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Abstract

A conventional feedback control design may result in
unsatisfactory performances in the event of malfunc-
tions in actuators, sensors or other components of the
system. This paper deals with the analysis and the de-
sign of the fault-tolerant control (FTC) in case of ac-
tuators and sensors faults. A classification of the FTC
methods is proposed and according to the severity of
faults affecting the system. The discussion of FTC is

shown by its application to a winding machine.

1 Introduction

Much effort has been done in the field of fault-tolerant
control (FTC) systems in the presence of faults in the
functioning of the systems where the security of people
could be affected. The various studies dealing with
this problem in these systems are based on hardware

redundancy.

In other industrial processes, hardware redundancy
is rare and even it does not exist, because of its
expensive financial cost. Thus, in the presence of a
major actuator failure, it is impossible to maintain

the damaged system to some acceptable level of
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performances. It becomes of prime importance to
lead it to its optimal operating order, with respect to
desirable performances and their degrees of priority.
Therefore, the main feature is to minimize the loss
in its productivity (to produce with a lower quality)
or/and to operate safely without danger to human
operators or to equipments. The system can continue
its operation with decreased performances as long as
it remains in acceptable limits.

The use of analytical redundancy makes the reduction
of the cost and the maintenance of the instruments
possible. Recently, a very interesting bibliographical

review in fault tolerance has been done by [5].

The active fault tolerant operation can be achieved
by a failure detection and isolation mechanism and
the redesign of a new control law. In this article, a
complete design of an active FTC system is proposed
and analysed. The originality of this paper consists
of the description of the effect of various kinds of
faults or failures which may affect the system and
the classification of FTC techniques according to the
severity of these malfunctions. It is shown that the
strategy to adopt and the level of performance to
recover depends on the process itself, the degree of the
available (hardware and/or analytical) redundancy in
the system, the severity of the fault or the failure, and
the level of desired performance.



This study takes into account minor faults and major
failures. Minor faults could be biases or drifts on
actuators or sensors, [4]. Major failures, which involve
drastic and discontinuous variations in the plant
dynamics, correspond for instance, to an actuator
blocked or completely lost. In the presence of such
faults, the nominal system performance cannot be
reached anymore. Thus, according to the role that
the faulty actuator plays in the system control design,
a restructuration of control objectives with degraded
performances must be set up or the system has to be
stopped immediately and safely.

This paper is organized as follows: Section 2 is devoted
to the classification of FTC techniques according to the
severity of the fault. In Section 3, the identification
and the nominal control of the winding machine used
to illustrate the aim of the paper are given. Section
4 describes a reconfiguration strategy in the presence
of minor faults and a restructuration strategy in the
presence of more critical failure. The results of the
application of these method to the winding machine are
shown and commented. Finally concluding remarks are

given.

The study led here is conducted through an applica-
tion to a winding machine. the various steps of active
methods are illustrated according to the severity of the

faults and the ability to tolerate them or not.

2 Winding machine

2.1 Process description

The method proposed in this article is applied to a
winding machine (Fig. 1) representing a subsystem of
many industrial systems as sheet and film processes,
steel industries, and so on. The system is composed of
three reels driven by DC motors (M;, Ms, and Ms),
gears reduction coupled with the reels, and a plastic
strip. Motor M; corresponds to the unwinding reel,
Ms is the rewinding reel, and M, is the traction reel.
The angular velocity of motor My (£23) and the strip
tensions between the reels (77, T3) are measured using
a tachometer and tension-meters, respectively. Each
motor is driven by a local controller. Torque con-
trol is achieved for motors M; and Mjs, while speed

control is realized for motor Ms. For a multivariable

control application, a dSPACE board associated with
Matlab™ | Simulink software is used.

Figure 1: Winding machine.

The control inputs of the three motors are Uy, Us, and
Us. Uy and Uj correspond to the current set-points Iy
and I3 of the local controller. U; is the input voltage
of motor M. In the winding processes, the main goal
usually consists of controlling tensions 77 and T3 and
the linear velocity of the strip which can be controlled
by the angular velocity Q5. A linearised model describ-
ing the dynamical behavior of the system in terms of
input/output variations around an operating point has

been obtained with the sampling interval is Ts = 0.1 s.

x(k+1) = Az(k) + Bu(k)

y(k) = Cx(k) (1)
with:
Ty U
y=x=|Q u= | Uz
T3 U3

The system described by these matrices is completely
observable and controllable.

2.2 Nominal control

The nominal control law is set up according to a track-
ing control design. The tracking control problem re-
quires that the number of outputs that have to follow
a reference input vector, y,., must be less than or equal
to the number of control inputs. This is the case for
the winding machine: three control inputs are avail-
able, thus the three outputs 17, €5, and T3 can be
tracked. The feedback control law is based on the LQI
technique to compute gain matrices K7 and Ks. z is
the integrator vector of the tracking error. Figure (2)
illustrates this nominal control law.
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Figure 2: Nominal control law.

