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Passive Fault Tolerant Control Based on Interval
Type-2 Fuzzy Controller for Coupled Tank System
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Abstract—In this paper, a robust controller for a coupled
tank level control is proposed in presence of actuator and
system component faults. For this purpose, Interval type-2
fuzzy logic control approach (IT2FLC) technique is used to
design a controller, named passive Fault Tolerant Interval
Type-2 Fuzzy Controller (PFTIT2FLC) based on the robust
controller to fault tolerant of coupled tank level control system.
The proposed control scheme allows avoiding modeling,
reducing the rules number of the fuzzy controller. The
simulation results show that the PFIT2FLC can provide good
tracking performance, even in presence of actuator and system
component faults.

Keywords—Actuator fault, system component fault, Interval
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. INTRODUCTION

The actuator and system component faults in any control
system may degrade performance drastically even creating
dangerous situation. To tolerate such kind of unwanted
situation Fault Tolerant Control (FTC) strategy is used to
maintain system stability and control performance at
acceptable level. The FTC classified into two broad category
based on working principle. One is Active FTC and second
one is Passive FTC [1]. The active FTC required separate
algorithm to detect, identification and for diagnosis the fault,
and based on the outcome from the algorithm controller will
change the parameters [2]. Contrary the passive FTC is
robust controller which designed based on predetermine
faults [3].

Control design for single-tank or multiple-tank level
control system with interacting and non-interacting
configuration has been a topic of active research in recent
years due to their important applications. The coupled-tank
level control system prototype is often used in chemical
processing industries and education for the design and
implementation of control algorithms. In our study we
consider the coupled-tank level control process laboratory
setup. Because this coupled-tank has nonlinear dynamics as
well interaction between two tanks, the control of this system
is challenging task. Many researchers have been interested in
the control of coupled-tank level system. Some of them
designed trajectory tracking control strategy for double tank
level process based on predictive observer [4]. The
backstepping controller is design for coupled-tank level
control system using adaptive high gain observer in [5], and
experimental validation investigates on coupled-tank system
in [6]. Also linear model predictive control (LMPC) strategy
proposed for nonlinear coupled tank level control process in

[7]

Since last two decade fuzzy controllers are used more
and more for the controlling of coupled-tank level system.
However, it is not easy to understand the organization of the
fuzzy rule base, since the fuzzy rules are more complicated
than the rules based on the common sense. Moreover, the
number of rules is large and the complexity of the fuzzy
controllers is high. In [8] authors design type-1 fuzzy logic
control for coupled tank level control system, and in [9] type
2 fuzzy logic control is proposed for level control system. To
accommodate the different faults like system component and

Himanshukumar Patel,College Road, Nadiad, India

ISSN: 1998-0140

116

actuator fault, the authors of [10] designed PFTC using fuzzy
logic and conventional Pl controller and reported good
control performance in simulation platform with system fault
and unknown process disturbance. Thereafter “in press [11]”
author validate the proposed PFTC strategy from
implemented on real-time single-tank non-interactive system
with system fault.

The paper attributes Passive FTC using Interval Type-2
Fuzzy Logic Control (IT2FLC) for Coupled-tank Level
Control System (CTLCS) subject to actuator and system
component faults.

The rest of the paper is organized as follows: The
dynamics of the coupled-tank level process is described in
Section 2. The background of the type-2 fuzzy logic control
and the design of Passive Fault Tolerant Interval Type-2
Fuzzy Logic Control (PFTIT2FLC) is presented in Section 3.
The simulation results demonstrating the effectiveness of the
proposed approach is presented in Section 4. A conclusion of
this work is given in Section 5.

A. Coupled-Tank Level Control System

As depicted in Fig. 1 below, the CTLCS model consists of
two cylindrical tanks with the same transversal area and
height. The tanks are interconnected through a cylindrical
pipe and have individual constant output flows. They are also
equipped with two level sensors. All the flow pipes are
equipped with manually adjustable valves. The design
objective is to maintain the liquid level of tank 2, hy, at a
desired reference by controlling the input flow of tank 1, qs.

The CTLCS system considered with two faults, one is
system component (Tank 2 bottom leak) fault and second is
actuator fault (Control Valve CV; choke up).

