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Abstract

This paper deals with a novel Fault-Tolerant
Control (FTC) strategy for non-linear sys-
tems without hardware redundancy in case
of actuator and system component failures.
These failures correspond to blocking or loss
of effectiveness of an actuator, leakage of tank
bottom and pipes which could lead to a large
degradation in performances. The abrupt
and increasing nature faults are introduced
into the system, followed by the simulation
results. The proposed method is based on
a conventional PID controller and T-S Fuzzy
controller in order to maintain the acceptable
performance subject to faults. The effective-
ness of this approach is evaluated through
the application to a non-linear pilot plant,
a three-tank system. A simulation result is
given with IAE and ISE error to illustrate the
effectiveness of the proposed approach.

Keywords: Abrupt fault, Actuator fault,
Fault-tolerant control, Increasing fault, Non-
linear system, System fault, T-S fuzzy con-
trol.

1 Introduction

At the event of faults in actuator, system compo-
nents or sensor faults, in conventional feedback con-
trol system may result in unacceptable performances.
To overcome the limitations of conventional feedback
control system, new strategies have been developed
since last thirty years, which are proficient of tolerat-
ing various faults, during the time still maintaining
some required properties of performances [8],[9],[12]
and [36]. Research in Fault-Tolerant Control (FTC)
seems have a large application domain but it still re-
mains too largely motivated by the controlling of non-
linear system [14],[28],[29],[30]. This fault tolerant op-

eration can be realized either passively through the use
of robust control law insensitive to faults and actively
through a fault detection and diagnosis (FDD) algo-
rithm and the results from FDD controller parameters
will reconfigure [23],[25]. The strategy to implement
and the level of achieved performance in the event of
failures will differ according to the type of process,
the allocated degree of freedom and the severity of
faults. The FTC methods demonstrates their abilities
and effectiveness subject to various faults which in-
volve abrupt and discontinuous variations in the sys-
tem dynamics. The prime motive of FTC strategy
is minimize the loss of productivity (to produce with
an acceptable quality) or/and to operate safe opera-
tion without risky situation to human operators or to
equipments [13],[21].

The paper deals with two serious fault scenarios, one
is that loss of effectiveness or partial blocking of ac-
tuator. Second fault scenarios is one of the system
component (leak n bottom of the tank) faults occur-
ring in the system. It is difficult to deal with stuck or
loss of effectiveness actuator, system component faults
because the remaining actuators must compensate for
the effects of the failed actuators in the overall system.
The main contributions of this paper are as following:

• Proposed unique linearized mathematical model
of the three-tank level control process is derived
using Takagi Sugeno fuzzy model approach.

• The three-tank level process is converted in piece-
wise linearized using three different premise vari-
able z1, z2, andz3, and the membership functions
for the premise variable having only two linguis-
tic variable and hence it will not adding addi-
tional computational burden for controller also
the membership function are not optimized us-
ing Genetic Algorithm (GA) which are presented
in brief [5][16].

• For designing the proposed Passive FTC con-
troller conventional PID controller and Type-1
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FLC are used, Type-1 FLC structure is easy to
implement as compared to Type-2 FLC, but at
the same time Type-1 FLC will not incorporate
the model uncertainty and noise [15][26].

• The proposed controller structure is simple and
effective to control nonlinear process even though
the fault occurs, the author of [6] proposed Type-2
fuzzy control system for controlling the longitude
of the aircraft.

• The main advantage of the Type-1 FLC is, very
less computational burden and no need to apply
additional algorithm to convert Type-1 fuzzy sets
from Type-2 fuzzy sets [2].

