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A passive fault-tolerant control strategy for a
non-linear system: An application to the two
tank conical non-interacting level control

system
Estrategia de control pasivo tolerante a fallas par un
Sistema no lineal: Aplicacion a un sistema de control
de nivel sin interaccion de dos tanques conicos

Himanshukumar R. Patel, Vipul A. Shah

Abstract—In practical engineering systems, unknown actuator,
sensor or system component faults frequently occur, which
results from component and interconnection failures, degrade
control performance, system stability, and profitability, and even
arise hazardous situation. To avoid abnormal activity like faults
and maintain system control performance subject to faults
occurring into the system, the Fault-tolerant Control (FTC) is a
realistic approach to address the unwanted situation. The two-
tank conical system is widely used in chemical and food process
industries because of its greater advantages. The non-interacting
configuration of the two-tank conical system is highly nonlinear
due to its shape and varying area of the tank thought the height
of the tank, as a consequence level control of this system is
extremely difficult. The paper attributes to design a Passive
Fault-tolerant Control Strategy (PFTCS) for a Two-tank conical
Non Interacting Level Control System (TTCNILCS) subject to
the major system (leak), sensor, and actuator faults with external
process disturbances. PFTC will increase system control
performance and system stability acceptable level in the presence
of sensor, system, and actuator faults. The simulation results
demonstrate the proposed PFTC strategy has definite fault
tolerant ability against the system and actuator faults also it has
good disturbance rejection capability. To verify the efficacy of
the proposed PFTC strategy Mean Square Error (MSE) and
Root Mean Square Error (RMSE) Integral Absolute Error (IAE)
indices are used.

Index Terms—Actuator  fault, process disturbance,
non-interacting system, nonlinear, neural network, passive
fault-tolerant control, sensor fault, system fault

Resumen—En los sistemas de ingenieria practica, con
frecuencia ocurren fallas desconocidas en el actuador, sensor o
componente del sistema, que resultan de fallas de componentes e
interconexion, degradan el rendimiento del control, la estabilidad

Himanshukumar R. Patel is currently working as an Assistant Professor in
Instrumentation and Control Engineering Department, Faculty of Technology,
Dharmsinh Desai University, Nadiad-387001, Gujarat, INDIA (e-mail:
himanshupatel.ic@ddu.ac.in).

Vipul A. Shah is a Professor and Head of Instrumentation and Control
Engineering Department, Faculty of Technology, Dharmsinh Desai
University, Nadiad-387001, Gujarat, INDIA (e-mail: vashah.ic@ddu.ac.in).

DOI: 10.24133/maskay.v9i1.1094
1

del sistema y la rentabilidad, e incluso surgen situaciones
peligrosas. Para evitar actividades anormales como fallas y
mantener el rendimiento del control del sistema sujeto a fallas
que ocurren en el sistema, el Control tolerante a fallas (FTC) es
un enfoque realista para abordar la situacion no deseada. El
sistema de dos tanques cénicos se usa ampliamente en las
industrias quimicas y de procesos alimentarios debido a sus
mayores ventajas. La configuracion no interactiva del sistema de
dos tanques conicos es altamente no lineal debido a su forma y al
area variable del tanque a través de la altura del tanque, por lo
que el control de nivel de este sistema es extremadamente dificil.
Este trabajo se lo realiza para disefiar una estrategia de control
tolerante a fallas pasivas (PFTCS) para un sistema de control de
nivel sin interaccion de dos tanques conicos (TTCNILCS) sujeto
al sistema principal (fugas), fallas del actuador con
perturbaciones externas del proceso. PFTC aumentara el
rendimiento del control del sistema y la estabilidad del sistema en
un nivel aceptable en presencia de fallas del sistema y del
actuador. Los resultados de la simulacion demuestran que la
estrategia PFTC propuesta tiene una capacidad de tolerancia a
fallas definida contra las fallas del sistema y del actuador, y
también tiene una buena capacidad de rechazo de
perturbaciones. Para verificar la eficacia de la estrategia de
PFTC propuesta, se utilizan los indices de Error absoluto
cuadratico medio (MSE) y Error cuadritico medio (RMSE).

Palabras Claves—Fallo del actuador, perturbacién del proceso,
sistema no lineal, red neuronal, control pasivo tolerante a fallos.

