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Abstract: The predictive feedback control strategy is used to develop a reconfigurable
control system capable of compensating system component faults. The proposed
formulation relies on the development of a single step predictor from input-output model
that implicitly includes a fault isolation filter. Although no explicit observer is actualy
involved in theimplementation, this predictor can be understood based due to the fact that
an input-output model subsumes an implicit observer. Exploiting this idea the resulting
input-output model is developing from a fault isolation filter. Simulations of a simple
linear system illustrate the properties of the control algorithm in presence of actuator and

sensor failures. Copyright © 2004 IFAC
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1. INTRODUCTION

The main goa of modern control law is to achieve
high performance with increased safety and reliability
in dynamical systems where an unlimited number of
faults or failures can happen. This situation generally
leads to critica changes in the system. Thus, fault—
tolerant control of automated systems has become a
high priority. In fact, many complex processes, when a
fault happens, the maintenance or the reparation can
not be achieved immediately. Hence, to preserve the
safety of the operator and the reliability of the process,
the presence of faults must be taken into account
during the system control design.

During the last decades, different approaches dealing
with this problem have been reported. Most of these
studies are based on the linear—quadratic control
methodology (Looze et. a., 1985; Chen and Joshi,
2002), adaptive control systems (Morse and Ossman,
1990), knowledge-based systems (Chang, Zrida and
Bridwell, 1990; Polycarpou and Hemicki, 1995),
hybrid systems (Blanke et a., 2000; Lunze and
Steffen, 2002; Lunze and Steffen, 2003) and
modifying the Y oula parameter.

For realtime applications, the current fault—tolerant
control design is based on anominal control law, fault
detection and isolation module, fault estimation and
fault compensation (Ostroff and Hueschen, 1984).
When a fault happens, the task of the fault detection
and isolation module gives the type, origin and
magnitude of the fault. Then, the parameters of the
faulty system are then identified and the
reconfiguration algorithm computes the appropriate
control law (Morse and Ossman, 1990). Another

methods are based on adaptive control and do not
require fault diagnosis. The control system is designed
such that its coefficients are adjusted to support the
required dynamic system performances upon
variations of the dynamic parameters caused by faults.
These methods aso present many advantages for
reconfiguration and fault—tolerance.

In this work a fault—tolerant predictive feedback
controller is presented. The proposed approach does
not require residual evauation or parameter
identification. Its main advantages are that it isno time
consuming, very easy to implement and takes into
account input bounding constraints. The resulting
controller is based on the computation of additional
control law, which is added to the nomina one that
compensates the fault actuator effect. The predictors
employed by the controller are built from an ARX
model, which employs the observer information
embedded in it. This fact enables us to tackle the
problems of controlling process disturbed
simultaneously by unmeasured disturbances and
system faults.

The paper is organized as follow: In Section 2, the
control problem is presented. Section 3 is devoted to
the fault estimation problem. A fault isolation and
estimation filter is presented. In Section 4 the fault—
tolerant predictive feedback is developed. Firstly,
fault—tolerant predictors are built. Then, the fault—
tolerant predictive feedback controller is developed
and the meaning of the design parameters is
discussed. Finally, the conclusions are presented in
section 6.



sinc(i) Laboratory for Signals and Computational Intelligence (http:/fich.unl.edu.ar/sinc)
L. Giovanini, A. Dutka, A. Ordys & M. Grimble; "Fault Tolerant Predictive Control"

IAR Meeting. nov, 2005.

2. PROBLEM FORMULATION
Considering the model-based approach, a
mathematical model isbuilt and in anon-linear case,
a model linearization around an operating point is
performed. For fault diagnosis and control purposes,
the system is described including actuator and
sensor dynamics and faults, which are represented
by additive signals. The actuator and sensor
dynamics are given

Xa(t) = AnXa(t) + Bau(t) + fa(t),  UR(t) = CaXa(t),
Xs(t) = AsXs(t) + Bgyr(t) + f5(t),  Y(t) = Cgxs(D).

The following state space model describes the
overal system dynamic

X(t) = A X (1) + By u(t) + Byd(t) +Ff (1), 1)
y(t) = Cy X (1),

where X(t)=[xa(t) X(t) x(t)]'T R" is the state
vector, y(t)I R™ are the system outputs, u(t)T RP
are the control inputs, u(t)T RY are disturbances
vector, f(t)=[fa(t) fs(t)] 1 Rf’ are the vector of
fault magnitudes, and F1 R" P is the distribution
matrix of components faults. The system matrices
are defined by

eA, 0 0d e,u € Ou
Ac=gBCsr A 03B =g03F=g 0y
g 0 CBs AH g0 & 14

Cx=[0 0 cs]By=[0 By Q.

