured by tachometers and
tension meters. Each motor is driven by a local controller composed
of one or two PI controllers. The first control loop adjusts the motor
current (I, I, I3), and its integration time constant is about 40 ms,
while the second loop controls the angular speed with an integration
time constant equal to approximately 200 ms. The set-points of

those controllers (I; /SI*,I; /S;,I; /S;) are computed by a

programmable logic controller (PLC) in order to control both
tensions and the linear velocity of the strip (300 m length, 5 cm
broad and 0.2 mm thickness). Under specific experimental
investigation which lasts 40 minutes, the radius of the unwinding
reel varies from 230 to 50mm. A real-time development
environment (Simulink Real-Time Workshop + dSPACE) based on
a PC computer is used instead of the PLC to improve new control
law for instance. System inputs and outputs are given in the interval

[0 100%] corresponding to [—IOV +10V].

Speed reference

Traction reference 3 ‘

Traction reference |

DACI

A

k.
Motor Motor
variator 1 variator 3

Fig.1. Architecture of the winding process control.
4.2 Nonlinear state space representation

As proposed by (Ponsart and Theilliol, 2004), the dynamic
behaviour of the winding process can be represented with a
dependence on the unwinding reel radius R :

{xk+1 = A(Re) xic + B(Ry ) uy
Yk = Xk

where x, = x(k Te), with sampling period 7,=0.1s, and
y=x= [T1 S, T3]T , U= [U1 U, U3]T . Each coefficient of

(20)

matrices A and B is expressed in the following polynomial form

(Vi j=1...3):

{a, b, YR)=2,+ 2 R +2 R+ 2 R +
A RIHE R +X R

@

where A i (O‘ = 0,...,6) are constant values of polynomial form.
For technical reason, the radius is estimated via the following
expression:

h
R, =R, +_Sl,k (22)
2

where £ is the strip thickness.

Sensors faults can occurred only in y =x= [T1 S, T3]T. S

which defines the angular speed of reel 1, is assumed to be fault
free. According to §3.1., the discrete state space representation (20)
of the winding machine can be expressed as a polytopic system:

7
Xiyl = ZPj(Rk )(ijk + Bj”k)
=1

Vi = X + Ffy

(23)

7
wih  Vjelo1-7p;20 Y pi(R)=1  and
j=1

0 < R,;,, (= 70mm) < Ry < R,y (= 210mm).

min max

4.3 Control loop

Based on the polynomial model, an input-output linearizing control
law ((Fossard and Normand-Cyrot, 1995), (Isidori, 1995)) has been
used to control this unstable process in open loop. This method is
straightforward to apply to winding machine and ensures a suitable
control of traction and speed. The controller design in the classical
input-output linearizing form is composed of two main parts:

- a linearizing state feedback which linearizes polynomial model
and decouples MIMO system into several SISO sub-systems,
- a stabilized state feedback.

Therefore, each decoupled sub-system is equivalent to an exact
delay such as:

Yik = Vik-1 (24)
where i€ [1, ...,3] represents the number of the output and of the
new input v.

To ensure closed loop stability, a proportional output feedback is
applied to each decoupled sub-system. Then, the discrete input-
output transfer is expressed as:

yi(z) _ (I_Ki)z Vi=1.--3
yi,r('f(z) 72— K,

where the gain stabilisation dynamic is adjusted by K; and the
reference inputis y, ..

(25)

For illustration purposes, different scenarios have been conducted
under simulated environments and are presented in the next
paragraph.

4.4 Results and comments

For the winding machine, the conditions considered in §3.2 are
fulfilled, and a generalized polytopic unknown input observer
scheme is tested in the fault-free and the faulty cases. Various tests
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are presented in this section for different values of radius R in order
to illustrate the effectiveness and performance of the FDI method.
First, the fault free case is considered for the real process. The
output responses to reference variations are illustrated in Fig 2
where step responses are considered for a range of 150s with 10% of
their corresponding operating values. The dynamic behavior of the
outputs demonstrates that the disturbances rejection is synthesized
correctly. Indeed, it can be verified that the static errors are
cancelled. Moreover, the outputs are decoupled.

