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Abstract

The chemical production process is tedious due to the integration of different types of
equipment and variables. Designing the controller is crucial in the chemical industry due
to the interactive and non-linear system behaviour. An intelligent autonomous control-
ler can improve the operating efficiency of the industry. Although several controllers
have been developed, different system failures are frequently reported. Hence, controllers
such as proportional integral derivative (PID), fuzzy logic controller (FLC), and hybrid
fuzzy PID (F-PID) applied in the chemical industries are critically reviewed in the paper.
Initially, the PID controller-based approaches are reviewed for different purposes in the
chemical industry. After that, the FLC-based controllers-based papers are reviewed. In
order to satisfy the issues in both controllers, the H-PID controllers have been reviewed.
This review paper will provide an effective solution for operation control in the chemical
industry under different operating conditions.

Keywords Liquid level - Controllers - Fuzzy logic - Temperature - Peak overshoot -
Integral of the absolute error - Integral of the time-weighted absolute value of the error

1 Introduction

The control system plays a major role in industrial processes regulating system performance
at a particular set point. System components and parameters are adjusted within the range
for better system performance (Yuvaraj et al. 2019). Among several industries, the chemical
industry has a large proportion worldwide due to its importance in products such as food,
medicine, and petroleum (Griffin et al. 2018). The chemical industry is non-linear in nature;
therefore, efficient control measures are required to ensure satisfactory system performance.
Controlling the system parameters is the most important task due to the non-linear varia-
tions in the manipulated parameters. The system conditions must be monitored continuously
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to control the non-linear behavior (Manisha et al. 2018). Programmable logic controllers
(PLC) are considered a vital area of automation in the chemical industry (Alphonsus and
Abdullah 2016). The heater is an important piece of equipment in the industrial process,
especially in the chemical industry, to improve product quality and process efficiency. The
Stirred Tank Heater (STH) is omnipresent in the chemical industry for producing new mate-
rials through batch reactions (Septiani et al. 2017). The STH is mainly used for varying the
fluid temperature inside the tank.

Hence, temperature control is often required in the chemical industries. Several con-
trollers have been used in the chemical industry to control the system temperature in a
continuous stir tank reactor. Various controllers such as proportional-integral (PI), propor-
tional integral derivative (PID), and fuzzy are designed in the existing works to cope with
the varying system conditions such as temperature, pressure, and liquid flow (Deepa et al.
2015; Abd El-Hamid et al. 2015). Meanwhile, liquid level control approaches in the sys-
tem must be adopted to regulate liquid flow. Despite its importance, liquid level control is
complex due to its non-linear nature (Harivardhagini and Raghuram 2015). Several works
have looked at the coordination between system control and safety considerations. PID con-
trollers are often used for process control in the chemical industries because of their simple
structure benefits. The requirement of PID controller performance is accomplished through
different tuning rules (Saini et al. 2016).

However, the conventional PID controllers are suitable for controlling the linear system
and therefore need to be upgraded to deal with non-linear chemical industry processes. On
the other hand, the fuzzy logic controller (FLC) has been used in a system with a non-linear
nature (Var et al. 2015). The fuzzy logic (FL) approach examines system operation using
if-then rules with various matching degrees for given operating conditions. FLC can handle
vague situations and generate a solution regarding linguistic variables (Roy et al. 2019;
Mahalakshmi et al. 2015). In the case of the chemical industry, the lack of ability to control
the occurrence of disruptions may lead to accidents under certain circumstances. Therefore,
safety measures to prevent these issues are vital in ensuring the plant’s normal operation
(Hosseinnia et al. 2018). Anyhow, the conventional PID and fuzzy controllers have difficul-
ties reacting to the changes in operating conditions, which necessitates the development
of better controller models (Liu et al. 2016). The hybridization of fuzzy and PID (F-PID)
controllers will improve system performance under varying conditions (Kabila and Glan
Devadhas 2015). The general objective of the chemical plant is to produce new materials
through chemical or biological transformation. The food industry and pharmaceutical prod-
ucts are the major applications of the chemical industry. The chemical industry has provided
multiple building blocks and raw materials for some industries as it plays a significant role
in manufacturing.

Furthermore, the applicability of controllers in the chemical industry is considered a
future research topic due to their role in daily life. However, the least exploration is con-
ducted toward non-linear dynamic behaviour control of chemical plants. Hence, this paper
is intended to examine the role of commonly used controllers such as PID, FLC, and hybrid
fuzzy —PID (F-PID) for non-linear control of the chemical industries. This paper aims to
provide an overview of PID, FLC, and F-PID controllers utilized in the literature from the
initial phase to the present. The number of papers used in this review is shown in Fig. 1.

The prime objectives of this paper are listed as follows,
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e To examine the need for process control in the chemical industry for varying operating
variables.

e Investigate the PID controller-based approaches for pH level control and liquid flow
control in the chemical industry.

e Examine the performance of the chemical plant under FLC for various purposes in the
chemical industries.

e Analyze the operation of a chemical plant through a fuzzy-tuned PID controller along
with its limitations.

e Provide an effective solution to overcome the issues in the chemical industries under
varying operating conditions such as varying temperatures.

The rest of this paper is organized as follows; Sect. 2 explains the chemical industry’s basic
parameters and functioning and the need for controlling approaches. Section 3 elaborates
on the detailed review of PID, FLC, and F-PID controllers in the chemical plant. Section 4
the process control challenges in the chemical industry and Sect. 5 concludes the overview
with future work.