Besides, we assume that the plant described by (1) is
subject to the following assumption: i) the number
of avalable actuator effectors can exceed the
number of outputs that we want to control p>m),
and ii) the rank(Cy)=m, rank(F)=p and
rank(CyBp)=rank(Bp)=p. This stuation is
commonly encountered in most of chemical process
and mechanical system, i.e. modern aircraft.

The control objective is design a control law u (t)
for the system (1), such that the system output ys(t)
following a given reference trgectory r(t) in
presence of faultsin control effectors and sensors. In
this paper we will focus on the control effectors and
sensor freezing type of failures.

3. FAULT-ESTIMATION
The estimation of the fault vector f(k) and the
non-measurable disturbance d(k) can be obtained
from thefilter for fault isolation (Keller, 1999)

X(k+1)=[A- Kc]X (k) + B, u(k) + [Ks + WP ]y(k),

k)=P (y(k)- (k)

where q,(k):[f(t)él(k)]T are the fault and non-
measurable disturbance estimation and the filter
matrices are given by

A=A -WPC,,K=KS+W P,

W =[C,FCB,].C =PC,. C)
The matrix W states the effect of faults and

disturbances on the system states. The matrices P
and S are designed such we abtain an unbiased
edtimation. Then, P and S must decouple the

a

S/ék; =C, X(k), @)

effect of the of disturbances and fault from the
estimation error they satisfy the following relations

PW =1, .
SW =0. )

The filter gain K is designed to obtain the best
estimation possible. If there is noise in the system,
we can compute K such that we obtain minimum
variance estimation. In other case, with no noise in
the system, we compute K to obtain the faster
observer possible.

Findly, the fault isolation filter (2) can be
directly implemented using the space-state
equations or in a recursive fashion such as ARX
model. The coefficients of ARX model are related
with the isolation filter through (Giovanini, 2003)

a =CA"K i=12..,p,
- i1 ®)
b, =cAlg,,
where p isthe ARX model order that satisfy
AP =(A-KC ) »0. (6)
Then, the output estimator filter can be written as
9(K) = A4 y(k- )+ & bu(k- 1), (7)
i=1 i=1
and the fault isolation filter is given by
G, () = 4G y(k- i) +& fuk- i) (®

where
do =P, g_:iz'Pé_:i
f;=-Pb,.

We must see that filter (7) estimates the system
output including the effects of the faults and the
disturbances on the system output. On the other
hand, the fault isolation filter (8) estimatesthe origin
and the magnitude of the faults. Then, an estimation
of the real input applied to the system and real
system output are given by

g (1) » u(t) + FA(0),
I ® » YO - fs(0).
This information will be used to develop a fault
tolerant predictor in the next section.
4. FAULT TOLERANT CONTROL
4.1. Fault-Tolerant Predictor

To built a fault tolerant predictive controller, we
need to develop an oper-oop predictor that provide
an unbiased prediction in spite of the system faults
and/or externa disturbances.

Firstly, we develop the open-oop predictor from
output estimator filter (7), it is given by (Giovanini,
2003)

23,k = y() +Py (3, 2y + Py (3, 2)u)  (20)
where

i::LZ,...,p'

(9)

(E;OJ_i - t"No)z_l"'ép.(t;i"] - l;i)z'i,
1 i=1 (11)
P(.2)=4-4&)z",

i=1

" Qoo

P,(3,2)=

05

and the coefficients of the predictor are given by
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J
a’=a’, +aa’’ JEp, i=04...,p
1=1 128
é"]zéé'{;‘]" J>p ( )
p 1<
1=1
~ ~ J ~
b’ =bl,+3 &b’ JEp;, i=01...,p
1= 12.b
6l =4 ab>! 3> hz
p = aab; p

From equation (10), we can see that the open-oop
predictor employed the measured output y(k) to
compute the J—step ahead prediction. Therefore, it
includes the deviation produced by the sensor fault
and the prediction will be biased in spite of
developing the predictor from the output estimator
filter (7).