[. INTRODUCTION

FOR any feedback control systems, actuator/sensor and
system faults may degrade control performance or even
destroy the stability of the overall systems [1]. It is, therefore,
significant to enhance the system reliability not only by
improving reliability of individual components but by
designing state-of-the-art control strategy to compensate the
effects of faults to the overall system as well. Thus, the
development of the Fault-tolerant Control (FTC) has received
considerable attention during the last two decades [2]-[4].
Recent attention has turned to methods of handling
nonlinearity in FTC considering specific system structure [5],
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[6]. To handle nonlinear system dynamics soft computing
techniques can be used to the control such a system [7]-[9].

Existing FTC approaches based on soft computing
techniques may be either passive or active approaches. The
passive approach takes care of the faults as system uncertainty
using robust control, in contradictory the active methods work
on estimate fault magnitudes and use to compensate the fault
effects with the closed-loop control system using Fault
Diagnosis and Identification (FDI) algorithm. Although PFTC
might achieve acceptable control performance [5], [6], [11]
and [12] it cannot obtain local fault magnitude information
and type of faults.

The traditional active FTC approach works on FDI that
generates information about the occurrence and severity of the
fault which could be used to reconfiguration of a close-loop
system based on analytical redundancy [13]. However, to
obtain correct fault information one important goal is to
achieve a suitable fault tolerance and an acceptable control
performance.

The liquid level is a crucial process parameter for any
chemical industries. Conical tank system is widely used in
food processing industries, cement, and concrete process
industries, wastewater treatment plant. Therefore, controlling
liquid level parameter in the conical shape tank is major
parameter. Control the level of liquid in a conical tank
presents a challenging problem due to its constantly changing
cross-section that results in non linear behavior of the system.
Hence, control of liquid level is an important and challenging
task in different industries.

To handle the problem of nonlinear system with actuator
and system faults, in recent years, many FTC approaches have
been developed, see example [14]-[18] and reference therein.
The authors design FTC for SISO and MIMO nonlinear
system subject to actuator and sensor faults using soft
computing techniques as well as strict feedback control
method. To design FTC strategy for nonlinear system artificial
intelligence techniques have been used in the past decade, for
instance [7], [8] and [10]. In [19]-[21] investigate the FTC
scheme for large-scale nonlinear system to tolerate the
multiple additives and intermittent fault nature.

To improve the system reliability and profitability of the
plant, significant research has been done to developed FTC
strategy in recent years for interacting and non-interacting
level control system. In [22] author has designed a passive
fault tolerant algorithm for a single-tank non-interacting level
control system using fuzzy logic subject to system fault and
process disturbances, also it has been verified on the
experimental setup. In [23] due to the highly nonlinear
behavior of the three-tank in series interconnected system
Non-linear Model Predictive Control (NMPC) is implemented
to achieve the servo plus disturbance rejection and regulatory
control in presence of changing valve position which serves as
the disturbance input. In [9] authors has designed fault-tolerant
algorithm for a DTS200 three-tank interacting system
considering fault sources, (process disturbances, input
conditions, and disturbances through inter-tank connections)
are experimentally verified. Authors of [24] have used Model

Predictive Control (MPC) and fuzzy logic to design a fault
tolerant control (FTC) scheme for a three-tank benchmark
system to accommodate two faults. In [25] distributed fault
tolerant scheme is implemented on two-tank benchmark
system with faults.

In recent years, artificial intelligence (i.e. fuzzy logic,
neural network, etc.) based control techniques has been
developed for controlling the level of multi-tank system,
successively implemented and discussed in literature
[28]-[33]. The fuzzy adaptive smith predictor is used to
control three-tank system with delay in [28], fuzzy adaptive
PID improves the resisting ability and adaptive ability of the
system to random disturbances, and smiths predict control
overcomes the delay characteristic of the control object. The
fuzzy logic control approach is implemented on three-tank
level control system in which Look-up decisions tables
methods are used with fuzzy control and is practically
validated in [29]. Also in [30] model based predictive control
algorithm design for the class of nonlinear system is
presented. In [31]-[33] intelligent level control techniques are
investigated for multi-tank system using fuzzy logic, in [31]
interval type-2 fuzzy logic approach design for removing
system uncertainty is presented, whereas in [33] a novel
approach is developed using aggregation of fuzzy controllers
for multivariable system.

