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Abstract

Quadruple Conical Tank System (QCTS) is
benchmark a laboratory setup for testing of
various linear and nonlinear control algo-
rithms for the multivariate control system.
The multiple process configuration for mul-
tivariate input-output can be obtained from
quadruple conical tank system. This article
is concerned with designing a novel Fault-
Tolerant Control (FTC) using Interval Type
2 Fuzzy Control (IT2FLC) subject to actu-
ator and system component (Leak) faults.
Additionally, paper explores the pen loop re-
sponse with given operating points of quadru-
ple conical tank system linearized model for
non-minimum phase configuration obtained
from MATLAB. The proposed control de-
sign method is simulated on prototype model
of quadruple conical tank process for on-
minimum phase configuration. The perfor-
mance of the proposed controller is studied
through extensive simulations with regula-
tory and servo responses. Through compara-
tive studies of proposed controller with other
model based Ho,, LQR, 2 DoF Decentral-
ized PI Controller and model free Type 1
Fuzzy Logic controller (T1FLC) responses in
MATLAB simulation environment, the effect
of interaction, coupling, time variations and
change in dynamic behaviour of QCTS con-
firmed.

Keywords: Actuator fault, Fault-tolerant
control, Quadruple Conical Tank System,
non-minimum phase system, system compo-
nent fault, interval type 2 fuzzy control.

1 Introduction

The majority number of chemical processes are mul-
tivariable in nature, exhibiting some strong couplings
and occasionally a non-minimum phase character that
makes the control design problem a challenging task
[4], [25], [37]. In general, for such chemical processes,
the objective of a control system is to maintain several
controlled variables at independent set points. Despite
the coupling problems associated with multivariable
systems, a non-minimum phase system is even more
difficult to control. None of the techniques that are
based upon model inversion can be used since such an
inversion leads to an unstable closed loop system. Mul-
tivariable controllers have been previously designed
for such systems. However, centralized controller de-
sign for multiple-input-multiple-output (MIMO) sys-
tems is associated with possible problems concerning
the complex computations, maintenance due to the
size and a high risk of failure even though it provides
better performance. Simplified algorithms are gener-
ally preferred as an alternative solution. In contrast
to the centralised multivariable control, decentralised
control is widely preferred in practice and industrial
applications especially because of its main advantage
that allows for an easy implementation and tuning,
if a sufficient number of sensors and actuators ex-
ist. It is also highly reliable and flexible. If prop-
erly tuned, it can lead to excellent closed loop results.
Although, many other alternatives solutions ware pro-
vided for controlling MIMO non-minimum phase sys-
tem like Hoo, LQR, 2 DoF Decentralized PI Controller
and model free Type 1 Fuzzy Logic controller (T1FLC)
in [3], [32], [33] and [34].

The quadruple tank process is the case study consid-
ered in this paper. These particular processes have
been the focus of numerous papers, since they exhibit
elegantly complex dynamics of interest in both con-
trol and research education [15], [25], [33] and [38].
They have been widely used in chemical engineering
laboratories to illustrate the performance limitations
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for multivariable systems due to strong interactions,
right-half plane transmission zeros and model uncer-
tainties, the challenges and some solution discussed in
[3], [10], [15], [38] and [34]. In [8], [10] and [11] au-
thors are describe the effects of interaction in the sys-
tem response and overcome this limitation with con-
ventional PID controller structure using decentralized
mode. In [15] authors design robust controller for
quadruple level system using sliding-mode controller
with fuzzy logic.Author in [38] designed decentralize
controller and overcome the limitation of interaction,
coupling in MIMO quadruple tank level process.In [37]
nonlinear feedback controller is design for multivari-
able non-minimum-phase processes.

A passive Fault-tolerant control was design using con-
ventional and artificial intelligence based techniques in
18, 20, 21, 22, 24, 26, 27, 28, 29, 34] and [39] for single
input single output (SISO) and multi input multi out-
put (MIMO) cylindrical tank level process subject to
actuator, sensor, and system component (Leak) faults.
However, in [1], [5], [19], [21], [23], [26] and [30, 31] in-
stead of cylindrical tank authors taking conical shape
tank, which is having highly nonlinear dynamics due
to its shape, also in [1] and [5] author has design con-
troller for quadruple conical tank system with non-
minimum and minimum phase configuration. In [21],
author design FTC using neural network for SISO
Two-conical tank system subject to all possible fault
in the system, but the structure of the controller is
combination of both conventional PID controller and
neural network.