In recent years, there has been an ever increasing
push to optimize the controllers to help fulfill the
ever increasing demands for high quality products[2].
Overviews on the development of FTCS have been pro-
vided in survey articles by [32] and [38], as well as
books by [11], [20], [19] and [10]. Most chemical plants
are multivariable processes and have to be controlled
in order to perform well.The work in [35] suggests a
control reconfiguration method based on system re-
sponses to accommodate stuck actuators. In recent
FTC has design for non-linear system subject to dif-
ferent faults, in [1] and [14].The paper contributed by
[17] and [33] has proposed FTC scheme using adaptive
fuzzy logic for non-linear system subject to sensor and
actuator faults.In [7] author has project Active FTC
strategy for three-tank system using analytical redun-
dancy. Passive FTC strategy using artificial intelli-
gence techniques has investigating for interacting and
non-interacting level process (single and multiple tank
level system) subject to system component (leak) and
actuator faults in [21],[22],[24],[25],[28],[29],[30],[31],
and excellent results reported in simulation as well as
for real-time system.In [18] adaptive fuzzy logic con-
trol structure is used to design fault-tolerant control
of MIMO nonlinear uncertain systems. The authors
of [27],[15] and [5] design Type-2 FLC for the non-
linear level process (MIMO level) process, In [5] and
[15] has done comparative results using Type-1 and
Type-2 FLC, while in [27] author design interval Type-
2 TSK FLC for three interconnected conical tank level
process, and proved the superiority of the same strat-
egy, however the complexity and computational time
is constrain for the controller.

The paper is organized as follows.In section II a general
formulation of the problem with mathematical model
is given.The proposed FTC approach in this paper is
based on the T-S Fuzzy logic control with conventional
PID controller described in section III. The simulation
results presented in section IV.Finally, a concluding
remarks given in section V.

2 Process Description and Modeling

The plant dynamic considered in this paper is de-
scribed by the following m-inputs, n-outputs non-
linear system

∑
:

(∑)
:


Ẋ = f(X(t)) +

∑m
i=1 gi(X(t))ui(t)

y1(t) = h1(X(t))
· · ·

yn(t) = hn(X(t))

(1)

Where, X ∈ Rn is the state vector, U =[
u1 · · · um

]T ∈ Rm s the control vector, and

Y =
[
y1 · · · yn

]T ∈ Rn is the output vector to
be controlled.f(X), gi(X), i = 1, ·,m are smooth vec-
tor fields, and hi(X), i = 1, ·,m are smooth functions,
defined on an open set of Rn.

The physical constraints of the system (1) are defined
by:

(Ψ)

Xmin ≤ X(t) ≤ Xmax

Ymin ≤ X(t) ≤ Ymax

Umin ≤ X(t) ≤ Umax

(2)

2.1 Modeling of Three-tank benchmark
system

In this paper three-tank benchmark system is consid-
ered to be controlled.The three-tank system laboratory
model can be viewed as a prototype of many industrial
applications in process industry, such as chemical and
petrochemical plants, oil and gas systems.The typical
control issue involved in the system is how to keep the
desired liquid level in tank.The principle scheme of the
model is shown in Figure 1.The basic apparatus con-
sists of three plexiglass tanks numbered from left to
right as 1, 2 and 3, with cross sectional area of A. All
three tank is identical in size. The process under con-
sideration is a three-tank benchmark system shown in
figure 1.

Figure 1: Synoptic of the Three-tank system.

It is composed of three cylindrical tanks with identical
cross section A. The tanks are coupled by two con-
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necting cylindrical pipes with a cross section A, and
an outflow coefficient γ21 = γ32. The nominal out-
flow is located at the tank 2, it also has a circular
cross section A, and an outflow coefficient γ3. Two
pumps driven by DC motors supply the tanks 1 and
2. Flow meters measure the flows q1 and q2 provided
by each pump. All three tanks are equipped with dif-
ferential pressure type transducers for measuring the
liquid level (h1, h2, h3). Using the Torricelli rule and
the mass balance equations, the system can be repre-
sented conveniently by:


A ∗ dh1(t)

dt = q1(t)− q21(t)

A ∗ dh2(t)
dt = q21(t)− q32(t)

A ∗ dh3(t)
dt = q2(t) + q32(t)− q3(t)