The remainder of this paper is organized as follows. In
Section II, the problem statement and preliminaries are
described. Passive FTCS design is explained in Section III.
Subsequently, the simulation of passive FTC approach is
evaluated in Section IV. Finally, the discussion and
conclusions are drawn in Section V and VI, correspondingly.

II. PROBLEM STATEMENT AND PRELIMINARIES

A. Conical tank level control system

Fig. 1 presents a conical tank level control system
(non-interacting) in which the main objective is to maintain
level (h;) in the conical shape tank by controlling the
manipulated variable inlet flow rate F,.

Cv,

CVZ Fout

Fig. 1. Conical tank level control system.

where, F;, is the inlet flow rate of the tank, F,,, is the outlet
flow rate of the tank, R is the maximum radius of the conical
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tank, 7 is the radius of the conical tank at steady state, H is the
maximum height of the conical tank, 4, is the height of the
conical tank at steady state, and A4 is the area of the conical
tank.

B. Two-Tank Conical Non-Interacting Level Control System
(TTCNILCS)

The TTCNILCS contains two identical conical shape tank
connected in series. The prototype structure of TTCNILCS is
depicted in Fig. 2. The conical tank level control system is
widely used in food processing, chemical, and metallurgy
industries due to its shape; also it is used for practical
demonstration as well as to developed control algorithms for
research purpose due to its nonlinear behavior.

The TTCNILCS process described as, the liquid inflow F;,
is delivered into the Tank 1 via a pump and outlet flow F,,,
from Tank 1 is inlet flow to the Tank 2 and outlet flow of
Tank 2 is F, through the two control valves V; and 7,
respectively. The two conical tanks under consideration 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 4, (s) (liquid
height in Tank 2) and input variable F;, (s) (inlet flow to Tank
1). In this case, the manipulated variable is F;, and controlled
variable is /,.

Actuator

H —_
h,

System F | S _

Sault f; -/;’

Fig. 2. Prototype structure of TTCNILCS system.

C. TTCNILCS prototype model

The mathematical model is derived separately for both
conical tanks as follows.

A=rm-r’ Q)

From Fig. 1:
R
tan®=— 2
7 2

At any height (%) of Tank 1:

tan9=i=§ 3)

For Tank 1 the mass balance equation is given by following
relation [26]:

dA(h,) -
dh]_|:F""_(l/3).hl. dt _Bl' hl:l @
dt , 7
(1/3)-m-R 7

The area of the conical Tank 1 at height (%) and Tank 2 at
any height (%,) are given as follows:

_W-RR

y _ TRk
HZ

Al 2 Hz

&)

Similarly, for Tank 2 the mass balance equation is given by
following relation [26]:

dh, |:B1 'ﬂ_(l/3)'h2 ’ d(h,) _Bz \/E:|

dt
a 2 ©
(13)-7- R
Where, outlets flow of Tank 1 and Tank 2 are given by:
F =B, -k
out Bl '\/T (7)

F;zﬁz'\/z

Now solving and linearizing (4) and (6) at a given operating
point using Taylor’s series expansion, the standard
mathematical model for the TTCNILCS can be obtained as
follows:

G, (TTCNILCS) = ky ky (8)
(t,-s+1)(T,-s+1)
TABLEI
SYSTEM PARAMETER OF TTCNILCS

Parameter Symbol Value
Total Height of the tank H 90 cm
Top Radius of the Tank R 15 cm
Inlet flow rate of Tank 1 Fi, 0.00278 cm’/s
V, Valve Co-efficient B 5 cm?/s
V, Valve Co-efficient B, 4.25 cm?/s
Steady state tank 1 h 45 cm
Steady state tank 2 hy 32 cm
Gravitational constant g 9.82 m/s’
Process Delay Td 0s

By considering the above operating process parameters, the
linearized model of the proposed system is expressed as
follows:

1.2393
44138.51-5> +1135.1-s+1
From the model of TTCNILCS, PFTC is designed and

simulation is carried out subject to actuator and system faults.
D. Fault scenarios considering in TTCNILCS

In this paper, system (leak) fault represents situations where
the tank-level is drastically reduced in tank 2 and control valve

G,(TTCNILCS) = ©)
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is unable to intercept the faulty situation and hence control
performance is degraded. The second actuator fault represents
a situation where the control valve (CV1) facing the problem
of loss of effectiveness and hence (CV1) is not opening as per
controller signal. Also, process disturbances are required to be
considered in TTCNILCS as these circumstances may lead to
performance deterioration.