2 Review methodology

This section has explained how the articles are selected for conducting a literature survey on
this review paper. The research methodology includes the following steps,

e Planning.

e Conducting.

e Reporting.

2.1 Planning

The research planning is made for identifying the necessity of systematic review in the

nonlinear process controlling of chemical industry. Existing reviews have been done of the
nonlinear process control of chemical industries but there are no reviews, particularly for
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PID, FLC, and F-PID in nonlinear process control. Thus, this paper has provided an exten-
sive review on this topic. Initially, the research questions are raised and this review should
answer the following queries:

What is the need for process control in chemical industries?

What are the basic units in chemical industries and how does it work?

How are the PID controllers used in chemical industries?

What are the applications of fuzzy-based controllers in chemical industries?

What are the limitations of PID, FLC, and F-PID controllers in chemical industries?

2.2 Conducting

The literature must be selected in a way to answer the research queries. Appropriate research
articles for this topic are identified based on the screening and mapping process. The paper
screening is carried out through three strategies such as word word-based search, creeping-
based search, and inclusion and exclusion of paper. In word based searching strategy, the
important papers are searched through relevant words that are listed below:

Nonlinear process control in the chemical industry.

PID controllers for liquid level control in the chemical industry.
FLC controller for the chemical industry.

Hybrid F-PID for process control in the chemical industry.

2.2.1 Inclusion strategy

e Include the paper with PID, FLC, and F-PID for the chemical industry.
e Include the papers published between 2015 and 2023.

2.2.2 Exclusion strategy

e Exclude the papers published before 2014.
e Exclude the papers having unclear information about the publications.

2.3 Preliminary discussion on the process of the Chemical Industry

The main goal of the chemical industry is to create new materials by separating or integrat-
ing materials through chemical reactions. The final product from these plants, either lower
or higher quality, depends on the production process or the control schemes of different
operators (Souza et al. 2018; Mandal et al. 2019). In the chemical industry, the input vari-
ables are given to the plant to produce the required product. The controller is attached to the
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system to ensure the efficient operation of the plant by controlling different measures. The
measured and the reference temperature are transferred to the controller if the controller
is used for temperature control. The controller examines the deviation between these two
values and then takes the control measures. As in the case of flow rate control, the valve is
maintained at a particular set point to regulate the liquid flow. Finally, the process output
is controlled within the desired level. The fundamental flow of processes in the chemical
industry is shown in Fig. 2.
The process variables involved in the chemical industry are explained below:

e Inputs: The input parameters to the chemical industries are raw materials that vary
under the application.

® Process: The parameters required to maintain the operation are called process param-
eters.

e External parameters: The external parameters are referred to as the elements not pre-
sent inside the process.

e Output: The output parameters are measured in terms of several measures such as im-
proved flow rate, pressure, temperature and composition of other parameters.

2.3.1 Necessity for process control in the Chemical Industry

Process control in the chemical industry is necessary for regulating operating variables such
as pressure, temperature, fluid level, and humidity while manufacturing a product. The con-
trol of the system model deals with different purposes requiring continuous plant monitor-
ing. Most chemical reactions are either endothermic or exothermic, depending on the nature
of the production process. For example, the supply tank, material line and pumps must be
heated in a range to maintain viscosity. On the other hand, chemical reactions often occur in
the reactors under chemical reactions and temperature control is applied based on the mate-
rial type (Noriyanto and Musyafa 2019). Moreover, temperature control relies on factors
such as pressurization, heat exchange rate, and component efficiency. Thus, the temperature
control system must be used in the chemical industry to react quickly under varying operat-
ing conditions.

Disturbance
Control l
Set point Error signal Product
Controller » Process >
System disturbance [«
Measured
value

Fig. 2 Process control in the chemical industry
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On the other hand, the lack of liquid flow in highly sensitive environments can con-
tribute to increased consequences in the liquid level control. Accurate flow rate control is
an advancing field of the complex system, such as constant liquid flow requiring systems
(Mishra et al. 2015). Liquid flow control is widely applied in the chemical process that
needs to be compensated with varying pressure ranges. The fluid rate control can be applied
by measuring the flow velocity, mass flow rate and volume. Due to the varying functions
of the chemical plants, the flow control needs to compensate for the product requirement.

Furthermore, the pressure inside the plant must be measured and controlled within the
limit for producing high-quality products. The necessity of chemical industry controllers
escalates based on applications like gas separation, pH level control, etc. The efficient pro-
cess control approach will enhance the following factors,

Operational efficiency.
Reduction in product variability.
Process safety.

Profit in material production.

Manual control of the chemical plant is not safe under certain circumstances. Thus, it has
been replaced by the controllers. The controller-integrated chemical plant has increased
system stability and flexibility (Duldu 2020). These benefits significantly improve produc-
tion and economy of scale in the chemical industry. Thus, the chemical industrial process
requires well-defined monitoring systems and controllers.

3 Different controllers for process control in the Chemical Industry

This section has reviewed several controllers to regulate the operation of the chemical
industry under varying system conditions.

3.1 System Control with PID Controller

The PID controller is used in various industries to regulate system process parameters such
as temperature, pressure, and liquid flow. The PID controller combines a proportional con-
troller with an additional integral derivative that compensates for the system operation under
system variations (Sharma et al. 2015). In this section, the PID controller in the chemical
industries has been reviewed for various applications. The basic functioning of the PID
controller is shown in Fig. 3.