IT2 FLCs are also appreciated and latest trends in
control applications because they also provide a non-
linear control, but in addition provide the uncertainty
consideration in their model, and some examples of

applications of IT2 FLCs are [2], [7], [17], [35] and [40]

The main motive to go with the Interval Type-2 Fuzzy
Logic System (IT2FLS) approach is list out as follows:

e The main advantages of the IT2FLC are providing
robustness, free-model design, and better perfor-
mance than classic alternatives, and this is mainly
thanks to its non-linear modeling abilities. In [12]
Hagras presents the advantages of modeling the
uncertainty in the FLCs and how T2 FLCs of-
fers an improvement with respect to T1 FLCs, in
[41] Wu provides an analysis of the differences be-
tween T1 and IT2 FLC and in [6] & [35] provides a
performance comparison for a particular complex
applications.

e The IT2 FLC controller is more robust against
the noise environment [9] and it is best suitable
for the nonlinear higher order system.

e IT2 FLC will incorporate the model uncertainty
with the help of Footprint of Uncertainty (FOU)
in IT2 FS, the concept of this well define in [26]
and [31].

o As discussed in [41] two fundamental differences
between IT2 and T1 FLCs is 1) Adaptiveness and
2) Novelty. As a result, an IT2 FLC can imple-
ment a complex control surface that cannot be
achieved by a T1 FLC using the same rule base.

Based on the above motivation and some literature in
recent years on I'T2 FLC we proposed IT2FLC based
Fault Tolerant control (FTC) system for non-minimum
phase system against different faults and model incer-
titude.

To summarize, the main contributions of the article are
enumerated below: While the existing methods are,
in general, highly iterative in nature and complex to
implement, IT2FLC based controller is non-iterative
synthesis method and knowledge base controller which
reduce computational burden. A comparative results
are produce, and confirm with three integral errors.
Also transient responses are compared to other meth-
ods with proposed method. The proposed method is
tested for a quadruple-tank system with non-minimum
phase setting. The superiority of the proposed control
over the widely used decentralized PI and other cen-
tralized controllers (i.e TIFLC, LQR, H is studied
through extensive simulations). The paper presents
remarkable results for highly nonlinear MIMO QCTS
system with two faults.

The paper is structured as follows. The first section
contains the introduction of the multivariable system
and related literature survey, including a conventional
PID as well as a decoupling, fuzzy logic, LQR, Heso
approach. Then, the prototype model of QCTS is
demonstrated, for case study the non-minimum phase
conical water tanks system is taken. The third section
presents the FTC design using IT2FLC. The fourth
section presents the simulation results of servo and reg-
ulatory performance, while the main conclusions are
stated in the final section of the paper.

2 Prototype System Overview

As shown in figure-1, MIMO Quadruple Conical Tank
System (QCTS) prototype setup consist of four inter-
connected conical tanks, two water pump, one stor-
age tank, two three-way valve, four hydrostatic level
sensors. Some recent research work presents proto-
type system of QCTS in [1] [5]. In order to introduce
coupling effect between inputs and outputs, three-way
valves are used. The valve positions are A\; and ..
These valve positions give the ratio in which the out-
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put from the pump is divided between the upper and
lower tanks. Input flow rates through final control as-
sembly (VFD and pump) are manipulating inputs and
level of the lower two tank that is tank 1 and tank 2
are controlled variables. The outlet of both pumps are
connected with three-way valves. Notation for input
variable are vl and v2, which represents input flow
rate to the system, and hy and hs represent the height
of lower two tanks. Based on the operating point of
three-way interaction valve input flow for tank 3, 4
and tank 1, 2 vary. Apart from that, each tank has
outlet with manual 2 ways valve, which are mentioned
as Vi, Vo, Vi, and Vj respectively, and each manual 2
way valve having valve co-efficient 1, 72, 73, and 4
respectively . Furthermore, in QCTS prototype, two
faults are taken one is actuator faults (f,) and second
one is system component (leak) faults (fsys). Using
Control System and simulation tool box of MATLAB,
detailed comparative analysis of open loop and closed
loop responses in simulation is carried out.