MODEL DESCRIPTION OF THE COUPLED-TANK SYSTEM
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Fig. 1. Coupled-Tank level control system prototype.

B. CTLCS Mathematical Modelling

The modelling of the CTLCS is carried out by the Mass-
Balance Equation and Bernoulli’s Equation. At any
instance, the rate of change of volume of liquid present
inside the tank can be expressed in terms of the liquid inlet,
liquid outlet and the tank interaction [2]. Mathematically,
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dh,

1% = 91~ qo1 ~ q12 1)
dh

2 d_tz =412 — 92 2

According to Bernoulli’s Equation, the flow rates [2]

o1, Ji2and g2 are given by,

do1 = l/'1\/h_1 (3)
q; = sz/h—z 4
q12 = Yi2/h1 — hy 5)

The CTLCS operating parameters and system parameters
are presented in table 1:

Table 1. Coupled-tank level control system parameters.

Arand A, Areaoftank 1and Tank2 0.0270 m?
01 Inlet flow rate 0.000162 m¥/sec
Y1 Discharge coefficient of 6.3795
tank 1
Y2 Discharge coefficient of 1.614
tank 2
Y12 Discharge coefficient of 4.372
coupling valve
h: Operating point of tank 1~ 0.35m
h, Operating pointoftank2  0.31m

The CTLCS model is linearized around the operating point
using Taylor’s series expansion method. The simulation is
carried out with and without faults for regulatory and
reference trajectory tracking control.

Il. PFTIT2FLC DESIGN AND BACKGROUND OF TYPE-2 FLC

A. Background of the type-2 fuzzy logic control

Type-1 and type-2 fuzzy logic are mainly similar. The only
essential difference between them which is the membership
functions shape, besides the output process. Indeed, an
interval type-2 fuzzy controller is consisting of: a fuzzifier,
an inference engine, a rules base, a type reduction and a
defuzzifier [12, 13] the block diagram of the type-2 FLC is
presented in Fig. 2.

Type-2 FLS
[ =PI -
: Output Processing -
| Knowledge Base Tt T P I Crisp
I Rule Base, Data Base : il qutputy
: Crisp ; A
inputs x % - 1 .Type-1 Fuzz,
p_@l !| Type-Reducer [ | 4 Set 4
1 il
]

| Fuzzy Fuzzy :
! ——| Inference = S .
I Input Sets Output Sets |

Fig. 2. Type-2 FLC structure block diagram.
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(A) Fuzzifier

The fuzzifier maps the crisp input vector (es, € ....., en) toa
type-2 fuzzy system Ay, which very similar to the procedure
performed in a type-1 fuzzy logic system.

Rules

The general form of the ith rule of the type-2 fuzzy logic
system can be written as:

If e, is F} and e, isFl and ... e, is E},Thany' = G' i =
1, M (6)

Where:

Fj"represents the type-2 fuzzy system of the input state j of
the ith rule, X1, X2, ..., xa are the inputs, G* is the output of
the type-2 fuzzy system for the rule i, and M is the number
of rules. As can be seen, the rule structure of type-2 fuzzy
logic system is similar to type-1 fuzzy logic system except
that type-1 membership functions are replaced by their type-
2 counterparts.

(B) Inference engine

In a fuzzy interval type-2 using the minimum or product t-
norms operations, the ith activated rule F'(xq,... x,)
produces the interval that is determined by two extremes

Fi(s, o %) and F (x,, .. x,) like written below [14]:
Fi(xy, .. x,) = [f(xl, xn),]_‘i(xl, xn)] n [Zi,]_‘l]

()
Where f tand ]_flcan be defined as follow:
zi = Epli(xl) ok EF}I(xn) (8)
—1 _ _
= e () * o Flgg () )

(C) Type reducer

After definition of the rules and executing the inference, the
type-2 fuzzy system resulting in type-1 fuzzy system is
computed. In this part, the available methods to compute the
centroid of type-2 fuzzy system using the extention principle
are discussed [13]. The centroid of type-1 fuzzy system A is
given by:

n
_ Ziz1ZiWi

no
i=1Wi

Ca (10)

Where: n represents the number of discretized domain of A,
zie Rand w; € [0, 1].