Hydrogen Potential (pH) regulation has been of greater importance in chemical and
biological industries. Controlling the pH has been challenging for designers due to unpre-
dictable and non-linear processes. Despite these difficulties, a conventional proportional-
integral-derivative (PID) controller commonly uses pH control in the industry.

pH neutralization was directly relevant to chemical reaction outcomes and environmental
impact issues. The PID controller did not result in healthy performance in the neutralization
process due to non-linearity. Therefore, Renato Aparecido Aguiar et al. (Aguiar et al. 2018)
proposed a fractional-order PID controller (FOPID) to improve performance for pH neu-
tralization in chemical plants. The work instructed that the reactor level is also controlled
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Fig. 3 Functioning of PID controller in the chemical plant

using the FOPID controller in addition to controlling pH. A continuous stirred tank reactor
(CSTR) was adapted to carry out the chemical reactions in that paper. Three streams were
mixed into the CSTR: acid, base, and buffer. The FOPID controller controlled the acid and
base flow, whereas the buffer flow was manually controlled. Then the chemical reaction was
done in the tank, and the pH and the reactor tank level values were measured. The system
variables were related to the reaction invariants and the reactor level, representing the pH
value that the base flow rate can regulate. The output variables pH and reactor level make
closed-loop feedback with the FOPID controller.

Nowadays, most chemical industries allow microwave heating to perform chemical reac-
tions with the shortest heating duration. In many chemical plants, microwave thermostatic
reactors have replaced existing power-adjustable thermostatic reactors. Yongqiang Zhou et
al. (Zhou et al. 2017) proposed processing liquid materials using microwave thermostatic
chemical reactors by controlling the coolant velocity. The paper suggested that the reaction
vessel contains liquid for the sample and that the microwave coolant flows through a spiral
heat exchanger to control the temperature. Then, the microwave irradiated the sample liquid
and processed the liquid materials by the control system of the PID controller at a constant
temperature. Then the velocity of the coolant was controlled by the PID controller. The
temperature control with different coolants like water, ethanol, and methanol was analyzed
in the work.

Due to their popularity, cost-effective, and simplicity, PID controllers were adopted
in chemical applications to control liquid flow. Poomani and Rameshwari (Poomani and
Rameswari 2015) implemented non-linear control to maintain liquid flow levels using an
enhanced PID (E-PID) mechanism. The spherical-shaped tank of maximum height and a
radius of 0.5 m was utilized in the chemical process because simple to understand as a sys-
tem. The performance analysis was calculated regarding settling time, overshoot, ISE, and
IAE error values. The result of the E-PID controller was compared with the conventional
Ziegler-Nichols PID (ZN-PID) controller. The Nyquist plot was designed to analyze the
stability of the spherical tank system. The flow of liquid level in the tank with the E-PID
controller was analyzed at minimum settling time and with less overshoot than the conven-
tional ZN-PID controller.
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Munna Kumar et al. (Kumar et al. 2019) suggested controlling the temperature in the
reactor using an internal model control-based PID controller (IMC-PID). The temperature
could be controlled in the fermentation process for ethanol production under unstable sec-
ond-order time delay. The production of alcohol was considered in the fermentation process,
and the continuous stirred tank reactor (CSTR) was considered. The comparing output of
the temperature of the substrate and reactor was fed to the IMC-based PID controller, where
the process transfer function and equivalent process control take place. The output of the
PID controller is fed to the CSTR, where the cooling agent flows through the control valve.
The reactor’s temperature was regulated by manipulating the jacket flow rate and control-
ling the temperature of reactor feedback with a PID controller to maintain the process. The
process of temperature control in chemical plants is shown in Fig. 4.

The modelling of the heat exchanger with a perfect controlling process was risky due to
the non-linearity. In order to suppress that, Firew D. Olana and Tadele A. Abose (Olana and
Abose 2021) implemented a mathematical model of shell and tube heat exchangers by a PID
controller. The laboratory heat exchanger was used for heat transfer. The cold and hot fluids
were the inputs to the heat exchanger, which incorporated a bundle of parallel tubes, and the
heat was transferred between the fluids. Different functions are performed due to the series
of baffles in the tube, and finally, the cold fluid outcome from the heat exchanger is con-
trolled by a PID controller. The controller function deals with Chein et al. tuning method,
which was a large overshoot plus dead time process.

Sina Razvarz, and Cristobel Vargas-Jarillo (Razvarz et al. 2019) proposed controlling
the flow rate of fluid oil in pipelines by motor pump vibration control. A torsional actuator
placed in the motor can regulate the system vibrations. The fluid flow rate could be con-
trolled by a PID controller based on the Lyapunov stability analysis method adopted in the
paper. The minimum range of proportional and derivative gain made the system unstable, so
to make it a stable system, the PID gain stability analysis method was applied for better effi-
ciency. The flow model accepted the liquid flow through the pump, and the PID controller’s
control signal was given to the torsional actuator to provide the necessary control forces.

