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Introduction

In modern chemical, petrochemical and food process
industries, Safety and cost-effective functioning of the
these plants depends among other parameters, on
controller designs that account for essentially
nonlinearity of the complex processes, operative issue,
constraints (i.e., system, actuator and sensor faults) and
uncertainties (i.e., process disturbances), as well as an
abnormality in the processes (Patel and Shah, 2019a).
The sequential and interconnected nature of chemical
processes sets a more prominence on handling these issues
to avoid breeding of the faults and causing unexpected
plant downtime or safety risk (Patel and Shah, 2018c).
These examinations prompt development of control
scheme that take care for nonlinearities, uncertainty,
constraints as well as are tolerant capability to faults
(fault-tolerant control). Past twenty years the Fault-
tolerant control has been an active area of research and has
inspire many research work in the context of safety-
critical engineering applications like complex chemical
process, nuclear power plant, aerospace application etc.
illustrated in (Patel and Shah, 2018c; Du, 2012;
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Villani et al., 2010; Jiang and Zhang, 2003; Isermann
and Balle, 1997; Wayne and Bequette, 1991).

For implementing the fault-tolerant control two
possibilities are there one is implement some hardware
redundancy (i.e.,, sets of the sensor/actuator or
combination of that can be used to implement
controllers) and second option is analytical redundancy
(i.e., software control implementation), that can either be
used all at one time or activated when the some
abnormality occurs in the system (Isermann and Balle,
1997). The FTC basically classified into two category,
one is Passive FTC and second is Active FTC (Patel and
Shah, 2018a; Jiang and Yu, 2012). The main objectives
of both strategy is same but only the structure of the
controller is different, both have its own advantages and
disadvantages (Patel and Shah, 2018a; 2018d). From
past two decade significant research has been done for an
improved control performance of single-tank (non-
interacting) and multi-tank (interacting) system with
fault or without fault constraints. Intelligent control
approach becoming more popular compared to
conventional control scheme due to effectiveness and
robust behaviour (Patel and Shah, 2020; 2019¢; “in
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press Patel and Shah, 2019d; “in press Patel and Shah,
2019e). Type-1 fuzzy logic controller implemented for
three-tank system and found robust behaviour under
different condition of disturbances (Maruthai et al., 2009).
In (Shamily et al., 2015) comparative study carried out
between adaptive controller, Neuro controller and PID
controller for interactive three-tank system from observing
the results adaptive and neuro controller gives superior
performance. In (Parikh et al., 2017) author proposed
Linear Quadratic Gaussian Control (LQG) and compared
with the Non-linear Model Predictive Control (NMPC) to
achieve the servo plus disturbance rejection and regulatory
control of a three tank level control system in presence of
varying dynamics of the system.

To maintain safety and profitable operation in any
engineering system under different fault conditions Fault-
Tolerant Control (FTC) become more popular and some
FTC applications and trends is inspected in (Patel and
Shah, 2019a; 2018d; Frank, 2004). To take advantages
of human/operator knowledge FTC framework proposed
and applied on interactive and non-interactive system
using artificial intelligence (neural network) under two
fault and process disturbances (Patel and Shah, 2018d). In
(Basin et al., 2015) author has proposed finite-time
convergent fault-tolerant algorithm and an experimental
validation of FTC is conducted for a DTS200 three-tank
system through changing fault sources, process
disturbances, input conditions and disturbances through
inter-tank connections. Distributed FTC and a flatness
based approach of FTC designed and implemented in
(Torres et al., 2013; Capiluppi and Paoli, 2005) for three-
tank and two-tank level control system respectively,
subsequently in (Altinisik and Yildirim, 2012) author
designed FTC using data mining approach for three-tank
level control system with fault. In (Buciakowski et al.,
2014; Noura et al., 2000) FTC designed and applied to the
three-tank system and quadruple tank system with actuator
fault respectively. The author of (Patel and Shah, 2018b)
designed FTC using fuzzy logic and conventional PI
controller and reported good control performance in
simulation platform with system fault and undefined
process disturbance. Thereafter in “in press (Patel and
Shah, 2019b)” author validate the proposed FTC strategy
from implemented on experimental single-tank non-
interacting system with system component (leak) fault.

Controlling any process broadly categorize into two
subjects, regulatory and tracking control. In regulatory
control the prime objective of the controller is to
maintain the reference input which is ideally predefined
and constant. In the contradictory tracking control’s
objective is to make the output follow a reference input.
Regulatory controllers’ performance is determined via
good stability margin, not having steady state error, good
disturbance and noise rejection and low output’s
variance. In this paper Two-Tank Canonical Non-
Interacting Level Control System (TTCNILCS) is
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examine to be controlled. The TTCNILCS 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 classic
control issue elaborate in the system is how to keep the
desired liquid level in tank 2 with system component and
actuator fault. The prototype structure of the TTCNILCS
is shown in Fig. 1 (Patel and Shah, 2019a).