If each zj and w; is replaced by a type-1 fuzzy system (Z;
and W) , with associated membership functions of pz(z;)
and pw(Wi) respectively, and by using the extention
principle, the generalized centroid for type-2 fuzzy system
A can be expressed by:
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GCz =
oweri mez S wiews = S, [Ttz (2 Tt (2)]/
Zi=1 ZiWi (11)

n
Zi=1WL

T is a t-norm and GCx is a type-1 fuzzy system. For an
interval type-2 fuzzy system, it can be written:

GCz = [yi(x), yr (2]

:fyle[yll,yrl] fyMe[ylM,yﬂ”] "'ffle[zlfl] "'ffME[iMFM]l/

oM Fiyt

Ve =

(D) Deffuzzifier

To get a crisp output from a type-1 fuzzy logic system, the
type-reduced set must be deffuzzified. The most common
method to do this is to find the centroid of the type-reduced
set. If the type-reduced set Y is discretized to n points, then
the following expression gives the centroid of the type-
reduced set:

L vielyh)

o (Y (13)

Youtput (X) =

The output can be computed using the iterative Karnik
Mendel Algorithm [12]. Therefore, the deffuzzified output
of an interval type-2 FLC is:

_ i) +yr(x)

YOutput(x) - 2 (14)
With:
_ M M fly
N =T & HI =T 12)

B. PFTIT2FLC Design for coupled-tank level control
system

In order to eliminate the high oscillation, nonlinear
system and model uncertainty, a continuous Interval Type-2
Fuzzy logic control (IT2FLC) is used to approximate the
discontinue control. The proposed control (PFTIT2FLC)
scheme is shown in Fig. 2.

{x =AX + Bu
lly = ¢x + Du
Fault-free Model of Coupled-Tank System 4
A IT-2 Coupled-Tank | | gutput
Reference | Fuzzy [?| Level Control A ¥
System System ?

Fig. 3. Block diagram of the proposed controller
PFTIT2FLC.

The IT2FLC membership functions of the fuzzy input
variable are chosen to be triangular for all upper and lower
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membership functions. The uses labels of the fuzzy variable
residue, error and its derivative are: {very small (VS), small
(S), big (B), and very big (VB))}. Figure 4 presents the
type-2 membership functions for the IT2FLC. The
corrective control is decomposed into four levels, the
IT2FLC consist of three input and one output, and so total
rules can be 64.

15 15 1 0.5 0 05 1 15
troller output

Fig. 4. |

&

nput output membership function of IT2FLC.

IV. SIMULATION RESULTS

In order to verify the proposed control scheme for
CTLCS subject to system component and actuator faults.
First fault-free case investigate of CTLCS with proposed
control scheme and compare with other control scheme. The
fault-free response for various controller are presented in Fig.
5 and Fig. 6 with pulse and sine trajectory respectively.

1§ —— Reference Trajectory

pr
PID controller proposed in [15]
7 8 9

5 10
Time (Sec)

Fig. 5. Pulsed trajectory tracking response comparison
without faults.

0 ; 2 3 4 I< 6
Time (Sec)

Fig. 6. Sine trajectory tracking response comparison without

faults.

A. Tracking response with System component faults

Two test examining on CTLCS, test 1 is for pulsed
trajectory tracking with system component faults, and test 2
is for sine trajectory tracking with system component faults
with different magnitudes.

Test 1 responses with various controller depicted in Fig. 6
with system component fault fi;= 1 m and test 2 responses
depicted in Fig. 7 with fault magnitude fi= 2 m. The
comparative error results also presented in table 2.
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Fig. 7. Pulsed trajectory tracking response comparison with
system component faults.

3
Time (Sec)

Fig. 8. Sine trajectory tracking response comparison with
system component faults.

Table 2. Quantitative comparision between the proposed
controller, PID controller, LQR controller and T1FLC with
system component faults.
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Fig. 9. Pulsed trajectory tracking response comparison with
actuator faults.

T T T

\

T T

\ 2

\ (‘mnlll uu ,v
M~

/g/’: N
/)

/
\.\@‘

\

3
Time (Sec)

Fig. 10. Sine trajectory tracking response comparison with
actuator faults.