Soniya Kocher and Kori (Kocher and Kori 2015) modelled the temperature control of the
heat exchanger system in the plant with a PID controller. The proposed heat exchange sys-
tem comprises the tube exchanger and the reactor in which the heated stream flows through

External
disturbance
Controlled l
temperature
. Error
Set point Chemical
Controller >
plant
Temperature
Measured SCnsor
temperature

Fig.4 Temperature control in a chemical plant
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the tubes. The resultant fluid was stored in the tank supplied to the heat exchange system.
Here, the PID controller was used to regulate the heat flow. The measured temperature from
the plant and set points were given as inputs to the PID.

Beza Negash Getu (Getu 2016) proposed the PID controller based on water level control
in chemical industrial processes. The water level in the tank was regulated using motor
pumps along with PID. In that proposed work, the water level and the reference height of the
water were given to the controller that provides speed control to the motor, thereby control-
ling the water level. The motor speed was estimated using a speed measurement device then
it was transformed to height transformation. The transformation of these variables provides
a controlled output related to the flow rate and water level.

Vanavil et al. (Vanavil et al. 2015) proposed an improved PID controller with a lead-lag
filter to control the open-loop unstable process. In that paper, the chemical models were rep-
resented through transfer functions. The PID was designed using a direct synthesis method
that produces peak overshoot. Thus, the set point weights were introduced for the proposed
controller, which ranged between 0 and 1. The controller parameter was estimated based on
the sensitivity function. The performance efficacy of the suggested model was explained
through different examples.

Giovani S et al. (Silva et al. 2017) proposed a PID controller with a model predictive
algorithm (MPA) to reduce the operational cost of the controller in chemical applications. In
that proposed model, the IMC tuning was applied for both the series and parallel PID con-
trollers. Moreover, the performance was examined with positive and negative disturbances
in the system. The system performance was examined through the density of fluid, energy
and motion equations expressed in mathematical equations. The model was implemented in
Computational Fluid Dynamics (CFD).

Mostafa A. Fellani et al. (Fellani and Gabaj 2015) proposed the PID controller-based
liquid level control in a tank system. Here, the controller was used for regulating the water
flow into the tanks, thereby examining the speed of the pump. In that paper, the system’s
performance was examined with and without the controller. The analysis found that the
pump continuously flowed the water until it overflowed while the controller was removed.
Moreover, the flow into the tank was enhanced using the controller.

Vasquez et al. (Vasquez et al. 2023) developed the PID-based sliding mode controller
for a nonlinear chemical plant. The suggested model design is a nonlinear system using the
reaction curve identification method. The reduced order model was represented through the
first order plus dead time and the nonlinear surface was used for the proposed controller
design.

Kumar et al. (Kumar et al. 2016) developed the modified PID that consists of two PID
blocks to control the nonlinear operation in the spherical tank. In that suggested model, the
deviation between the reference and measured value of the liquid was considered an error.
Hence, the controller gains were tuned in such a way as to minimize the errors.

Goud et al. (Goud et al. 2022) have introduced the tuned PID for controlling the nonlin-
ear temperature in CSTR. In the suggested model, the temperature was controlled by the
auto-tuned PID via a feedback loop. Bhookya et al. (Bhookya et al. 2022) developed the
PID for controlling liquid levels in the process industry. Quifiénez et al. (Quifidnez et al.
2019) compared the different schemes of nonlinear PID controllers for regulating the tem-
perature in the bioreactor process.

Several methods applied with the PID controller are illustrated in Table 1.
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3.2 Control of chemical plant with FLC

The traditional PID controller is adopted in several fields owing to its simple structure and
adaptability benefits. However, its performance is not satisfactory in the non-linear opera-
tion of the system. In the case of the chemical industry process, the temperature, pressure,
and other processing variables vary over time (Bhandare and Kulkarni 2015). Thus, the FLC
is introduced to enhance the system performance simultaneously. The basic operation of the
fuzzy controller is shown in Fig. 5.

Gas separation from the air played a major role in the chemical industry. The conven-
tional gas separation process using a PID controller was a multi-loop and multi-variable
control. It does not provide quality control and high delay when the system is unstable. In
order to overcome those drawbacks, Koldaev et al. (Koldaev et al. 2020) proposed a fuzzy
logic controller (FLC) based gas separation process that revealed the membrane process was
adapted for separating nitrogen gas from the air. The membrane plant included air separation
modules in the cylindrical tank and accepted the compressed air as input. The membrane
module supplied air to the fibers connected inside the tank in parallel. The water, hydrogen,
and helium molecules have been diffused into it due to the pore arrangement in the fibre
walls and can be sent out easily. Oxygen and carbon dioxide were drilled through the walls;
nitrogen and argon in the air were stored on the inner side of the membrane. The FLC was
utilized to perform better accuracy and gas separation process speed based on fuzzy rules.

The manufacturing of fertilizer in the chemical industry was correlated with the pro-
duction of foods. Most of the plants relied on fertilizer, so the demand was higher. Due to
uncontrolled manufacture and poor quality, the industry suffers losses. In order to rectify
that, Darius Andriukaitis et al. (Andriukaitis et al. 2019) introduced the fuzzy logic control-
ler for pelletizing equipment. The paper analyzed the measurement of pellet data collected
from fertilizer plants. The fertilizer could be pelletized by chemical reactions, which had
a high melting point, and converted into a liquid to form pellets and pellet measurements
could be calculated using an auxiliary system. The auxiliary system was an advanced sys-
tem that operated under fuzzy logic rules. By collecting and measuring the data from plants,
the industry manufactured the fertilizer in order to avoid losses.