P00 =1+P, (3,200 +P,3.2uk)  (13)

Then, we must correct the effect of sensor fault
before computing the predictiony®(J,k). To
accomplish this correction we employed the fault
isolation filter for the sensor (Fs(z)), developed from
(8), and the measured output. Subtracting the
estimation of sensor fault f(t) from the measure
output y(k) (eq. (9)) the correction is carried out.
This procedure is schematized in the block diagram
showed in Figure 1. However, operating with
equations (8) to (12), it can be reduced into an only
one that includes both: the predictor and the fault
isolation filter. So, the overal open-oop predictor
Py (J,2) will betolerant to sensor faults.

J‘ y(k)

u(k)

fs®

Fs(Z)

9= (1)

5°0.K—<— P(J,2)

Figure 1: Structure of fault—tolerant sensor
open-oop predictor Py (J,2).
However, operating with equations (8) to (12), it can
be reduced into an only one that includes both: the
predictor and the fault isolation filter. So, the overall
operHoop predictor Py(J,z) will be tolerant to
sensor faults.

RS(0.2)=P, (0.2+4 1 P, (3.2)2 ",

i=1

P,5(3,2)=P,(3,2)- & G, P, (3,2)z",

i=1

(14)

The Cauchy formula applies to fault isolation sensor
filter and open-loop predictor coefficients (egs (8)
and (12)) gives the coefficients of the fault-tolerant
predictor.

The next step is developed an open-oop predictor
that computes the effect of actuator faults on the
system output. This predictor is used to build the
complementary control law that compensates the
effect of the actuator faults. To constructed this
predictor we assembled the fault isolation filter for
the actuator (Fa(z)), developed from (8), with the
open loop predictor (10). The output of this predictor
is the future deviation of the system output, due to

the actuator faults, and the input is the estimation of
actuator fault ( f,(t) ).

fs

Figure 2: Structure of fault—tolerant actuator
operHoop predictor Pp(J,2).
Operating with equations (8) to (12), the fault
actuator predictor equations can be reduced into an
only one (Pp(J,2)) that includes both the predictor
and the fault isolation filter.

<— y(k)
Uk

Fa(z)

2 (3.6)

P(@J,2)

PUA(J,Z):PU(J,Z)+§_f~iPY(J,z)z'i,
i=1 (15)
PA3,2)=R,(3,2)- gg]PY(J,z)z'i,
i=1
Again, the coefficients of the fault actuator predictor
P5(J,z) will be given by the Cauchy formula,
applied to coefficients of operHoop predictor and
fault actuator filter.

4.2. Predictive Feedback Control

Model Predictive Control (MPC) refers to the class
of agorithms that uses a model of the system to
predict the future behavior of the controlled systems
to compute the control actions such that a measure
of the closed-oop performance is minimized and all
the constrains are and will be fulfilled. The basic
formulation implies a. control philosophy similar to
an optimal open-Hoop control law that allows
including constrains present in the system.
Prediction Horizon

i=1,%,V
_______ e T(k+i)
JTITT i
-¥ - Ao
y(ken) [ v
B R L ——"
! -= Control Horizon
—l_'_—> i=1,%,U ‘
k-2 k-1
k
r(k-n+J)
- - —j—w———- 8°(3,k-n)
- §°(3.k-n)
y(k-n) Ra
~e__
[ ST
L t

k-2 k-1 k-w+J k+J

Figure 3: Genera predictive set—ups

However, as pointed out by (Lee and Yu, 1997) this
formulation can give poor closed-oop performance,
especially when uncertainties are assumed to be
time—invariant in the formulation. This is true even
when the underlying system is time-invariant. When
the uncertainty is allowed to vary from one time step
to next in the prediction, the open loop formulation
givesrobust, but cautious, control.

A way to solve these problems is introduce a
feedback action in the predictive controller
(Giovanini, 2003). So the predictive control law is

given by

Du(z) = & 4.8, 92 " (16)
n=0
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where €°(J, 2) isthe Z —transform the J step ahead
oper-oop predicted error, w is the filter order and
g, n1 [0,w] are the controller parameters. Due to
the fact that (16) employs only one prediction of the
process future behavior, the delay operator Z"
n=0Ys w is applied to the time instant a the

prediction is caculated. Hence, the control
movement Du(k) isgiven by
Du(k) = & 9,3 k- ), (17)

n=0
where &°(J,k- n) is the J step ahead open-oop
error computed at time k—n. Replacing the open-

loop predicted error (assuming a step change in the
setpoint) in (17) and rearranging gives

u(k) = & qe(k - n)+u(k- 1)
- (18)
*aalPe(d.2yk- 1 +Py (3, 2hik- n)