Two Tank Canonical Non-Interacting Level
Control System (TTCNILCS) is one of the supremely
nonlinear, complex and unstable systems by nature. It
is generally used as a test bench to develop advanced
control algorithms for different nonlinear system
model as well as for experimental and educational
studies of nonlinear control system.

This paper proposes Passive FTC strategy using
Neural Network plus conventional PI controller which
fulfills the most of the control requirements very
effectively for the TTCNILCS as mentioned below:

e Stabilizing control under two fault and different
magnitude conditions of tank 2 level is obtained with
low transient and without any steady state problem.

e Tracking control with variable step change
trajectories is achieved in spite of fault and unknown
process disturbances.

Organization of work flow is as follows: Section-II,
describes the modeling of TTCNILCS. In section-IlI,
conventional PID controller design. In section-1V, design
of PFTC controller is explained and compare with PID
controller response and encountered problems are
discussed. In, section-V, The flow meter will need to
create these components, incorporating the applicable
criteria that follow. Simulation results are presented to
validate the effectiveness of proposed research work
followed by the conclusion.

Mathematical Modeling for TTCNILCS
Process Description

In TTCNILCS, the process accommodate two
identical conical shape tanks in the sequential manner
shown in Fig. 1. (Patel and Shah, 2019a); the one
identical pumps deliver the liquid inflow Fin and one
outlet flow Foy in tank 1, the outlet flow Fo Of tank 1 is
subsequently inlet flow of tank 2 and outlet flow is Fo
respectively through the two control valves Vi and V.
The two tanks under consideration should have the same
cross-sectional area. The main objective in mathematical
modeling is to find the transfer function for the system
that is a relation between output variable hy(s) (liquid
height in Tank 2) and input variable Fin(s) (Inlet flow to
tank 1). In this case, the manipulated variable is Fin(s)
and controlled variable is hx(s).
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Fig. 1: Prototype structure of Two-Tank Canonical Non-
Interacting Level Control System (TTCNILCS) (Patel and
Shah, 2019a)

Mathematical Modeling of TTCNILCS

Prototype model of TTCNILCS is shown in Fig. 1.
(Patel and Shah, 2019a), where the inlet flow rate (Fin)
which is manipulated variable to control the controlled
variable tank 2 height (h,) via proposed hybrid controller.
In the given system two control valve (Vi) and (V)
provides constant flow rate and third control valve (CVy)
manipulating (Fi,) and archiving the controlled variable
(h2) via proposed controller. Parameters of prototype
structure are mentioned in Table 1.

Mathematical equation of the liquid tank system is
derived using the Total Mass Balance Equation.
According to that principle described in (Patel and Shah,
2019a; Wayne and Bequette, 2003):

Rate of Accumulation = inflow — outflow
The mathematical equation is derived for both the
conical tanks separately as follows. From Fig. 2. Single
conical tank system is given and can be written as
following equation:

A= 7zr? 1)

From the Fig. 1:

R
tang = — 2
an " (2)
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Fin

CV,

Fig. 2: Single conical tank (Patel and Shah, 2019a)

Table 1: Physical parameters of TTCNILCS

Parameter Symbol Value
Total Height of the tank H 60 cm

Top Radius of the Tank R 15cm

MV1 Valve Co-efficient yii 5 cm?/sec
MV: Valve Co-efficient yi: 2 cm?/sec
Gravitational constant g 9.82 m/sec?
Actuator fault coefficient a 0-30%
System Component fault F1 0-30%

At any height (hy) of Tank 1:

r
tanfd=—=

r 3
h ®)

R
H

Simplified mass balance equation for tank 1 of
TTCNILCS can be written by (1) as per (Patel and Shah,
2019a; Isermann and Balle, 1997):

d
[Fin—lhl A(hl)—ﬂl \IZQJ
ﬂ_ 3 dt (4)
dt (%R”‘i]
37 H

Avrea of the canonical Tank 1 at height (h;) and Tank
2 at any height (hy):

zR?*h?

i ©)

A=

Similarly, for Tank 2 the mass balance equation is
given by following relation (Patel and Shah, 2019a;
Isermann and Balle, 1997):
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dA(h,)
dt

. [ﬂl NPT -5, \/Zghz}

—= (6)
2
dt [ 1 e hi22 ]
3 H
where, outlet flow of Tank 1 and Tank 2 given by:
Fou :ﬂl\lzﬁ:lhl R :ﬂz\]Zth (7)

Now, mathematical model of TTCNILCS with
actuator and system component (leak) faults given as
follows (Patel and Shah, 2019a):

dA
| [al roln B0, \/Zghll
o : ®
dt (;”Rzgzj
dA(h,
dh [%ﬂl VZghl _%hz A(St )_ﬂz\IZth -K ‘|
T;: 1 RZLZZ (9)
3" R?

where, an denotes actuator fault and F; denotes system
component (leak) fault.