In the chemical process, liquid level management and control was the most important
plan. Hence, managing an industrial liquid filled in the tank was at a certain accuracy level.
Wireless communication was a great process of passing information using electromagnetic
cables, reducing cable costs, and repairing maintenance when differentiated from wired
communication. Ismail Bayram et al. (Bayram et al. 2019) proposed a fuzzy controller in
the wireless liquid level simulator, which analyzed data transmission between the system
and computer using two antennas. The water fed to the system was kept in a tank, and a
pump was opened by electricity, causing the system liquid to flow. A fuse was utilized,
which closed the pump to restrict water overflow. The liquid level controller and pressure
control valve were used to control the liquid flow and pressure, respectively. The output
from those valves was connected with the modules, including the transmitted data between
two antennas. The wireless liquid level process control measurements ISE and IAE values
were calculated for various liquid level points based on fuzzy results.

The separation of a chemical mixture into individual components through such a chemi-
cal reaction is termed chromatography, which plays a crucial part in the chemical industries.
The chromatographic separation should be accurate and effective. Therefore Chao-fan Xie
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Table 1 PID controller-based chemical applications

Author Controller  Purpose Outcome Merits Demerits
Renato Apare-  FOPID pH neutral-  Neutralizing pH  The response of ~ Some oscillation
cido Aguiaret  controller  ization in value at a settling pH control and occurs in control-
al. (Aguiar et al. the chemical time of 8s and re- reactor level ling pH and reac-
2018) in 2018 plant actor tank value  at a faster set- tor level response
at 10s. tling time than with disturbances.
conventional PID
controller
Yonggiang PID Processing The temperature  Better accuracy Although the tem-
Zhou et al. controller  of liquid of the coolant is perature of metha-
(Zhou et al. materials controlled at the nol and ethanol
2017) in 2017 range of £°0.5C. was controlled at
the same target,
ethanol produced
higher hydro
carbon emissions
than methanol.
Poomani and E-PID The liquid The liquid level ~ Perform more IAE value was
Rameshwari controller ~ flowrate of  atan overshoot  effective set point larger than the
(Poomani and the spherical ~ of 10% and tracking than ISE value at 1 and
Rameswari tank system  settling time of  a conventional 2 cm operating
2015) in 2015 23 s. controller. points.
Munna Kumar  IMC-PID Temperature  IAE, ISE, and Controlling the IAE, ISE, and
et al. (Kumar controller  control of the ITAE value reactor’s tempera- ITAE values
etal. 2019) in reactor under unstable ture effectively under disturbance
2019 second order improved closed ~ change were
time delay was loop performance greater than set
evaluated in the  in settling time.  point tracking.
range of 20.99,
49.02,292.5,
respectively
Firew D. Olana cheinetal. Model- The temperature  Overcome inverse Efficient output
and Tadele A.  PID tuning ling of heat ~ was controlled response and was not per-
Abose (Olana ~ method exchanger at the overshoot  large overshoot formed by the
and Abose of 2.577% with  plus dead time Ziegler-Nichols
2021) in 2021 a settling time in the process PID tuning
of 63s. model. method.
Sina Razvarz, Lyapunov  Flow rate The stability of ~ The maximum High vibration
Cristobel stability control in the the PID control-  PID gain results  occurs in the
Vargas-Jarillo analysis- pipeline ler was designed. in fewer fluctua-  pipeline.
(Razvarz etal.  based PID tions in velocity.
2019)in 2019 controller
Soniya Kocher PID Tempera- Rise time-0.93s  Ziegler Nichols-  Higher overshoot
and Kori (Ko- ture control  Settling based tuning of
cher and Kori of heat time-7.37s the controller
2015) in 2015 exchanger Overshoot-23.7% provides better
control in varying
temperatures.
Beza Negash PID Water level ~ Rise time-0.233s  Better perfor- Need to apply an
Getu (Getu control Settling mance than the PI  efficient tuning
2016) in 2016 time-1.39s controller method for sys-
Overshoot-3.24% tem stability
Vanavil et al. Improved  Unstable Sensitivity System stabil- IAE increased
(Vanaviletal. ~ PID delay process function-2.34 ity improved with different
2015)in 2016 TAE-4.96 with sensitivity experiments
Total variation function-based
(TV)-20.25 tuning
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Table 1 (continued)
Author Controller  Purpose Outcome Merits Demerits
Giovani et al. MPC tuned Temperature Rise time- Good perfor- Higher system
(Silva et al. PID control in 1205.5s and mance in regula-  complexity due
2017) in 2017 the heat integral square tory problems to the adaption of
exchange error is 73,257 OpenFOAM
process for series PID
Mostafa A. PID Two-tank Overshoot System response  Steady-state error
Fellani et al. liquid level time-20s improved increased
(Fellani and control
Gabaj 2015) in
2015
Vasquezetal.  Hybrid PID CSTR and ISE is reduced to  Overshoot re- Large settling
(Vasquez et al. Variable 6.3% duced by 89.3%  time
2023) in 2023 Height Mix-
ing Tank
(VHMT)
Kumar et al. Modified Liquid level ~ ISE is 86.42 Zero overshoot Higher IAE
(Kumar et al. PID control in
2016) in 2016 spherical tank
Goud et al. PID Temperature  The mean square The rise time is Higher Integral
(Goud et al. control error is 10.0934  0.09s time absolute
2022) in 2022 error
Bhookya etal.  PID Liquid level ISEis 91 Better perfor- Higher Integral
(Bhookya et al. control mance for distur-  time absolute
2022) in 2022 bance rejection error
Quifiénez et al.  PID Temperature  Lower ISE Better per- Need detailed
(Quifidnez et al. control in the formance for discussion on PID
2019) in 2019 bioreactor tracking and dis-  controller
process turbance rejection
Rule based Disturbance
(IF-THEN) '
[]
L
Set point -
-Ch Fuzzification De-fuzzification 7
plant '
: Error :
: input Controlled :
H Output E
H Decision :
: making H
: '
H ]
¢ ]
:. ]