Observe that the two first terms of the right size
belong to a reduce order controller (Isermann,
1981), while the last term is the contribution of the
future deviation from the reference. The last termis
a weighing contribution of the future open—oop
deviations at time (k+J—n)tg

D°(J,k-nN)=¥@J,k-n)-yk-n n=0L---w

It states the effect of the past control actions on the
future behavior of the system. It has great influence
on the closedHoop performance when we have to
follow a set point but a negligible one when we have
to rgject adisturbance, sinceit has little information
about the disturbance. Thus, the control law (16)
includes a feedback action —based on present and
past errors— which improve the closed-oop system
response. Now, it is clear that (16) uses more
information than model predictive control. So,
predictive feedback control reduces the effect of
disturbances more aggressively than predictive
control since it uses more information (Giovanini,
2003). Then, the predictive feedback control
combines the advantages of predictive control
algorithm (good setpoint tracking, time delay
compensation and decoupling control) with the
classicd use of the feedback information to improve
the disturbance rejection.

F@) o). F@RE

uz)=——>———
1+F(2)R,(J,2 1+F(2)R, (3,2

y(2),

5. FAULT-TOLERANT PREDICTIVE CONTROL

It is assumed that the nominal systemiscontrolled by
a predictive feedback control

u(z) =C(2)€2),

where C(z) is the transfer function of the predictive
feedback controller (Giovanini, 2003) given by

c(z)=— 2
1+F(2)R,(J,2)
Different techniques have dealt with the fault—tolerant
control problem where the goadl is to make the faulty
system to be close as possible to the nhomina one.
Many control techniques (Gao and Antsaklis, 1991;

Looze et. a., 1985; Blanke et d., 2000; Chen and
Joshi, 2002) consist in computing a new control law
such that the closeddoop eigenvalues remain
unchanged. Even if the control law exists, the closed—
loop system may be unstable in some cases.
Moreover, these methods depend on the robustness of
the FDI system and the ability of the supervision
system to determine the fault signature and still not
realistic and hardly applicable.

In this paper, another fault—tolerant control method is
proposed. Its goal is to compute an additional control
law, employing the additiona control inputs, able to
compensate the effects of the fault effect on the
system. Then, thetotal control law isthen compute by

p(z)u_¢ Co(2)(z) @ 19
Bus(2)H~ & Cs(2) Dy, (2)d (19

where u,(z) T R™ is the control variable vector with
the same size asthe system output, us(z) I R°™ isthe
vector of remaining control inputs, Dy; is the effect of
fault actuator over the system output and, C-(z) and
Cs(2) are the transfer function of predictive feedback
controllers.

9= (K) —
Fs(Z) B
-
DY°(J.k) y(k)
Ji Py(J,2)
-
r—>O—O—  Fe2) up(K)
e(k) €k
Fs(2) us(K)
- Dy, (3.K)
Po(J,z) [=—
-—

Figure 4: Structure of the fault—tolerant predictive
feedback controller.
At this point, we only need to compensate sensor
faults in the system output measurements y(z). The
correction is again executed employing equation (9).
Then, the fault isolation filter for the sensor F¢(z) is
included in the controller. The structure of the
resulting predictive controller isshown in Figure 4.

6. STABILITY ANALYSIS

The stability of the faulty system given by (1) with
fault—tolerant control method can be studied by
looking at the closed-oop system driven by the new
control law composed by the nominal control law
(Cp(2)) with the additional one (Cs(z2))

YD =Ge(up (@ + DU (2)) +Gs(Dus(2) . (20)

¥(2) = Gp(2)Cp (2)€(2) + G (2)Dug (2)
- GS(Z)CS(Z)D;’;A (2

Observe that the additiona control law Cs(z),
develops to compensate the actuator faults, acts like a
feedforward control. So, it does not affect the closed—
loop stability, which is determined by Cp(z) law as
we can see in the next section.

(21,
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_ G(C.(2)
SETYE e
 G(2)C(2)
1+G:(2)Ce( 2)

Since the system performances (essentidly the
stability and the transient behavior) are fixed by the
poles of closed-oop equation, 1+C,(z)G,(z), these

performances are till preserved if the new control
inputs (ug(2) ) remain inside the physical capacities
of the actuator.

7. SIMULATION AND RESULTS

Now, to demonstrate the effectiveness of the fault—
tolerant predictive feedback controller we consider the
following simulation example obtained from the
linearization of a continue stirred tank reactor (CSTR)
with a jacket, where a first order exothermic reaction
is carried out, which was previousy used by
(Morningred et a, 1992)

In norma operative conditions, the CSTR is
controlled by manipulating the coolant flow rate
(qc(t)) while the remaining variables remain
unchanged. When a fault in the valve of coolant flow
rate happen, the reaction can be controlled by
manipulating feed flow rate (q(t)). Under this
operative condition we have to introduce a level
control, such that the volume of the reactor and the
residence time remain constant.