3 Fault-tolerant control

In this section, a complete active FTC scheme is de-
veloped according to the type and the severity of the
faults affecting the system. This scheme is composed of
the nominal control law associated with the fault diag-
nosis module which aims at giving information about
the nature of the fault and its severity. According to
this information, a reconfiguration or a restructuration
strategy is activated. It is obvious that the success of
the FTC system is tightly related to the reliability of
this information issued from the fault diagnosis module.
In the reconfiguration step, the fault magnitude is esti-
mated. This estimation could be used as a redundant
information to the one issued from the fault diagnosis
module. The objective of this redundancy is to en-
hance the reliability of the diagnosis information. The
complete FTC scheme discussed here is summarised by
figure 3.
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Figure 3: General Fault-tolerant control scheme.

In the sequel, the principle of a reconfiguration method-
ology in the presence of minor faults is presented and
commented. For more detail, the reader can refer to [3].

Minor faults correspond to a loss in the effectiveness of

an actuator, a bias or a drift in a sensor. Then, more
critical failures, such as a complete loss of an actuator,
are analysed where a restructuration strategy has to be
built.

3.1 Reconfiguration strategy

The aim of the reconfiguration method described in
this article is to compensate for both actuators and
sensors faults. An actuator fault, as for instance, a
reduction in its effectiveness, acts on the system as a
disturbance. In the nominal control law, the presence
of an integrator in the controller may compensate only
for the static error but not for a loss in the dynamical

performance.

In the fault-free case, the measurements issued from
sensors are equal to the real outputs. When a sensor
fault occurs, the integral control law makes the track-
ing error (the error between the measurements and the
reference values) goes to zero. Hence, the real output is
far from the desired value. The principle of the method
developed here is based on the estimation of the fault
magnitude, and then this estimation is used to com-
pensate for the fault effect in case of an actuator fault,
and to prevent the control input from reacting face to
the sensor fault. The theoretical aspects of the method
used here are developed and discussed in previous work.

For more details, the reader can refer to [3] and [2].

3.1.1 Actuator and sensor fault descrip-
tion: Actuator and sensor faults can be illustrated
by means of an unknown input vector f;, (i = a (for
actuator), s (for sensor)) acting on the system’s dy-
namics or measurements.

An actuator fault corresponds to the modification of
the global control input applied to the system as fol-
lowing:

U =TU + Uyg (2)

— U is the global control input applied to the sys-

tem,

— Uy is the faulty global control input,

— wu is the variation of the control input around the
nominal operating point Uy, (u = U — Uy, uy =
Uy —Uo ),

— Uy corresponds to an additive fault affecting the

actuator,



— I'U represents the effect of a multiplicative actu-

ator fault

with T = diag (kl e ki
tor is faulty if k; #£ 1.

Using this actuator fault description leads the repre-

km). The " actua-

sentation of the faulty system to become:

x(k+1) = Az(k) + Bu(k) + Fo fo(k)
y(k) = Ca(k) )

where F, = B and f, = (I' = I)U + Uyo.

In a similar way, and defining fs as an unknown input
illustrating the presence of a sensor fault, the faulty

system can then be represented by:

z(k+1) = Az(k) + Bu(k)
y(k) = Cu(k) + Fs fo(k) (4)

3.1.2 Actuator fault estimation: When an
actuator fault occurs on the system, the actuator fault
magnitude f, can be estimated as a component of an
augmented state vector X, (k) according to the follow-

ing rearrangement of the system:

EoXo(k+1) = A, Xo(k) + BoU(k) + Gayr (k) (5)

where:
IS 0 _Fa A 0 0
E.,=|l0 Is 0 |,Adu=|-TsC I 0],
0 o0 0 0 0
B 0 0
Bo=|0 0|Ga=|T1|,
0 I 0
z(k)
_ _ k
Xak)=| z(k) ,U(k)—( (:(+)1)>
Y
fa(k —1)

The magnitude of the actuator fault f, which is the
last component of the new state vector can be esti-
mated by solving the equations obtained after the sin-
gular value decomposition (SVD) of E,. This must be

of full column rank [1].

3.1.3 Actuator fault compensation: The
fault estimation obtained by the previous calculation
is then used to compute a new control law u,q added
to the nominal one in order to compensate for the
fault effect on the system according to the scheme
described by figure (4).

Estimation
.

Compensation

Figure 4: Fault-tolerance by additive control law.