Fig.5 Configuration of FLC

Disturbance measured

and Yang-Jie Tang (Xie and Tang 2021) proposed using advanced simulated moving bed
(SMB) technology for chromatography with the fuzzy controller. The separated compounds
are first dissolved with the solvent and then fed into the column depending on the pressure.
Each component is injected into the fixed phase in the column by the functioning mobile
phase. The components with low absorption power with fixed phase were quickly excreted,
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and components with high power were released slowly. The chromatographic SMB separa-
tion encountered a few difficulties when changing environmental parameters and industrial
equipment. So, SMB made some adjustments due to changing parameters and equipment.
An automatic tuning fuzzy controller was utilized to control the purity in separation from
the SMB device. The output force could be controlled under varying parameters to ensure
the applied force is in even when the relative error is less.

The chemical process was applied in manufacturing to change the production of mate-
rials. In the chemical industry, the distillation column was more significant for splitting
the liquid mixture into its pure components by applying or dismissing the heat. Due to
vapour and liquid flow dynamics, the time delay rose in the distillation column and was an
unfavorable issue in process control. Hamdy and Ramadan (Hamdy and Ramadan 2017)
implemented a Smith predictor (SP) and fuzzy decoupling system for multiple-input mul-
tiple-output chemical processes. The author suggested that each output was caused by each
input in the MIMO chemical process under varying time delays, which leads to poor system
response. In order to balance that, SP was introduced in the paper to rectify the time delay
problems. The fuzzy decoupling control was also employed in the paper to avoid interaction
issues, especially for the purification process. The elements in the decoupling system have
functioned as basic fuzzy rules, and SP recovered time delay problems.

A chemical reactor is an energy-consuming apparatus in a chemical process, and the
entire effective production is based on the normal operation and performance of the reactor.
To control the chemical reactor for optimal concentration value output, Isomiddin Sidikov
et al. (Sidikov et al. 2020) designed a fuzzy synergetic controller to regulate non-linear
systems’ problems. A chemical reactor was enabled with a mechanical stirrer and cooling
jacket. The apparatus carried out an exothermic reaction, and the reactor jacket cooled the
reaction with the coolant. After that, a fuzzy synergetic controller was utilized to control the
non-linear systems. The concentration and temperature of the process were stabilized in a
chemical reactor using control techniques.

In the chemical industry, ensuring safety was difficult due to various variables. In order
to ensure safety in chemical processes or plants, the risk factor could be calculated by join-
ing the frequency and magnitude of accidents. For that, Gonzalez Dan et al. (Dan et al.
2017) proposed estimating the frequency of an accident by a fuzzy logic control system.
Frequency estimation was based on historical incident data, and accuracy was based on data
quality. By adjusting the fuzzy frequency modifier, the frequency should be calculated for
various accidents, which is more accurate and realistic. The frequency with high magnitude
implies that more safety measures were needed to perform risk management in the chemical
plant.

Mamdani’s fuzzy model exhibits many rules to deduce the rules, Ahmadi et al. (Eghbal
Ahmadi et al. 2018) proposed a new fuzzy approach of fuzzy composition variables (FCV)
for flash separation of crude oil. FCV was a new Mamdani fuzzy model that combined all
molar fraction variables of material as one fuzzy variable. The number of components in the
material was considered the number of fuzzy sets, whereas the membership function repre-
sented the molar fraction value. FCV also included a lumping mapping when the number of
components in the material was large. The membership function of each lumped fuzzy set
was the summation of the membership function of all fuzzy sets of lumped components. The
flash vaporization of crude oil at any operating temperature and pressure was done by FCV
rules to predict the outlet stream’s molar fraction and liquid fraction.
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Controlling an exothermic process in the chemical industry was difficult due to the sud-
den heat excretion, resulting in some accidents. In order to rectify that, Wan Ying Chai et
al. (Chai et al. 2020) suggested fuzzy logic control for an exothermic batch process. A batch
reactor is a commonly used chemical apparatus performing higher output. Thermal runaway
of the exothermic process in the batch reactor affected the quality of production and safety
of the chemical plant. Predicting optimal temperature using a conventional PID controller
needed a separate supervision control. So, the paper adopted the Mamdani type fuzzy logic
model to perform an optimum temperature in an exothermic batch process. The technique
used in the paper was capable of performing varying temperatures in different stages.