The operation of quadruple tank system can be com-
prehended in two phases namely minimum phase and
non- minimum phase. Minimum Phase: When the
liquid enter the lower tanks is less than that of up-
per tanks then the system starts operating in mini-
mum phase. Non-Minimum phase: when fraction of
liquid entering the upper tanks is less than that of
lower tanks, then the system starts operating in non-
minimum phase.

Figure 1: Schematic diagram of prototype QCTS.

2.1 Mathematical Model of QCTS

Quadruple tank system is very popular in academia.
Based on newtons mass flow and Bernoullis law on
mathematical model for QCTS system is obtained.
After the linearization, the state space matrix A, B,
C, and D give transfer function matrix with the rela-
tion between inflow rate and height as the level of the

tank. For the model of QCTS system input variable
are vl and v2 Inflow rates and the output variable is
height or level of tank h; and hs. To derive a math-
ematical model of QCTS system MATLAB platform
is used. By using MATLAB Control System Tool-
box; ordinary differential equations can be linearized
with transfer function matrix. A complete linearized
mathematical model is derived using control design
and simulation tool box. MATLAB Control System
Toolbox provides linearized transfer function matrix
based on mass flow equation of QCTS system for a
various operating point. In QCTS system two inputs
and two outputs will generate 2x2 transfer function
matrix with some dynamics like first order, second or-
der and so on. Ordinary Differential Equation (ODE)
for QCTS is as listed in equations 1 to 4. Figure 1
shows the schematic diagram of QCTS with different
parameters.

The notations used in figure-2 are as below:

K1, Ky = pump gain (cm?)/sec/volt

h1, ha, hz, hy= level of water or liquid in cm

vl, v2 = voltage of pump (volt)

A1, A2 = inflow rate of pumpl and pump2 in cm?/sec
Ay, Ay, Az, A;= tank cross section area in cm?

g = gravitational force = 980.665 cm /s>

a1, as, as, a4 = cross section area of outlet hole in cm
Y1, Y2, V3, Ya = outlet valve ratio (co-efficient)

Now differential equations of QCTS are as listed below:

2

dhl/dt = Ail{’)/gag\/ (29h3)+>\1K1’U1 —Y1a1\/ (2gh1)}
(1)

dhz/dt = %{740;4\/ (29h4)+>\2K21}2 — Y2024/ (29h2)}
(2)

dhs/dt = Aig{(l — X2)Kovg — Y303/ (29h3)} (3)

dhy/dt = %4{(1 — A1) Kvy — vaas/(2gha)}  (4)

The state space representation of QCTS is define by:

.131 (%11) L (%{) 01 .’1,‘1
3 0 0 (%) O 3
1
T4 0 0 0 (7)) L7
3'2161 0
1-7)k (6)
a O)k ( X;) | e
s
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1 _3may/(9) 1 sasv(29)
A2y () T A2/ (ha))
1 _370y/(@9) 1 _ 3v0av(29)
T2 Ax(2y/(h2)) T Au(2y/(ha))
1 3yazy/(29) 1 3vsa4+/(29)

s A3(2\/(hs)) T4 Au(2y/(ha))

Y| Kc 0 0 0 X9 (7)
Y2 o 0 KC 0 0 X3
Transfer Function Matrix:

G(s) = C(SI — A)™'B, Bil(s)} = G(s) * {Ul(s)]

2(s) Us(s)
G(s) =
3mk1 3(1—1) K>
A1 (S+(1/m1)) Az (S+(1/m1))(S+(1/73))
3(1—y1) Ky 32k
A7y (S+(1/72))(S+(1/14)) A2 (S+(1/72))

System Analysis

The rate of change of liquid height (hy, ha, hs, h4)
and relates the difference between inlet flow and out-
let flow.

Conical Tank Common Parameter:-

H=Tank Height (60 cm) R Outer Radius of conical
tank.=12cm, r= Radius of the outlet =lcm & aq,
as, az, and a4 = cross sectional area of the outlet =
3.14x12 =3.14 cm?