Table 3. Quantitative comparision between the proposed
controller, PID controller, LQR controller and T1FLC with
actuator faults.

Test Control scheme 1AE ISE Test Control scheme 1AE ISE
h> h> h2 h
Testl PID Controller 5.38 2.303 Testl PID Controller 6.049 3.621
proposed in [15] proposed in [15]
LQR control  3.566 1.579 LQR control  3.698 2.175
proposed in [16] proposed in [16]
T1FLC proposed 2.31 1.577 T1FLC proposed 2.277 1.53
in[17] in [17]
The proposed 1.023 0.472 The proposed 1.008 0.4296
PFTIT2FLC PFTIT2FLC
Test2 PID Controller 34.52 15.06 Test2 PID Controller 27.34 13.84
proposed in [15] proposed in [15]
LQR control  6.091 5.92 LQR control  11.42 8.91
proposed in [16] proposed in [16]
T1FLC proposed 3.27 2.105 T1FLC proposed 2.892 1.098
in[17] in [17]
The proposed 1.672 0.3914 The proposed 1.6898 0.396
PFTIT2FLC PFTIT2FLC

B. Tracking response with actuator faults

Two test simulating on CTLCS, test 1 is for pulsed
trajectory tracking with actuator, and test 2 is for sine
trajectory tracking with actuator faults with different
magnitude.

Test 1 responses with various controller depicted in Fig. 9
with system component fault f.= 5 % and test 2 responses
depicted in Fig. 10 with fault magnitude f,= 5 %. The
comparative error results also presented in table 3. The f;
represents the control valve CV1 choke up.
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C. Regulatory step response with system component and
actuator faults

The comparative regulatroy control response of the CTLCS
with system componnet and actuator faults presetnted in
Fig. 11 and Fig. 12. The system component fault (f1)
megnitude is M= 2 m height redusing dratically in tank 2.
And two faults introdused in CTLCS with difrent time
instance. Same as actuator fault (f;) megnitude is M= 5 %
Control Valve choke up in CVi. The two faults introdused
in CTLCS with difrent time instance.
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~Reference Height
Proposed PFTIT2FLC
TIFLC controller in [17]
LQR controller proposed in [16]
PID controller proposed in [15]

6 7 8 9

Time(Sec)S
Fig. 11. Regulatory step response comparison with system
component faults.
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| Proposed PFTIT2FLC

TIFLC controller in [17]

LOQR controller proposed in [16]
PID controller proposed in [15]

10
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11

Fig. 12. Regulatory step response comparison with actuator
faults.

The quantitative comparison between the proposed with
other controller are presented in table 4. The ISE results
shows that, lesser value of ISE for proposed controller
(PFTIT2FLC) amongst other presented controller.

Table 4. Quantitative comparision between the proposed
controller, PID controller, LQR controller and T1FLC with
system component and actuator faults.

Test Control scheme 1AE ISE
h, h2
Test 1 PID Controller 0.6765 0.6165
System proposed in [15]
Component LQR control  0.5265 0.3567
Fault proposed in [16]
T1FLC proposed 0.4362 0.2505
in[17]
The proposed 0.1527 0.08046
PFTIT2FLC
Test 2 PID Controller 1.572 0.5543
Actuator proposed in [15]
Fault LQR control  1.032 0.3154
proposed in [16]
T1FLC proposed 0.6689 0.4464
in[17]
The proposed 0.3054 0.1449
PFTIT2FLC

V. CONCLUSION

In this paper, performances of Passive Fault Tolerant
interval type-2 fuzzy logic controller (PFTIT2FLC) for
coupled-tank level control system are investigated in the
presence of system component (tank leak) and actuator
faults. A good position tracking performance is obtained
using this controller with pulse and sine reference trajectory.
The simulation results have shown high efficiency of this
control strategy, it maintains the stability and the good
performances of the coupled-tank level control system in
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presence the system component and actuator faults. In
addition the comparative study performed with other recent
works developed in the literature, has shown the
effectiveness of the proposed control approach. In the future
work the general form of type-2 fuzzy sets proposed in [18,
19] will be introduced in the proposed control to increase
robustness of the system and handle the uncertainty and
external disturbances.
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