Chemical laboratories have faced many accidents due to liquid waste disposal, which
poses an environmental protection and safety problem. Chao-Chung Ho and Ming-Shu
Chen (Ho and Chen 2018) proposed a fuzzy theory-based failure mode effects analysis
(FMEA) method to progress liquid waste disposal. Initially, liquid waste was collected in
a container and stored in a laboratory liquid waste storage room. Then transported to the
liquid waste storage field at the semester’s end and delivered to the waste disposal plant by
the clearance company once the amount of waste reaches a certain level. In order to reduce
the unexpected hazards due to human error and external factors, some safety measures were
necessary to manage. So alarming and examining the alert mechanism was important in
liquid waste management. The FMEA method was adopted to highlight laboratories’ waste
management processes and reduce the risk. The FMEA adopts fuzzy rules to find the risk
priority number, calculated by multiplying severity, detection, and occurrence. The liquid
level control architecture is shown in Fig. 6.

Controlling the liquid level in the chemical industry plays an important role in providing
good quality. The conventional PID controller’s liquid level control method was very diffi-
cult. In order to conquer that, Adnan Rafi Al Tahtawi et al. (Al Tahtawi et al. 2020) proposed
an FL controller to maintain the liquid level in the tank. The module has two tanks, namely
a reservoir and a controlled tank. The liquid was filled in by an electric pump that acts as
an actuator and could be detected by an ultrasonic sensor. The Sugeno fuzzy mechanism

Control signals
rrosTosToTosmossossssossossosocsosoos B
Tank input = Control valve
A
—L——1-> Level detector Controller
e e, s
. Supply to the
" system

Fig.6 Liquid level control in the chemical industry
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was applied to the actuator to maintain the liquid level. Based on the input variable error
value and change in error, the process of liquid control is maintained. The outcome was per-
formed in the form of valve opening and pump speed. So, the results for liquid levels with or
without disturbances were explained by calculating IAE and ITAE errors. Several methods
applied with FLC are illustrated in Table 2.

3.3 Fuzzy-PID controller for chemical industry application

In order to overcome the shortcomings in traditional PID and fuzzy controllers, these con-
trollers are combined. The hybrid F-PID controller inherits the advantages of both control-
lers. Here, the FLC is used for tuning the controller parameters in PID; thus, it improves
computational efficiency (So and Jin 2018). The basic architecture of F-PID controllers in
the chemical industry application is shown in Fig. 7.

In order to control the system by considering the delay time and the steady state error,
Anitha et al. (Anitha et al. 2019) have proposed the hybrid fuzzy-PID (F-PID) controller.
The proposed controller was implemented with the single input-single output model, where
the piezoelectric transmitter’s signals from the pressure tanks were conveyed through the
analog signals. The A-D converter converted the transmitted analog signal into the digital
signal. The converter’s output was fed into the controller to take the control measures. The
control valve in that arrangement provided the controlled pressure into the tank. That pro-
posed hybrid F-PID controller measured the error and error variation in the system where
the set of functions combines the fuzzy and PID controller. That proposed controller pro-
vided an optimum solution based on the priority of both the PID and fuzzy controllers.

Liquid level control is an important topic in the chemical industry application, whereas
noise affects the system condition. Hence to address these issues, Trinh Luong Mien
(Mien 2017) proposed the F-PID controller. That controller was designed for a coupled
tank system. In that model, the initial parameters were examined through the linear model;
meanwhile, the fuzzy rules were used for tuning the PID controller. In FL, level error and
derivative of the error were given as inputs based on these parameters, and the fuzzy rules
were generated. Accordingly, the control parameters for the PID controller were generated.
At last, the control outputs were generated by combining maximum and minimum rules.
The results analysis shows that the controlled model had better performance in terms of
lower rise time and steady-state error.

The conventional PID controllers are suitable for controlling a linear process; hence it
does not become effective for non-linear operation; Thus, Jhon Edisson et al. (Rodriguez-
Castellanos et al. 2018) proposed a fuzzy PID controller. That proposed hybrid controller
was tested on the CSTR model. The hybrid controller allows error and change in error as
its input function. That control architecture was constructed based on the combinations of
FLC-PD and FLC-PI controllers. Both controllers accept similar inputs, and then the control
actions are generated by the FLC. The controller’s static gains were selected between the
lower and the upper bounds. The gains of the PID controller were transferred to the F-PID
controller through the conversion equation. The proposed controller was estimated under
non-linear conditions, while performance was measured in terms of IATE and IAE under
normal and disturbance conditions.

In order to improve the performance of the electric heating process in the chemical indus-
try, Peng Jin et al. (Jin et al. 2018) proposed the F-PID controller. The two-point method
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Table 2 Fuzzy controller-based chemical applications