Non-minimum Phase QCTS Model found as
follows:

0.0706 0.017429
G(s) = 5+0.488 (s+0.488)(g%+0.8718)
(5+0.4127)(5+0.62104) (5+0.4127)
(8)
Parameter Parameters Value
h1,ho 21.39 cm, 18.69 cm
hs,hy 14.83 cm, 13.48 cm
Y15 V2 025, 0.30
Ky, Ks 33,315
Al,AQ,A3,A4 159.407 cm2
1/71,1/m 0.39, 0.48
1/73,1/74 0.93, 1.37
A 153.86 cm?
1/, 1/ 0.47,0.77
g 981 cm?/sec
Table 1: QCTS parameters for Non-Minimum phase
configuration.

QCTS illustrated in Figure 1 where, h = [hq, hs]is the
output vector of QCTS, h = [h}, h3]T is the operat-
ing output of v = [vy,v3]T is control voltage to the
pump,the system, v = [v},v3]T is control voltage at
the operating point, R = [ry,73]7 is reference input.

2.2 QCTS open loop response for
non-minimum phase configuration

In figure 2, depicted open loop response of QCTS with
non-minimum phase configuration

40
§30 r
2201
=10
0 i l ) |—0pcn-lnop Response Tank-1
0 100 200 300 400 500 600 700
40 T T T T T T
'530 r
20t
Z10f
= 0 N | N |—Open-loop Response Tank-2
0 100 200 300 400 500 600 700

Time (Sec)

Figure 2: Open-Loop Response of QCTS.

3 FTC Scheme using IT2FLC

3.1 Preliminary of Interval type-2 Fuzzy
Logic System

3.1.1 Type-2 Fuzzy Sets

The concept of Type-2 Fuzzy Sets was developed by
Zadeh already in 1975 as an extension of Type-1 FSs
[46] but it only gained broader audience much more
recently with the several developments proposed by
Mendel and Karnik [16]. Type-1 FSs introduced an
important fuzziness degree to create linguistic parti-
tions of a crisp domain. Nonetheless, the MFs used
to do so are themselves crisp since they are totally
defined without considering any uncertainty on their
parameters. Type-2 FS overcome this limitation by
defining a secondary degree of fuzziness, i.e. the mem-
bership value for each input of a FS is itself defined
as a FS in the [0,1] domain [14]. The union of all em-
bedded Type-1 FSs eventually will end up in a blurred
area, known as Footprint of Uncertainty (FOU), that is
bounded by two MFs, namely the Upper Membership
Function (UMF) and the Lower Membership Function
(LMF). Furthermore, each membership function given
by a person can be assigned with a variable weight
according to the amount of confidence associated to
its opinion, defining this way the secondary degree of
fuzziness. For this reason, a Type-2 FS representa-
tion embeds additional degrees of freedom which can
better handle uncertainties caused by noisy data and
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changing environments as is required for example when
developing a processs model. Type-2 FSs, which can be
generically represented by equation (9).

F = /uexu(u) du = /u€X /UGJI [g(x)dz]du ©)
Jy CRand X C [0,1]

where g(z) is one of the possible primary MFs.

3.1.2 Type-2 Fuzzy Logic Systems

The structure of a Type-2 FLS shares the same core
components of its Type-1 counterpart, namely: a
Fuzzifier, a Rule-Base, an Inference Engine and ul-
timately the Output Processor [43][44][45]. While in
Type-1 FLSs their final stage resumes to a defuzzifi-
cation procedure, in the Type-2 case the Output Pro-
cessor embraces an additional stage so a Type-2 FS
is firstly converted into an equivalent Type-1 FS [31].
This procedure is implemented by a Type-Reduction
(TR) algorithm, which will be presented further in this
document. The interdependency of the referred blocks
is depicted in figure (3).

Crisp prenmsieanseeesneeen s .Crisp
Input : z
% Fuzzifier ‘ ‘ Rule Base ‘ ,@'—;@“m“t
< ly=rog ey
Type-2 Type-2 Type-1
Fuzzy Sets Fuzzy Sets Fuzzy Sets:

Inference

—{Type-Reducer

Output Processor

Figure 3: Type-2 Fuzzy Logic System structure [31].

3.1.3 Fuzzifier

Similarly to the Type-1 FLS, the most simple way to
implement the fuzzifier of a Type-2 FLS is to map a
crisp input into a Singleton FS, as defined in equation
(10). While information uncertainty is not explicitly
considered in the fuzzification stage, it is indirectly
accounted for in the rules F'Ss representations.

. _ /1, x=ua
Ha, (z) = {O, otherwise (10)
where 2’ is the systems input value.