The linear model employed in the smulations is
obtained from the linearization of CSTR non-linear
model around the nominal operation point (Ca=0.05
mol It ™, T= T;=350 K and gc=q=100 Itmin™). The
resulting matrices are
€-19998 00065 0 U €100u
A =@a358.7137 10917 0.0002 j, C=@&0104
g O 00006 -0.0012j 001
é 0 0.0011 u €025 0 u
B, =& 0.1458- 0.145904, B, =é O 0 a
805642 0 g g 0 0.0006(

Ge(2)
1+G,(2)Cu(2)

DS/;A(Z)

2)+ Du;, (2)

(22)

The disturbances considered in this example are the
feed concentration Cay(t) and the inlet coolant
temperature Teo (t). To compl ete the description of the
system we include the actuators and the concentration
sensor dynamic, which are given by
A =[-01 B,=c.=[1]

The dynamics of the temperature sensors are
dismissed because they are faster and more reliable
than concentration sensor. Different faults are
simulated in this system. They correspond to actuator
and sensor freeze and loss in the sensitivity of the
actuator and sensor. The disturbance that will be
estimated is the feed concentration, because it is non-
measurable.

Like in Morningred's work (1992), the sampling time
period was fixed in 0.1 min, which gives about four
sampled-data points in the dominant time constant
when the reactor is operating in the high concentration
region. Then, the discrete linear model is obtained by
Z —ransforming the continue model assuming a
zero—order-hold deviceisincluded.

(23)

Firstly, we develop the fault isolation and estimation
filter. We check theisolating condition

rank(C,FC,B,])=p+q=3

This condition implies that we can isolate the faults
and the disturbance simultaneoudly with only one
filter. Then, we find the fault isolation matrices
P and S, and the filter gain K. The fault isolation

matrices were computed such that they satisfy (4)

p = €0.2509 - 0,013417.7211§
= §0.1278 2.2921 0.6237

6 0.9971 - 0.0517 - 0.0142 1
0.0517 0.0027 0.0007 G,
g 0.0142 0.0007 0.0002 g

S=

> (P>

and the filter gain K was designed such that the filter
(2) has a deadbeat behavior
¢0.505 0.0117 0

K=¢0.0117 0998 0 G
@8 0 0 0618

Then, we built the open-oop predictors Py (J,z) and
P5(J,2) using the output estimator and fault isolation
filters (egs (7) and (8)) and the coefficients of the
open-loop predictor (eqs(12.a) and (12.b)).

Figure 5 shows the results obtained in the simulations.
The set point was changed in intervals from 0.1 to
0.125 at 10 min and returns to 0.1 at 45 min. At 25
min the feed stream concentration changes from 1
mollt! to 1.05 mollt?, and finaly the valve that
control the coolant flow rate freeze at 47.5 min.

0.130 -

0.125

0.120

0.115

0.110

Concentration

0.105

- Reference

0.100
—— Output

0.095 -

Time

Figure5: System for faulty conditions

The effect of the disturbance is to drive the principal
actuator to saturation (Figure 6). However, the
proposed algorithm is able to reconfigure the system,
treating the saturation like afault. Besides, in Figure 6
it possible to appreciate the reconfiguration of the
controller when the valvefails.

12,5 — 77— — T —

10.0 |-

Coolant (g, (1))

75F

50F

Flowrates

251 ! i
b

| Fead(q()

00— el : W -
e

25 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Time
Figure 6: Manipulated variables for the smulation
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It can easily be seen that the output of the
reconfigured loop matches the output of the nominal
loop. Due to these differences, the control
performance of the reconfigured control loop is
dightly inferior to the nomina control loop.
However, the stability of the reconfigured control loop
is guaranteed under all operating conditions. It is aso
interesting to see the differences between the output of
the controller (which isthe input of the nomina plant)
and the output of the second actuator () that controls
the faulty plant

8. CONCLUSIONS

The method developed in this paper emphasizes the
importance of the fault-tolerant control in high-
automated systems. The problems inherent to the
fault detection and isolation module are avoided
using an additional control law, implemented
through the additional control inputs, based on the
orHine estimation of the fault magnitude. This
method is suitable for every type of actuator faults.
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