III. PFTC DESIGN FOR TTCNILCS

For designing PFTCS, soft computing methods are used.
Neural Network (NN) and PID controller are used to design
robust controller structure to tolerate the system /actuator fault
and process disturbances. PFTCS gives remarkable results in
the occurrence of system and actuator faults in the system. The
PFTCS scheme is presented in Fig. 3 [27].

0
Controller | Actuator | System <0utput)
Step I/P Height h,
iatil

Plant Data Generation with Fault Constraints

J

Passive Fault-Tolerant Control

Input Data Output Data

! Offline Data !
I Training :
i & || FFBPNN Output i
Learning |
; d |
| Input Neural Network fl\fz\ \ I
[ :
1 T\ + PID u
I = Controller G(s) TTCNILCS
I Height hzi
| Sensor :
PFTC

Fig. 3. PFTC design for TTCNILCS system subject to system and actuator
faults.

PID controller transfer function is given as follows:

1
GC:K1,~{1+—+rd-sj (10)
T,-8
where G, is PID controller transfer function, K, is propotional
controller gain, K; is integral controller gain, T; is integral time,
and 1, is derivative time.

(11)

The PID controller parameters; proportional gain K,
Integral gain K;, and derivative gain K, are identified using
manual tuning method. The constants for the PID controller
are given as K, = 36.59, K; = 0.1450, and K, = 1512.19.

Performance of the system with PFTCS and without PFTCS
is summarized in terms of Mean Square Error (MSE), Root
Mean Square Error (RMSE), and Integral Absolute Error
(IAE), which are defined as follows:

1 &y o5 2
MSE:;;(X,—X,.) (12)
I L
RMSE:{;-;(XI—)Q) } (13)
IAE = [e|dt (14)

where X, is the vector denoting values of n number of
predictions, X is a vector representing n number of true values,
n is the number of samples, and e is an error.

IV. SIMULATION RESULTS

A. Simulation results with an abrupt fault in nature

To wvalidate the proposed PFTC scheme subject to
system/actuator fault and process disturbance multiple
simulation done with different fault magnitudes and abrupt
nature. The results are tabulated in Table II and Table III. The
error indices MSE, RMSE, and IAE defined from (13) to (15),
which indicate the performance degradation as the number of
pre-considered faults increases. The simulation is carried out
in sequential (i.e., single fault, two fault at same time), the
comparative results are presented from Fig. 4 to Fig. 10. The
resulting figures are clearly showing that proposed PFTC
scheme gives batter control performance and system stability
as compared to a system without PFTC. The PFTC scheme
gives acceptable regulatory control performance subject to two
faults and process disturbances. Fig. 4 to Fig. 9 show the
PFTCS responses of TTCNILCS considering the system (leak)
actuator faults and process disturbances in different
combinations.

The comparative error result is shown in Table II in terms
of MSE, RMSE, and IAE errors, which clearly indicates that
the implemented passive FTCS is better when a fault occurs in
the system as compared to a system without implementing a
passive FTCS. For verifying the robust nature of the passive
FTCS in simulation, two faults are applied into the system at
the same time, the response of passive FTCS for this condition
is shown in Fig. 10 and the error results are given in Table III.

9 9 e
8 8
Step Response |2
’g 7 7 [1; System fault tolerance
= 6 response Zoom Part
-
E‘) 5 8() 800 ) 155 5
D Time (s)
= 4 f1; System fault af —Setpoint
3 ftllt'rﬂl:;’e:pl‘;\'pnn,\'e ; —PFTC Response
3 — Without PFTC Response
2
0 1000 2000 3000 4000 1500 2000 2500 3000
Time (Sec) Time (Sec)

Fig. 4. PFTC performance comparison with system (leak) fault (abrupt in
nature).
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7 - 7 TABLEII
6 \s,ep g 6 ERROR COMPARISON RESULTS FOR PASSIVE FTCS SUBJECT TO ABRUPT FAULT
s BN \ B NATURE
=) CR (I — E Sr.  Control
g4 o i = 4 No. Structure fi £ d MSE RMSE IAE
= BEW 11 Syem Fanltolrance PFTC 1565 1350 44
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Fig. 6. PFTC performance comparison with actuator fault (abrupt in nature). 6F . . . . . -
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Fig. 7. PFTC performance comparison with actuator fault (abrupt in nature).
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Fig. 8. PFTC performance comparison with process disturbances.
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Fig. 9. PFTC performance comparison with process disturbances.