The additive control law u,q must be computed such
that the system behavior is as close as possible to the

nominal one:

Buad(k) + Fafa(k) =0 (6)

3.1.4 Application and results: An abrupt
and a progressive decrease in the effectiveness of the
third actuator have been tested on the winding ma-
chine. The abrupt fault corresponding to a reduction
of 70 % in the 3'¥ actuator effectiveness is achieved by
multiplying the global control input Us by a constant
coefficient k3 = 0.3. This fault occurs at instant
32 s. Since the actuator fault acts on the system as a
disturbance, the steady state error is cancelled due to
the presence of the integrator in the nominal control
law. However, a loss in the dynamical performance
of the system can be noticed after a change in the
reference signal (increase of the time response). The
FTC approach makes the compensation for this loss in
the dynamical performance possible (see figures 5). It
can be seen that the estimation of the faults compo-
nents associated with each actuator. Notice also that
the 3" component associated with the faulty actua-

tor is only different from zero after the fault occurrence.

Then, a progressive fault is assumed to occur on the
3'4 actuator. Using the nominal control law, this fault

leads to a nonzero steady-state error on strip tension
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Figure 5: FTC for abrupt actuator fault.

T3, while the FTC allows the strip tension to reach
its reference value as soon as the fault is detected (see
figure 6). However, it is obvious that the compensation
for a ramp fault is still possible while the control input
does not reach its physical limits which are —1 and
+1, corresponding respectively to —10V and +10V. In
this case, the objective of the FTC system is to avoid to

stop the system immediately after the fault detection.
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Figure 6: FTC for progressive actuator fault.

3.1.5 Sensor fault

presence of sensor faults, the integral error vector

estimation: In the
z is also affected by the fault. The sensor fault
magnitude can be estimated in a way similar to
the actuator fault, by rearranging the augmented
form of the system. The estimation of the fault mag-
nitude fs is then obtained using the SVD of matrix F,.

The fault compensation is achieved by preventing the
control law from reacting in the presence of the sensor
fault. This is done by analysing the fault effect on the

control law and by adding a new control law to the

nominal one:

U(k) = 7K1(L’0(k) — Klsts(k) — KQZO(k)
— Ko f (k) + taa(k) (7)

where g and zy correspond to the safe values of z and
z, and f is the integral of —F f,. The sensor fault effect
on the control law, and consequently on the system
can be annihilated by using the fault estimation and

by computing the additive control law such as:

Uad(k) = K1F fo(k) + K2 f (k) (8)

Experimentations have been considered with a neg-
ative bias on the sensor measuring strip tension 7T3.
The obtained results with or without FTC are shown

by figures 7.
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Figure 7: FTC for sensor fault.

3.2 Restructuration strategy

The limits of this method are reached in case of an
actuator has got stuck or completely lost. In this
paper, the possibility to continue operating with
degraded performance is analyzed in the presence of a

critical failure such as the complete loss of an actuator.

The failure considered here is that motor Mj is out of
order at time instant ¢ty = 49.5 s; i.e. motor M; runs
as if its control input U; = 0. This failure leads to
a large decrease in the strip tension 77 which cannot
be controlled anymore. This failure is a severe failure
because it leads to a large loss in the closed-loop
system performance. As one of the system control

inputs is out of order, it becomes impossible to track



the three system outputs. Hence, according to the
system operation requirements, these outputs have
to be divided into priority outputs to be maintained
to their reference inputs with the detriment of other

secondary outputs.

In equivalent industrial application, the objective is to
roll up the strip in a correct way. This can be achieved,
if tension 73 and the angular velocity 29 are mainly
maintained to their reference inputs. These outputs
are considered as priority outputs to be maintained
with the detriment of strip tension T; considered as a

secondary output.

Faulty system Model and Results: A new control
law is achieved to track two system outputs Qo and T3
considering T as a perturbation. This control law is
computed using the new model of the system (obtained
off line) having U and Us as control inputs. Once
the failure is detected and isolated, the fault-tolerant
control module switches from the nominal control law
to the new one. This control law guarantees the fact
that the strip continues to be rolled up in a correct
way and avoids stopping the machine due to a bad
quality of the final product.

Figure (8) shows the results obtained when switching
from the original model to the new one after the fail-
ure has been detected and isolated. The fault diagnosis
module is not achieved here, but a delay of 10 sam-
pling periods is considered before switching to the new
control law. This delay corresponds to the detection
and isolation task. It can be seen that strip tension
T; is still far from its reference value because it is not
tracked, while strip tension 73 and the angular veloc-
ity Qo follow their respective reference inputs after the
switching process and the strip is rolled up in a correct

way.

4 Conclusion

In this paper, a fault-tolerant control architecture
in case of minor and more critical faults has been
proposed and analyzed. This analysis has been con-
ducted and validated through its application to a real

pilot plant. This plant represents a subsystem of real
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Figure 8: I/0 for a complete loss of an actuator.

industrial systems. It has been shown that the design
of a fault-tolerant control system depends on the plant
itself and the degrees of freedom in terms of hardware
redundancy. A classification of FTC techniques has
been given according to the severity of the failure and

the level of performance to reach.
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