(3)

where qij represents the water flow rate from tank tank
j to i (i, j = 1, 2, 3 ∀i 6= j) ), with

qij(t) = γijAnsign(hj(t)−hi(t))
√

2 ∗ g ∗ |hj(t)− hi(t)|
(4)

And q3 represents the outflow rate with

q3 = γ3An

√
2gh3(t) (5)

The system can be written under the non-linear from

Ẋ(t) =

 − 1
A ∗ q21(X(t))

− 1
A {q21(X(t))− q32(X(t))}
− 1

A {q32(X(t))− q3(X(t))}

+

 1
A 0
0 0
0 1

A

U(t)

(6)

With X(t) =
[
h1(t) h2(t) h3(t)

]T
, U(t) =

[
q1(t)

]T
,

and Y (t) =
[
h3(t)

]T
. The liquid level is given in meter

and the flows in m3/s. The set (Ψ) is defined by:

(Ψ)


[
0 0 0

]T ≤ X(t) ≤
[
0.635 0.565 0.432

]T[
0 0

]T ≤ Y (t) ≤ [0.635]
T[

0 0
]T ≤ X(t) ≤

[
10−5 10−5

]T
(7)

The main objective of the three-tank system is to
maintain tank 3 height h3 which is controlled variable
with manipulated variable inflow q1 and q2. The stan-
dard operating parameters of the three-tank bench-
mark system presented in table 1.

Tank area
(m2)

γ21
(m3/sec)

γ32
(m3/sec)

γ3
(m3/sec)

0.615 0.9 0.8 0.3

Table 1: Parameters of the Three-tank process.

3 FTC Strategy using Takagi-Sugeno
Fuzzy Logic System

In order to minimizing the consequence of the actua-
tor and system component faults on proposed three-
tank benchmark system, we adopt Passive FTC strat-
egy. The proposed controller design in this paper, uses
Takagi-Sugeno like fuzzy model. Figure 2 illustrates
the overview of proposed robust controller design. The
controller consist of conventional PID controller and
T-S Fuzzy logic based controller.

Figure 2: Proposed Passive FTC strategy for the
Three-tank system.

3.1 Takagi-Sugeno fuzzy modeling

Consider the nonlinear system given in Eq. 3, The
goal is to derive a T-S fuzzy model from the nonlin-
ear system given in Eq. 3 by the sector nonlinearity
approach as if the response of the T-S fuzzy model in
the specified domain exactly match with the response
of the original system with the same input u. Here
h1, h2, and h3 are nonlinear terms in the Eq. 3 so we
make them as our fuzzy variables. Generally they are
denoted as z1, z2, z3 and are known as premise vari-
ables that may be functions of state variables, input
variables, external disturbances and/or time. There-
fore z1 = x1, z2 = x2 and z3 = x3.

The first step for any kind of fuzzy modeling is to de-
termine the fuzzy variables and fuzzy sets or so-called
membership functions [37].It is assumed in this arti-
cle that the premise variables are just functions of the
state variables for the sake of simplicity. This assump-
tion is needed to avoid a complicated defuzzification
process of the fuzzy controllers [2][9].

To acquire membership functions, we calculate the
minimum and maximum values of z1(t), z2(t) and z3(t)
which under x1 ∈ [0.235, 0.635], x2 ∈ [0.217, 0.565]
and x3 ∈ [0.147, 0.432], they are obviously obtained
as follows:
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max z1(t) = 0.635 min z1(t) = 0.236
max z2(t) = 0.565 min z2(t) = 0.217
max z3(t) = 0.432 min z3(t) = 0.147

Now, x1, x2 and x2 can be represented by for member-
ship functions P1, P2, M1, M2, N1 and N2 as follows.
as follows:

z1(t) = x1(t) = P1(z1(t)) · 0.635 + P2(z1(t)) · 0.236,
z2(t) = x2(t) = M1(z2(t)) · 0.565 +M2(z2(t)) · 0.217,
z3(t) = x3(t) = N1(z3(t)) · 0.432 +M3(z3(t)) · 0.147

and because P1, P2, M1, M2, N1 and N2 are actually
fuzzy sets according to fuzzy mathematics

P1(z1(t)) + P2(z1(t)) = 1,
M1(z1(t)) +M2(z1(t)) = 1,
N1(z1(t)) +N2(z1(t)) = 1.