Fig. 10. PFTC performance comparison with system (leak) and actuator faults
occurs (abrupt in nature) at same time.

TABLE III
ERROR COMPARISON RESULTS FOR PASSIVE FTCS SUBJECT TO ABRUPT FAULT
NATURE
Sr. Control
No. Structure fi £ d MSE RMSE TAE
PFTC 2.8425 1.6805 180.6
1. Without 1 20% -
PFIC 3.9001 1.9748 219.4
PFTC 4.8312 2.1979 3225
2. Without 2 40% -
PFTC 5.8829 2.4254 383.5

*fi denotes system fault, /; denotes actuator fault and d denotes process
disturbances.

System control performance with passive FTCS and
without passive FTCS are shown in Table II and Table III,
respectively, which clearly shows that passive FTCS gives the
better response as compared to a system without passive
FTCS. TTCNILCS performance is abruptly degraded when
the magnitude of different faults is drastically increased
without implementation of passive FTCS scheme. The
system/actuator fault considered as abrupt in nature. The
simulation is carried out for different cases such as single
fault, two faults, and when a process disturbance occurs in the
system. In Fig. 10 a comparative response of PFTC and
without PFTC scheme is presented when the system and
actuator fault occur in the system at same time instance.
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Thereafter the PFTC control performance is shown in
Table IIT using different error indices. The proposed passive
FTCS scheme is capable to accommodate two faults with
process disturbances. The main advantage of the proposed
scheme is incorporating soft computing technique (i.e.,
Artificial Neural Network) to design the controller, hence
there is no need to find out fault knowledge (i.e., type of fault
and magnitude) also the computation time is less as compare
to AFTC.

B. Simulation results with incipient fault in nature

Proposed PFTC strategy is tested and verified on
TTCNILCS for incipient nature of the system (leak fault) and
actuator faults. Fig. 11 establishes the comparison between
PFTC and without PFTC scheme subject to system fault f; in
different fault magnitudes with incipient in nature, which
clearly shows the effectiveness of the proposed PFTC strategy.

14 =
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04205 08
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Fig. 11. PFTC performance comparison subject to system (leak) fault occurs
(incipient nature): (a) at low magnitude slop (b) at high magnitude slop.
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Fig. 12 demonstrates the comparative FTC results between
PFTC and without PFTC scheme subject to actuator fault f;
(Final control element (CV,) partial failure or choke up)
occurs with incipient in nature, PFTC scheme gives superior
response as compared to without PFTC scheme considering
the steady-state and transient response. The comparative error
results with different indices are presents in Table IV for
incipient nature of system and actuator faults.

C. Simulation results with incipient fault in nature

The proposed approach implemented in TTCNILCS subject
to (-ve) sensor bias fault. In Fig. 13, responses when abrupt
nature sensor bias faults introduce in TTCNILCS with two
different magnitudes. Two controller approaches are compared
and error calculation is illustrated in Table V. The proposed
controller is tested with abrupt faults occurrence (sudden
change).

1 1.0
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Fig. 12. PFTC performance comparison subject to actuator (leak) fault occurs
(incipient nature): (a) at low magnitude slop (b) at high magnitude slop.

TABLE IV
ERROR COMPARISON RESULTS FOR PASSIVE FTCS WITH INCIPIENT FAULT
NATURE
Sr. Control
No. Structure fi £ MSE RMSE IAE
PFTC 0.9342 0.9665 14.68
1. Without 2.5 -
PFTC 0.9936 0.9968 88.34
PFTC 0.9232 0.9608 16.92
2. Without 5 -
PFTC 0.9913 0.9956 99.24
PFTC 0.9362 0.9676 15.55
3. Without - 2.5%
PFTC 0.9933 0.9966 86.54
PFTC 0.9214 0.9599 18.59
4. Without - 5%
PFTC 0.9900 0.9950 101.1

*fi denotes system fault, f, denotes actuator fault both faults having incipient
nature (Increasing magnitude).