For the simplification take both the tank identical in
size so area of both the tank is same. Combining (1) and
(2) would give the nonlinear transfer function of
TTCNILCS (6):

KKy
(z’ls +1)(723 +1)

—tgs

(10)

By taking the prototype model parameters, the
transfer function of the proposed system is demonstrate
as follows:

1.2393

= 11
44038.51s% +1135.1s +1 (1)

p

With considering of the transportation delay in the
TTCNILCS the model of the system given as follows:

~ 1.2393
44038.515% +1135.15 +1

“tys

(12)

P

Adding the transportation delay in the system adding
constrain in the system like instability and sluggish
response. Once the transfer function is obtained, then the
controller can be designed for the conical tank process.

38

PID Controller Design

The conventional Proportional-Integral-Derivative
(PID) controller used in this paper is demonstrate by (9):
de(t)

u=K,|e(t)+K; _[e(t)dt +Ky “d (13)

The above structure of PID controller after
simplifications in the Laplace domain is presented by
(10):

(KeKy)s®+(Kp )s+(KeK; )

: (14)

Gc (s) =

Simplified TTCNILCS structure based on (7) can be
written by (11):

b
G(s)=—20 15
(s) s°+a, +a, (15)
Characteristics equation for overall unity feedback
control system of TTCNILCS can be expressed by (12):
s*+(a, +b KoK, )s® + (8, +byK; )s+ KoK, =0 (16)
As discussed in (Dorf and Bishop, 2011), optimum
third ordered characteristics equation based on ITAE
criterion with step input can be expressed by (13):
s*+(L.75W, )s* +(2.15W, )s+W;’ =0 17
Selecting W, which is moderately higher than the
value of the natural frequency of complex conjugate pole
which is at S = +49.55, as used in (Tian, 2015).
Comparing (12) and (13) with Wy, PID controller gains
can be founded as follows:

K, =32.0531; K, =1.792L; K, =7.9581

PFTC Strategy Using Hybrid Controller

This section presents the control solution of the
problems using conventional PID controllers plus
Neural Network for TTCNILCS as mentioned in
results. To perform an effective control for stable,
tracking and disturbance rejection problems, hybrid
controller is used to designed and implemented for the
application of TTCNILCS which is termed as a PFTC
in this paper. Basic structure of the proposed PFTC
strategy is shown by Fig. 3. The ideology of a passive
FTCS is to find a controller wihin the region of
interaction among all admissible solution sets which
can give the robust control structure. As appere, in
Fig. 4, this region equivalent to the darken area where
the permissible solution sets intersects.
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Fig. 3: Structure of PFTC using hybrid controller
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Fig. 4: Tolerable solution space for PFTC

Possible Solution of PFTC Design with Two
Fault

An ideology of a PFTC is to realize an acceptable
controller within the region of convergence among all
admissible solution sets. As presented in Fig. 2, this
region corresponds to the shadowed area where the
admissible solution sets intersect. Some restricted
situations in a PFTC amalgam are shown in four sub-
plots in Fig. 5 where no single overlap can be found.
Sacrifices may have to be made even for the normal
system operating conditions to accommodate expected
failure cases. As shown in Fig. 5a, no PFTC can be
found to deal with the normal condition.

Also the other permissible solution set of PFTC
illustrated in Fig. 5b and 5c, in which the one fault
occurs in the system at a time either system fault f;
and actuator fault f».
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From performance perspective, a passive FTCS
focuses more on the robustness of the control system
to accommodate multiple faults without attempting for
optimal performance for any particular fault
condition. Since the stability is the number one
consideration in a passive approach, the designed
controller turns to be more traditional from
performance perspective. If there is an overlap among
all the permissible solution sets for considered fault
cases, a single controller can theoretically deal with
any presumed design basis faults. Although, nothing
can be said about the behavior of the system when a
failures beyond design basis occur. Also the types and
magnitude of the different faults are play significant
role at designed level, the designed PFTC only for
system and actuator fault with some predetermined
fault magnitude beyond that the performance and
stability of the system is degrade.
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Consider Fault Scenarios for TTCNILCS

The paper deals with, the system (leak) fault which
represent situations where the tank 2 level reduce
significantly and manipulated variable (Fin) not coup
to maintaining the tank 2 level efficiently hence
control performance is degrade. In TTCNILCS,
actuator fault considered as a second fault. Which
leads in the situation where the final control element
(CV,) is not opening properly according to controller
signal and it gives lesser manipulated variable (Fin)
compare to actual. These circumstances lead to
performance deteriorate.