Figure 3: Membership functions of premise variables
z1(t), z2(t) and z3(t).

We define name of the membership functions ”Pos-
itive”, ”Negative,” ”Big,” and ”Small,” respectively.
Figure 3 shows these membership functions. Here, we
can generalize that the ith rule of the continuous T-S
fuzzy models are of the following forms:

Model Rule i:

IF z1(t) is Mi1 and · · · and zp(t) is Mip,

THEN

{
ẋ = Aix(t) +Biu(t)

y(t) = Cix(t)

(8)

Here, Mij is the fuzzy set and r is the number of model
rules; x(t) is the state vector, u(t) is the input vector,
y(t) is the output vector, Ai is the square matrix with
real elements and z1(t), · · · , zp(t) are known premise
variables as mentioned before. Each linear consequent
equation represented by Aix(t) + Biu(t) is called a
subsystem.

Now, the nonlinear system (3) is modeled by the fol-
lowing fuzzy rules (we don’t consider input u(t)):

Model Rule 1 to 8:

IF z1(t) is “Positive” and z2(t) is “Big, ”
and z3(t) is “High, ” THEN x(t) = A1x(t).

IF z1(t) is “Positive” and z2(t) is “Big, ”
and z3(t) is “Low, ” THEN x(t) = A1x(t).

IF z1(t) is “Positive” and z2(t) is “Small, ”
and z3(t) is “High, ” THEN x(t) = A1x(t).

IF z1(t) is “Positive” and z2(t) is “Small, ”
and z3(t) is “Low, ” THEN x(t) = A1x(t).

IF z1(t) is “Negative” and z2(t) is “Big, ”
and z3(t) is “High, ” THEN x(t) = A1x(t).

IF z1(t) is “Negative” and z2(t) is “Big, ”
and z3(t) is “Low, ” THEN x(t) = A1x(t).

IF z1(t) is “Negative” and z2(t) is “Small, ”
and z3(t) is “High, ” THEN x(t) = A1x(t).

IF z1(t) is “Negative” and z2(t) is “Small, ”
and z3(t) is “Low, ” THEN x(t) = A1x(t).

where the subsystems are determined as:

A1 =


0.0066 0

max z1
z1 ∈ Positive

0.0114
max z3

z3 ∈ High
0

max z2
z2 ∈ Big

0.05681 0.0132


...

A8 =


0.0066 0

max z1
z1 ∈ Negative

0.0114
max z3
z3 ∈ Low

0

max z2
z2 ∈ Small

0.05681 0.0132

 (9)

which is

A1 =

0.0066 0 0.635
0.0114 0.432 0
0.565 0.05681 0.0132


...

A8 =

0.0066 0 0.235
0.0114 0.432 0
0.217 0.05681 0.0132

 (10)
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This T-S fuzzy model can exactly represents the
nonlinear system in the region [0.235, 0.635] ×
[0.217, 0.565] × [0.147, 0.432], on the z1, z2, and z3
space.

3.2 FLC Design and Structure

In this work we adopt T-S type FLC for the simplic-
ity of controller structure and easiness for encounter
the nonlinear behaviour of the system. To design the
T-S type controller, the FLC considered here having
three input taken, error (e(k)), rate of change of er-
ror (ė(k)) and residue (r(k)) respectively. The out-
put of the FLC is u2(k) For each input we use seven
fuzzy labels, Positive Very High (PVH), Very High
(VH), High (H), Moderate (M), Negative (N), Nega-
tive High (NH), and Negative Very High (NVH), for
fuzzification, The degree to which set they belong to is
determined by membership function illustrated in Fig.
3. There are in total 73 = 343 fuzzy rules because of
each input having 7 linguistic variable.