D. Simulation results with incipient sensor fault in nature

The control responses are shown in Fig. 14 reveals the
TTCNILCS response with and without PFTC approach. The
sensor bias fault introduces into the TTCNILCS having the
incipient nature (increasing of fault magnitude). The two
different simulation results are derived with different fault
magnitudes. The simulation and error results clearly shown
that proposed PFTC scheme achieve better steady state and
transient responses as compared to without PFTC. Also
without PFTC is failing to achieve set point subject to sensor
bias fault. With the presence of sensor bias fault in
TTCNILCS 50% to 60 % steady sate error is present when
proposed control scheme is not implemented while applying
PFTC scheme getting zero steady state error.
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Fig. 13. PFTC performance comparison subject to sensor (-ve bias) fault
occurs (abrupt nature): (a) at low magnitude (b) at high magnitude.

TABLEV
ERROR COMPARISON RESULTS FOR PASSIVE FTCS WITH ABRUPT FAULT
NATURE
Sr. Control
No. Structure 5 MSE RMSE IAE
PFTC 0.9929 0.9964 15.77
1. Without 5%
PFIC 1.4465 1.2027 33.8
PFTC 0.9931 0.9965 16.85
2. Without 7%
PFTC 1.6239 1.2743 38.5

*f; denotes sensor fault having an abrupt nature (Sudden change in
magnitude).
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Fig. 14. PFTC performance comparison subject to sensor (-ve bias) fault
occurs (incipient nature): (a) at low magnitude slop (b) at high
magnitude slop.
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TABLE VI
ERROR COMPARISON RESULTS FOR PASSIVE FTCS WITH INCIPIENT FAULT
NATURE
Sr. Control
No. Structure 5 MSE RMSE IAE
PFTC 0.9929 0.9964 14.67
1. Without 5%
PFTC 1.3799 1.1747 34.24
PFTC 0.9930 0.9965 15.16
2. Without 7%
PFTC 1.6205 1.2730 40.42

*f3 denotes sensor fault faults having incipient nature (Increasing magnitude).

DISCUSSION

The simulation results validate the efficacy of the proposed
PFTC strategy as compared to without FTC strategy in
presence of sensor, system (leak), and actuator faults with
different fault nature (i.e., abrupt and incipient) having
different fault magnitudes. The PFTC strategy gives superior
control performance in terms of steady-state and transient
responses as compared to without FTC scheme. The smallest
value of MSE and RMSE getting on the case of proposed
scheme which proves that the proposed PFTC scheme gives
almost zero steady-state error and lower value of IAE for
proposed PFTC scheme represents the faster response of the
TTCNILCS. From critical observing the control performance
of the PFTC scheme with three faults with different nature
(i.e., time-varying behavior nature), the abrupt fault nature is
more critical as compared to the incipient fault nature. The
abrupt nature of system and actuator faults occurring in
TTCNILCS is more vulnerable to control performance without
FTC scheme. The main benefits of proposed PFTC scheme are
simply implemented on TTCNILCS system and give superior
control performance under major three faults.

V. CONCLUSION

This paper has presented the passive FTC approach design
for ~ highly = nonlinear TTCNILCS subject  to
actuator/system/sensor faults and process disturbances. The
passive FTC scheme with conventional PID control and neural
network techniques has been developed. It has been proved
that all signals in the resulting closed-loop system are bounded
and the closed-loop system is stable even after a fault occurs
in the system. Also, PFTC response of TTCNILCS tracks the
reference input and rejects the faults more efficiently as
compared to without PFTC scheme in case they appear. The
system fault is degraded system performance drastically as
compared to actuator and sensor faults occur in the
TTCNILCS. The proposed PFTC strategy is capable to
accommodate system/actuator/sensor faults with process
disturbances with acceptable control performance for the
highly nonlinear system. The main advantages of the proposed
approach are simple in structure, less computational burden,
and efficient with and without system/actuator/sensor faults.
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