Simulation Results

For evaluating PFTCS, two design basis fault cases
have been chosen as shown in Table 2. As appear in Fig.
6 and Fig. 7, the proposed PFTC regulatory response is
presentd for system leak and actuator fault respectively.
As depicted in the response figure, the same magnitude

Acceptable
solution set 1

Acceptable
solution set 2

Accommodate

of actuator fault is more vital as compared to the system
leak fault. The error results are tabulated in Table 3 and
4 for the system leak and actuator fault respectively.
The servo responses are also carried out for the
proposed PFTCS scheme on TTCNILCS with and
without design basis faults. To evaluate the servo
response two different trajectory is taken one is
variable step and sinusoidal. Fig. 8 displayed the
servo response for the PFTCS without fault and Fig. 9
and Fig. 10 displayed the servo response for the
PFTCS with system leak and actuator fault
respectively. The same way sinusoidal trajectory
given as a reference signal and found the PFTCS
responses with and without faults which are
represented in Figs. 11, 12 and 13. To check the
robustness of the design PFTCS, the design basis two
faults and process distrubances are introduced into
TTCNILCS simentously or at the same time. The
responses of PFTCS are displayed in Fig. 14 with four
subfigure. The error results are tabulated in Table 5.

Acceptable
solution set 1

Acceptable
solution set 0

fault 1 Healthy
Accommodate condition
fault 2
Acceptable Acceptable
Healthy solution set 0 Accommodate solution set 2
condition fault 2
(a) (b)
Acceptable Acceptable Acceptable Acc_eptable
solution set 2 solution set 0 solution set 1 solution set 2
Accommodate
fault 1
Accommodate Healthy
fault 2 .
condition A bl
cceptable Accommodate
Acceptable Healthy solution set 0 fault 2
Accommodate solution set 1 condition
fault 1

©

()

Fig. 5: Diagram of overlap among permissible solution sets for designed PFTC strategy
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Fig. 8: PFTC Tracking control with variable step change trajectory
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Fig. 14: TTCNILCS height response with two faults and process disturbances constraints
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Table 2: Demographics of the fault scenario with magnitude values

Sr. No. Faults type Failure details
1. System Component (leak) f1 Tank 2 Leak at bottom
1. Leak fault M = 10%
2. Leak fault M = 20%
3. Leak fault M = 30%
2. Actuator f2 Control valve (CV1) opening with error

1. Actuator fault M = 10% (-Ve)
2. Actuator fault M = 20% (-Ve)
3. Actuator fault M = 30% (-Ve)

Table 3: Error response of TTCNILCS with system faults

Controller f1 ISE ITSE MSE
PFTC M =10% 1.693e+2 2.189%e+2 0.1891
PID 2.579%+2 3.914e+2 0.4113
PFTC M =20% 4.199e+2 7.472e+2 0.7314
PID 5.258e+2 2.386e+3 2.3585
PFTC M = 30% 6.128e+2 2.545e+3 1.6296
PID 7.358e+2 3.999%+3 3.8369
Table 4: Error response of TTCNILCS with actuator fault

Controller f2 ISE ITSE MSE
PFTC M =10% 1.999¢e+2 1.593e+2 0.1586
PID 2.079e+2 3.214e+2 0.3196
PFTC M = 20% 3.999e+2 6.372e+2 0.6344
PID 4.158e+2 1.286e+3 1.2785
PFTC M =30% 5.998e+2 1.434e+3 1.4273
PID 6.236e+2 2.893e+3 2.8766
Table 5: Error response of TTCNILCS for PFTCS robustness test

Frequency of fault

Occurrence f1 fa d ISE ITSE MSE
Different time M = 30% M =50% NA 9.74229 1.0023e+2 0.0014
Same time M = 30% M = 50% NA 2.4618e+1 8.7083e+1 0.0035
Same time M = 100% M = 100% M=0.2 1.0206e+2 2.1358e+2 0.0145
Different time M = 1000% M =100% M=0.3 1.0465e+2 3.3831e+2 0.0149
Conclusion department and simulation laboratory in

In this work we proposed PFTC strategy using hybrid
controller for TTCNILCS nonlinear process system and
implemented subject to system and actuator faults.
Proposed PFTC is successfully designed and implemented
to provide effective control solutions (i.e., tracking
control, stabilizing control, disturbance minimization
control, with two faults and process disturbances etc.) for
the TTCNILCS. All four possible solutions of PFTC
encountered and found satisfactory response when system
and actuator fault occurs in the system.
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