Figure 4: Membership function used for FLC.

A built-in membership function in the Matlab tool-
box, named as Gaussian and triangle member-

ship function are used to represent fuzzy set of
(e(k)), (ė(k)))and r(k).

There are three reasons to employ the Gaussian and
Triangle membership functions. First, the Gaussian
and Triangle membership functions are appropriate to
represent the concepts of positive and negative as well
as gradually increasing and decreasing value. Second,
the Gaussian membership function is exponential and
Triangle membership functions are single-order poly-
nomials, which are suitable for the implementation
of the FLC because of their easiness in computing.
Third, the FLC using the Gaussian and Triangle mem-
bership functions provides varying controller output
based on the residua (r(k)) that are desirable for con-
trol of the height for three-tank benchmark system.
The input output parameter range is found with op-
erating point of three-tank system and normalized.

Each rule contributes to the final FLC output accord-
ing to matching for the IF part of the fuzzy rule.
The T-S type fuzzy inference takes a weighted average
of the individual outputs for each rule. The output
ϑi (i = 1 ∼ 343) for each rule is weighted by the firing
strength µRi , which is calculated as given by equation
8. The structure of FLC is T-S type, which consists of
rules of the following form

Ri : If (e(k) is Ai
1) AND (ė(k) is Ai

2);

AND (r(k) is Ai
3), THEN (u2(k) = ϑi)

(11)

The firing strength for the first rule is

µR2 = µA1
(e(k))µA1

(ė(k))µA1
(r(k)) (12)

The final output of the fuzzy controller is calculated
by aggregating all sixteen rules in the weighted form

µflc =

∑343
i=1 µRiu2(k)∑343

i=1 µRi

(13)

3.3 PID controller design

The most common and simple control sachem is PID,
which is used widely in industries because of its ro-
bustness and linear output[23].PID controller is an ap-
propriate combination of proportional, integral and
derivative terms to provide all the desired perfor-
mances of a closed loop system.It also gives zero
steady state error and overshoot is also very less.
PID controller are recommended for use in slow pro-
cesses and which are free from noise.The PID con-
troller can be realized as a controller that takes ac-
count of the present, the past and the future of the
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error [34].Mathematically, PID controller is expressed
as

Gc(s) = Kc

(
1 +

1

τis
+ τds

)
(14)

Where, Kc is proportional gain, τi id integral time and
τd derivative time.

As PID controller has three parameters to be adjusted,
so many different methods have been developed.Many
researchers have proposed different tuning methods for
tuning PID controller.In this article Ziegler & Nichols
tuning methods are used which is described below.

Ziegler-Nichols Method

In 1942, Ziegler and Nichols explained simple math-
ematical procedures for tuning PID controllers.These
procedures are now accepted as standard in control
systems practice [3].They proposed a mathematical ta-
ble for tuning each parameters of PID controller.They
proposed different procedures for open loop and closed
loop systems.

Ziegler-Nichols Open-Loop Method

In this method we have to obtain step response of open
loop system, so it is also called process curve method.

Steps involved in tuning a process using this method
[4] are

• Make an open-loop step test of process transfer
function.

• From the process reaction curve, determine dead
time (τdead), time constant (τ), ultimate value
that the response reaches at steady state, (Mu)
for a step change of (P0).

K0 =
P0

Mu
∗ τ

τdead
(15)

• Obtain PID tuning parameters using Table 2

Kc τi taud
PID 1.2P0 2τdead 0.5τdead

Table 2: Ziegler-Nichols Open-Loop Tuning Parame-
ters [4].