3.1.4 Rule-Base

As a natural extension of Type-1 FLS, Type-2 FLSs
also synthesize their Rule-Base in a set of If-Then
rules, establishing the relations between the systems
input and output. Regardless the Fuzzy Sets nature,

the way which rules are formed remains the same.
Therefore, a Type-2 FLS rule is represented as follows:

R':IF zyis F{ and --- and z; is F;, THEN y'is G°

(11)
where R’ represents the i*" fuzzy rule, Ff j and Gi are
linguistic terms characterized by Interval Type-2 FSs,
i=11, --- ,M] where M is the number of rules, j =
[1,---,N] where N is the number of antecedents, x; are
the FLS inputs and y; is the rule output.

3.1.5 Inference Engine

The main difference between a Type-1 FLS and a
Type-2 FLS resides in their inference engine. From
section 2.2, one concluded that the result of the ;"
input and corresponding antecedent operations in the
it" rule yields a crisp number (1}) referred as member-
ship degree. In an IT2FS the result of this operation

is an interval given by (/1;) as follows:
Py () = | 1pe (25)  Fpy (25) (12)

where x; is the 4" FLS system input.

Despite the apparent complexity of this result, an in-
terval based representation allows the direct use of the
basic fuzzy logic operations (union, (s-norm), intersec-
tion (t-norm) and complement (c-norm)) . As so, the
t-norm operator, which is used to perform the inter-
section of the antecedent FS is defined as:

f = Tfi1ﬁﬁij () »?l = Tj]ilﬁﬁj (z;) (13)
where T is a t-norm (product).

3.1.6 Type-Reduction

The Karnik-Mendel (KM) algorithm [42], which can be
seen as an extension of Type-1 defuzzification proce-
dure, is currently the most accurate TR method found
in literature. Though, given its iterative nature, it is
the most complex stage of the fuzzy inference process,

requiring extensive calculations even when the simpler
IT2FSs are used.

Karnik-Mendel Type-Reduction

The KM algorithm is an iterative process which allows
one to obtain an interval of uncertainty for the centroid
of an Interval Type-2 FS given by [y;,y.]. Similarly
to the Type-1 FSs defuzzification case, Karnik and
Mendel [30] proposed several methods to perform the
Type-2 FSs TR based on well known approaches from
the Type-1 FLS defuzzification procedures, namely:
Height and Modified Height TR, Centroid TR and
Center-of-Sets TR.
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Centroid TR the Centroid TR starts by obtaining K
samples from a Type-2 FS. Since the FOU of a Type-2
FS embeds several Type-1 FS, to perform the TR one
has firstly to obtain two Type-1 F'S whose centroid best
approximates the upper and lower bounds of the Type-
2 FS centroid. Using as example the Gout FS, this
procedure starts by using its sampled upper and lower
bounds to find the optimal values for the switching
points [L,R], as depicted in figure (2.17).

Gout

Figure 4: Computing y;: Switching from the upper
bounds of the firing intervals to the lower bounds.

0.81 Gout

Figure 5: Computing y,: Switching from the lower
bounds of the firing intervals to the upper bounds.

The candidate points are obtained as follows in equa-
tions (14) and (15).

P K o
die1 QZMZG?O + D imka1 yzﬁldo
[E— K :
DlimiFig, T ik P,

yi (k) = (14)

koo K i
2im1 Y + ik Ul
kg K
diimi b, T 2 imk1 P,

yr (k) = (15)

where k is an integer in [1,K - 1] interval, where K is
the number of discretization points. Then, the opti-
mal interval bounds can be obtained by y; and y,, as
following presented:

min
ke[l,M—1]
L i K i
dic YHea, dimr1 ¥ Lea,
L — K i
Dt fig, + 2 imnq1 Mg,

yr (k) =y (R) =

Y= vy (k) =y (L) =

(16)

Yr = 1AaX
k€[1,M~1]

R —7 i K -
pr ylﬁzéo DRt Y'hg,
R K =
2ie1 B, T 2 i—r41 P,

(17)

where L and R are switch points satisfying

L+1

<
wv (18)

ININA

L
Yy
YR
3.1.7 Defuzzifier

After applying one of the possible TR methods, the
obtained Interval Fuzzy Set still has to be converted
into a crisp number so it becomes suited to the most
part of the FLS application scenarios. Anyway, this
procedure is fairly straightforward, and the defuzzified
value obtained by simply computing the average of the
intervals left and right endpoints.