0.6 F= T T T T T v ; +
a
04, 1 L 1 L L ! 1 [
60 80 100 120 140 160 180 200 220
06F” T T T T T T T -
b MWWW”W
04 = 1 1 h I 1 1 1 I
60 80 100 120 140 160 180 200 220
06F” T T T T T T . —]
c MWW
04¢ L 1 I 1 1 I 1 [
60 80 100 120 radius 160 180 200 220

Fig.2. Fault free case: Responses (a-7;, b-S,, ¢- T3) to reference
change versus radius R

These results are similar whatever the value of the radius. It can be
noted that the residual norm vector issued from the bank of
Polytopic Unknown Input Observer insensitive to a specific sensor
fault are close to zero.

004 {7 ]
I
0.02 .
0 boass " . " . " . . .
60 80 100 120 140 160 180 200 220
0.04 1
g
S,
0.02 1
0 el il 6 A .
60 80 100 120 140 160 180 200 220
0.04 ” r” .
I
0.02 f 1
() e nsad dd s st
60 80 100 120 padius 160 180 200 220

Fig.3. Residual vector norms in Fault free case

A sensor fault on the tension 77 is supposed to occur and disappear
at different times. As defined in (2), a constant gain on the tension
T, is created and added with =0 and S, = 0.05. This bias can

be observed in Fig 4. The control law tries to cancel the static error
created by the corrupted output. Consequently, the real output is
different from the reference input as illustrated in Fig 4.

04F I 1 1 1 I I 1 1
60 80 100 120 140 160 180 200 220
06F ™ T T T T T t T —
b NWWWWWWWWWW
0.4 = 1 i h 1 1 I 1 I
60 80 100 120 140 160 180 200 220
06F T T T T T r + —
04F L L 1 1 L I 1 1
60 80 100 120 radius 160 180 200 220

Fig.4.a. Sensor faulty case: Responses (a-measured T and realT,

b-S,, ¢- T5) to reference change versus radius R, .
1 1
1 £

| fault
1

0.63

i(— Ty (measured)

06 1 J 4
035 1

o Abe) |

T (reaﬂ )

04 L L L L L L 1 1
60 70 g0 o0 100 110 120 130 140

radius
Fig.4.b. Sensor faulty case: Response (a-T)) to reference change
versus radius R; (Zoom around R =100mm )

According to the incidence matrix defined in the previous section,
only the Polytopic Unknown Input Observer synthesized in order to
be insensitive to fault on the tension provides a residual vector equal
to zero means as presented in Fig 5.

0.04 ” H -
¥
T
002 B
0 b A [ - - . . .
60 80 100 120 140 160 180 200 220
0.04 H
7|
0.02 | Sl
[:I e L 1 b dda b edadil Lol
60 80 100 120 140 160 180 200 220
0.04 -” H q
p
TB
002 | . r\-—
[:I - "l 1 ks TR T TRTEN S Jl PR 1
60 80 100 120 160 180 200 220

radius
Fig.5. Residual vector norms in Faulty case
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The results show that the bank of generalized polytopic unknown
input observer is very effective in detecting and isolating the fault
for the whole operating conditions. The residual norm vector should
be evaluated through a classical statistical threshold test in order to
generate alarms for the operating system.

The generalized polytopic unknown input observer scheme is able to
indicate which sensor is faulty and represents an efficient tool in the
operator’s decision winding process.

5. CONCLUSION

In this paper, a sensor model-based fault diagnosis method for a
particular class of nonlinear systems has been developed. Using a
polynomial to polytopic transformation, Polytopic Unknown Input
Observers that provide decoupled residuals have been synthesized
and designed through an appropriate bank in order to detect and
isolate sensor faults over the whole operating conditions. Moreover,
the experimental results dedicated to web transport process clearly
show that sensor faults are detected, isolated thanks to the accurate
fault diagnosis module. Based on fault diagnosis module, human
operator can access information on the health of the process in order
to recognize an abnormal behavior and to keep it safe.
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