Based on Ziegler-Nichols tuning parameters tabulated
in table 2, the PID controller parameters are found as
follows:

Kc = 1.5482, τi = 2.4616, andτd = 0.7812

Now, proposed Passive FTC output u(k) is combi-
nation of PID output u1(k) and Type-1 FLC output
u2(k) which is given by eq. 15.

u(k) = u1(k) + u2(k) (16)

4 Simulation Results

The results shown in the following figures are step re-
sponses obtained for specific operating points.

The application results are depicted for:

• System component fault (Tank bottom leak)
(Abrupt in nature) at t = 4 sec with the PFTC
control (figure 4)

• System component fault (Tank bottom leak) (In-
creasing in nature) at t = 4 sec with the PFTC
control (figure 5)

• Pump fault (blocked or loss of effectiveness)
(Abrupt in nature) at t = 4 sec with the PFTC
control (figure 6)

• Pump fault (blocked or loss of effectiveness) (In-
creasing in nature) at t = 4 sec with the PFTC
control (figure 7)

• System component (Tank bottom leak) and pump
fault (blocked or loss of effectiveness) simultane-
ously occurs,the fault having in different in nature
(abrupt and increasing) at t = 4 sec and t = 12
sec with the PFTC control (figure 8)

4.1 PFTC in case of system component fault:

On figure 5, it can be seen that the system component
fault (tank bottom leak) introduced at tank 3 at t = 4
sec. The different magnitude of leak fault introduced
in to tank 3 with abrupt in nature. The result fig-
ures clearly shown the effects of leak fault on steady
state. At the instant system faults occurs the con-
troller law u(k) given by T-S fuzzy logic control plus
PID control which preserve the system performances
at acceptable level.The control performance of the Pas-
sive FTC subject to system component fault (Abrupt
nature) measured using IAE and ISE errors, the error
results illustrated in table 3.

On figure 6, it can be seen that the system component
fault (tank bottom leak) introduced at tank 3 at t = 4
sec.The different magnitude of leak fault introduced in
to tank 3 with increasing in nature.The result figures
clearly shown the effects of leak fault on steady state.
At the instant system faults occurs the controller law
u(k) given by T-S fuzzy logic control plus PID control
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Figure 5: PFTC control response of system component
fault abrupt in nature.

Sr. No. Controller f1 IAE ISE
1.

Passive
FTC

M=1 0.1606 0.0623
2. M=2 0.2142 0.1115
3. M=3 0.2445 0.1561
4. M=4 0.2698 0.2092

Table 3: Integral error results of Passive FTC for sys-
tem component fault abrupt in nature.

Sr. No. Controller f1 IAE ISE
1.

Passive
FTC

S=1 0.1213 0.04639
2. S=2 0.1356 0.04782
3. S=3 0.152 0.0506
4. S=4 0.1675 0.05435

∗S denotes the slope value for increasing fault nature.

Table 4: Integral error results of Passive FTC for sys-
tem component fault increasing in nature.

Figure 6: PFTC control response of system component
fault increasing in nature.

which preserve the system performances at acceptable
level.The control performance of the Passive FTC sub-
ject to system component faults with different magni-
tudes (increasing nature) illustrated in table 4.

4.2 PFTC in case of actuator fault

On figure 7, it can be seen that the actuator fault
(block or loss of effectiveness) introduced for pump
1 at t = 4 sec. The different magnitude of actua-
tor faults introduced in to pump 1 with abrupt in

nature.The Passive FTC response clearly shows the
effectiveness of the strategy. The controller law u(k)
smoothly maintain the reference point with all most
zero steady state error.The control performance of the
Passive FTC subject to actuator faults with different
magnitudes (abrupt nature) illustrated in table 5 in
terms of integral errors.

Figure 7: PFTC control response of actuator fault
abrupt in nature.

Sr.No. Controller f2 IAE ISE
1.

Passive
FTC

M=5 % 0.1213 0.04639
2. M=10 % 0.1356 0.04782
3. M=15 % 0.152 0.0506
4. M=20 % 0.1675 0.05435

Table 5: Integral error results of Passive FTC error
result for actuator fault abrupt in nature.