Yr +yl

Yout = 9 (19)

3.1.8 Membership function

For designing the proposed controller IT2FLC we used
Gaussian membership function is used which defined
by equation (20).

Fy (i, 01,7) = exp H (x;fiﬂ T (20

G (¢i,04, 1) ,ag € [o1i,02;] and ¢; € [cly, 2]

3.2 Design of IT2FLC

Fault-tolerant control structure design proposed using
IT2FLC for QCTS with two possible faults in abrupt
and incipient nature.The proposed FTC scheme pre-
sented in figure 6. As depicted in FTC structure in
figure 6, proposed FTC using IT2FLC is model base
approach and for detecting the faults residue signal (r)
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is there and two other signal is generated one is error
(e) and second one is rate of Chang of error é. One
controller output is there which controlling the QCTS
output vector [hy, ho]

x =AX + Bu
=CX + Du

Fault-free Model of QCTS
I1T-2

Fuzzy [ QCTS with S

E Control Fault
Output
e

Figure 6: Proposed FTC Scheme using IT2 FLC.
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Figure 7: Membership Function for IT2FLC.

For designing IT2FLC three input and one output is
taken. FEach input and output having four linguis-
tic variable,namely VS: Very small, S: small, B: big,
and VB: very big.proposed FLC design with gaussian
membership function the, equation (20) represents the
mathematical representation of that function.

The highest possibility of rule- no.= input 1 MF no.

of linguistic variables x input 2 MF no. of linguistic
variables x input 3 MF no. of linguistic variables

We design the 64 possible rule-base for proposed
IT2FLC.

The membership function range is design by prepos-
sessing of the input and output values and found is
[-1.7431.743]. The input and output membership
function of IT2FLC is presents in figure 7.

4 Simulation Results

The simulation results of proposed scheme is compared
with other conventional and proven strategy like Ho,
LQR, 2 DoF Decentralized PI Controller and model
free Type 1 Fuzzy Logic controller (T1FLC). The LQR
and Ho, design for Quadruple Tank System (QTS)
is proposed in [32], the same strategy is applied on
Quadruple Conical Tank System (QCTS) subject to
two possible faults ( actuator fault (f,) and system
component fault (fsys )) in two different nature abrupt
and incipient in nature respectively.

78
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Figure 8: Regulatory responses of QCTS with
(abrupt) system component faults (fqys).
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Figure 9: Regulatory responses of QCTS with (incip-
ient) system component faults (foys).

Abrupt and incipient nature of system component
fault fsys is introduce on QCTS, and simulate the
proposed FTC with others strategy. The simulation
results presented in figure (8) & figure (9).Validation
of the simulation results is demonstrated using three
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integral error which is clearly shows that proposed con-
troller IT2FLC is giving superior response when sys-
tem component fault accrue in the system.The com-
parative error results illustrated in table 2 and table 3.

Table 1 presents the transient response for the Abrupt

5

1
1
11
v

-ued wooyz '

600 60 700

JIeg Wo0Z

,,,,,,

Figure 10:
(abrupt) actuator faults (f,).

Regulatory responses of QCTS with

:

@

\
\

Jed Woo

Vued woo7,
e

Figure 11: Regulatory responses of QCTS with (incip-
ient) actuator faults (f,).

and incipient nature of system component fault f, is
introduce on QCTS, and simulate the proposed FTC
with others strategy. The simulation results presented
in figure (10) & figure (11). simulation results clearly
shows that proposed controller IT2FLC is giving su-
perior response when actuator fault accrue in the sys-
tem.The comparative error results illustrated in table
4 and table 5.

Transient Response

Controller Used in [ M, T, T,
FTC (Sec) | (Sec) | (Sec)
IT2FLC 0 57 17
H 0 74 34
LQR 0 76 36
TI1FLC 0 155 70

2 DoF Decentralized | 2.54 128 38
PI

Table 2: Transient response specification compassion.