Sr. No. Controller f2 IAE ISE
1.

Passive
FTC

S=1 0.3291 0.1149
2. S=2 0.5514 0.3212
3. S=3 0.7737 0.6699
4. S=4 0.996 1.144

Table 6: Integral error results of Passive FTC for ac-
tuator fault increasing in nature.

On figure 8, it can be seen that the actuator fault
(block or loss of effectiveness) introduced for pump 1
at t = 4 sec.The different magnitude of actuator faults
introduced in to pump 1 with increasing in nature.The
Passive FTC response clearly shows the effectiveness
of the strategy. The control performance of the Passive
FTC subject to actuator faults with different magni-
tudes (increasing nature) illustrated in table 6 in terms
of integral errors.

4.3 PFTC in case of actuator and system
component faults simultaneously

On figure 9, it can be seen that the system component
(tank bottom leak) and actuator fault (block or loss
of effectiveness) introduced simultaneously with dif-
ferent time. Also fault is introduce into system with
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Figure 8: PFTC control response of actuator fault in-
creasing in nature.

Figure 9: PFTC control response of system compo-
nent and actuator fault simultaneously (abrupt and
increasing in nature).

two different nature, one is abrupt and second is in-
creasing.The system component (leak in tank 3 bot-
tom) faults (increasing nature) introduced at t = 16
sec and actuator faults introduced at t= 6 sec.At the
other side to check response subject same faults but
abrupt in nature introduced into the process system
component fault at t= 16 sec and actuator faults at t=
6 sec.The critical observation and error results shows
that, same magnitude actuator faults is degrade con-
trol performance drastically compared to same magni-
tude of system component faults for both the abrupt
and increasing nature.Also from the responses we came
to know, abrupt nature actuator and system compo-
nent faults effects is more vulnerable compare to in-
creasing nature.The comparative control performance
of the Passive FTC subject to actuator faults with
different magnitudes (increasing and abrupt nature)
illustrated in table 7 in terms of integral errors.

S
r.

N
o.

C
on

tr
ol

le
r

f 1
f 2

IA
E

IS
E

1.
P

as
si

ve
F

T
C

M
=

10
M

=
10
\%

5.
0
0
4

4
9
.6

3
2.

S
=

4
S

=
4

1.
0
4
8

1
.1

4
9

Table 7: Integral error results of Passive FTC result
comparison for simultaneous system component and
actuator fault (abrupt and increasing in nature).

5 Conclusion

The method developed in this paper allows to increase
the application field of Fault Tolerant control law: the
industrial processes without hardware redundancy, in
the event of actuator or system component failures.A
significant actuator failure (blocked or loss of effective-
ness), system component fault (tank bottom or pipe
leak) on a process without hardware redundancy can
be considered as a critical failure.Its application to a
non-linear process, a three-tank system, emphasizes
the importance and usefulness of such a fault toler-
ance.The objective of this Fault Tolerant control is
different from that usually met.Indeed, in the pres-
ence of critical faults on such process,it is impossi-
ble to maintain the damaged system at some accept-
able level of performances, whatever the applied con-
trol strategy.The objective is so to operate safely and
to minimize the loss of productivity.The abrupt and
increasing nature of actuator and system component
faults are taken to check the efficacy of the proposed
Passive FTC scheme.It is realized from the simulation
responses and error results T-S Fuzzy plus PID con-
troller based Passive FTC is an efficient strategy for a
non-linear three-tank level process.

In addition to this proposed work, Type-2 FLC will be
use full in the case of process having modeling uncer-
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tainty and unexpected noise is a major future scope of
work.Also one o the key part of future work is to mini-
mize computation time of Type-2 FLC.Future work is
extended to optimization of Type-1 ant Type-2 fuzzy
sets using Genetic Algorithm (GA) and design FLC
using this membership functions, this approach was
well defined in [16].
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