Integral Error Compression
Controller Used in | TAE [ ISE ITAE
FTC
IT2FLC 36.94 | 54.74 | 96.11
H 46.84 1 63.99 | 104.92
LQR 49.98 | 74.83 | 114.92
TIFLC 56.38 | 79.19 | 121.14
2 DoF Decentralized | 61.84 | 92.91 | 146.11
PI

Table 3: Integral error compression for regulatory re-
sponse of QCTS with abrupt nature of system compo-
nent faults (fsys)-

Integral Error Compression
Controller Used in [TAE [ISE | ITAE
FTC
IT2FLC 32.67 | 48.24 | 89.81
H 39.91 | 58.25 | 98.12
LQR 41.69 | 68.91 | 111.93
TIFLC 43.3 | 74.93 | 119.82
2 DoF Decentralized | 51.47 | 88.69 | 134.21
PI

Table 4: Integral error compression for regulatory re-
sponse of QCTS with incipient nature of system com-
ponent faults (fsys).

Figure 12: Servo responses of QCTS with system com-
ponent faults (abrupt).

Figure 13: Servo responses of QCTS with (abrupt)
actuator faults (fy)-

Also, proposed IT2FLC and other controllers are veri-
fied with servo response on QCTS with (abrupt) actu-
ator (f,) and system component ( fsy) faults. In figure
(12) & figure (13) comparative responses of QCTS is
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Integral Error Compression

Controller Used 1in [ TAE | ISE ITAE
FTC

IT2FLC 38.96 | 56.01 | 99.15
H 49.75 |1 66.82 | 108.45
LQR 52.74 | 76.62 | 118.62
TIFLC 55.31 | 81.73 | 125.12
2 DoF Decentralized | 68.87 | 96.84 | 152.82
PI

Table 5: Integral error compression for regulatory re-
sponse of QCTS with abrupt nature of actuator faults

(fa)-

Integral Error Compression

Controller Used in [ TAE | ISE ITAE
FTC

IT2FLC 33.63 | 49.81 | 88.48
H, 39.23 | 59.34 | 99.82
LQR 4224 T 71.87 | 112.95
TIFLC 44.81 | 74.83 | 120.86
2 DoF Decentralized | 52.52 | 89.84 | 137.82
PI

Table 6: Integral error compression for regulatory
response of QCTS with incipient nature of actuator
faults (f,).

presented, which clearly shows that proposed IT2FLC
giving zero steady-state error, smooth reference track-
ing trajectory, and zero overshot as compared to other
controllers.

Incipient M Abrupt

Actuator Fault Actuator Fault

Figure 14: The integral error variations for different
controllers for QCTS process subject to system com-
ponent faults (fsys)-

Figure 15: The integral error variations for different
controllers for QCTS process subject to actuator faults

(fa)-

5 Conclusion

This paper presented simple and effective FTC scheme
using interval type-2 fuzzy logic (IT2FLC) for highly
nonlinear (QCTS) process in non-minimum phase con-
figuration. Out of three possible faults in QCTS article
considering two possible faults one is system compo-
nent (fsys) fault and other one is actuator (f,) fault.
Also, the two different fault characteristic is taken (i.e.
abrupt and incipient).Simulation results are validated
through integral error indices. The simulation results
prove that the proposed IT2FLC scheme outperform
the Hoo, LQR, 2 DoF Decentralized PI Controller and
model free Type 1 Fuzzy Logic controller (T1FLC)
solution previously proposed, in terms of regulatory
closed loop response, servo performance, and fault tol-
erance under nominal conditions. The settling time,
rise time and the overshoot obtained and compared
with previously proposed controller. The most impor-
tant contribution of the IT2FLC scheme is the fast
response with zero overshot, compared to the other
given approach. Further research includes the lin-
earized model of QCTS in MATLAB platform for non-
minimum phase configuration, and open-loop response
is carried out from that model.

Finally, IT2FLC is proposed and simulated on QCTS
subject to two faults. The experimental validation is
not covered in this article, this is a subject of future
research and can be considered as natural extension of
this work. However the computation burden is one of
the key limitation to implementation of IT2 FLC. To
overcome this limitation number of algorithms are im-
plemented, one of the Cuckoo Search algorithm is dis-
cussed in [36] for optimized Takagi-Sugeno-Kang Con-
sequents.

As future work we will consider evaluating the FLC
by variating the MFs of the input-outputs fuzzy sets
and optimized the MFs as some in [13] literature dis-
cussed related to this and give optimum performance.
In addition, include Comparative analysis of noise ro-
bustness of type 2 fuzzy logic controllers.
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