Author Controller  Purpose Outcome Advantages Limitations
Koldaev etal. Fuzzy Gas separa-  Filtrate Nitrogen perform a given Fluctuations in
(Koldaev et al. controller  tion-based  (90-99.9%) from level of nitrogen pressure some-
2020) in 2020 membrane  the air. purity with low en-  times drop the
process. ergy consumption  purity of the gas.
Darius An- Fuzzy logic Controlled Pellet data calcula- Equipment was eas- High-quality
driukaitis et al. controller  fertilizer tion at fertilizer ierto clean dueto  production
(Andriukaitis manufac- plant and Produc-  less contamination. had been lost
etal. 2019) in tured in the tion volume up to due to indirect
2019 chemical 80 tonnes/h. measurements.
industry.
Ismail Bayram Fuzzy- Fluid level =~ The level of an in-  Better process The valve is
et al. (Bayram based simulator dustrial fluid in the control and low closed when
etal. 2019) in  wireless for chemi-  tank was predicted, installation cost the liquid level
2019 technology cal process. and improved con- due to wireless reaches a certain
trol efficiency at technology. set point, and
the liquid set point little oscillation
of 4 dm. occurs.
Chao-fan xie ~ Automatic ~ Simulated  Control the purity =~ The highest stabil-  Despite variation
and Yang-jie  tuning moving in separation from ity, better conver- in purity control
Tang (Xie and fuzzy bed (SMB) SMB thatis 96%  gence speed and the being less, fluctu-
Tang 2021)in controller =~ chromato-  efficient. fluctuation in purity ations of raffinate
2021 graphic control were less.  liquid outlets
separation. were large.
M. Hamdy Fuzzy Smith Rectify the time Designing the con-  The IAE value
and M. Rama- decoupling predictor delay problems in  troller parameter for loop 1 was
dan (Hamdy  control in MIMO the MIMO chemi-  was simple due increased from
and Ramadan chemical cal process. to the decoupling loop 2.
2017) in 2017 process. system.
Isomiddin Fuzzy Chemical Stabilize the non-  Easy handling of The state vari-
Sidikov etal.  synergetic ~ Processes in linearity in the system non-linear-  ables of objects
(Sidikov et al. controller ~ achemical chemical process ity with external have deviated
2020) in 2020 reactor. by regulating the disturbances and due to distur-
temperature and uncertainty in the bances that cause
concentration system the object to
of the chemical deviate from the
process. equilibrium state.
Gonzalez Dan Fuzzy- Risk assess- The magnitude The result was Company A
etal. (Danet based ment in the and frequency of  more realistic needs more
al. 2017) in frequency  chemical accidents could be  and accurate and safety measures
2017 modifier plant estimated improved the risk ~ than Company B
assessment. due to the higher
frequency of
accidents.
Ahmadi et Mam- Flash va- The prediction The rules of the Complex design
al. (Eghbal dani fuzzy  porization  accuracy of liquid Mamdani fuzzy
Ahmadi etal. model of crude oil  fraction is 85% model were reduced
2018)in 2018 by adapting FCV.
Wan Ying Mam- Thermal The optimum Sudden changes in ~ Some overshoot
Chai et al. dani fuzzy runaway in temperature of an  heat in chemical occurs in heating
(Chai et al. model the exother- exothermic batch  plants should be conditions and

2020) in 2020

mic reaction

process, which was
60°C

avoided, reducing
accidents in the
industry.

reactant charging,
which slightly
affects the pro-
duction yield.
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Table 2 (continued)

Author Controller  Purpose Outcome Advantages Limitations
Chao-Chung  Fuzzy- Liquid Calculation of risk  More effective than -
Ho and Ming- based waste man-  priority number the conventional
Shu Chen FMEA agement in  and Improv- FMEA method
(Ho and Chen method laboratories ing liquid waste
2018) in 2017 management rate
to 60%
Adnan Rafi Al Sug- Liquid level The liquid level at- Liquid control per- IAE and ITAE
Tahtawi etal. eno fuzzy  control in tained the set point formance was better value was higher
(Al Tahtawi mechanism  the tank at 25s without dis-  and less complex in  for the level
et al. 2020) in turbance and 60s design. analysis with
2020 with disturbance. disturbance
than without
disturbance.
Fuzzy logic
Error control
Disturbance
Parameter

de wuni

— nin;

dt &

. Chemical
Set point PID
plant
Feedback Prediction
correction model

Fig. 7 Structure of Fuzzy PID controller

identified the system, selecting the response curve’s coordinate values. Initially, the open
loop control was carried out on the system, where three inputs’ time constant and lag time
was examined. The adaptive F-PID controller in that model was designed based on a fuzzy
control algorithm. The temperature deviation and temperature error were input to the FLC,
while the fuzzy rules were used to generate the controller gains from PID. That proposed
controller was evaluated on the electric heating plate under different temperature ranges.

In order to improve the performance of the controller under disturbance in liquid flow,
Sofian Yahya et al. (Yahya et al. 2022) proposed an adaptive F-PID controller. That pro-
posed controller provided an efficient solution during a disturbance. A simple fluid flow ser-
vomotor model was modeled based on actuator motion. The liquid flow model was designed
based on the transfer functions of the servo motor. The heating tank system was designed,
and its flow rate was examined by sensors sent to the feedback controller. The microcon-
troller unit decided the operation of the valve control. That adaptive F-PID controller re-
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tunes the control parameters based on the error-value variations. Additional values of the
PID controller interfaced with the nominal PID controller while the disturbance was occur-
ring. That controller was estimated under normal and disturbance conditions.

To deal with the issues of non-linear processes in the chemical industry due to the varied
viscosity, Vinothkumar and Esakkiappan (Vinothkumar and Esakkiappan 2021) have pro-
posed an F-PID controller in hopper liquid level control. The delay time process examined
the mathematical model parameters such as delay time and time constant in the first order.
The error in liquid level and rate of change of liquid level error were given to the FLC based
on those values, and the rules were generated. The Hopper tank liquid controlling was mod-
elled in the Simulink tool, and the results were verified regarding ITAE, IAE, and ISE. The
performance of liquid level control in the hopper tank was also estimated with the fuzzy PI
controller, and satisfactory results were found in the F-PID controller.

Quality and safety are important considerations in the chemical industry, and adopt-
ing controllers can achieve these goals. However, the excessive time consumption and the
overshoot degraded the controller performance. In order to overcome these issues, Ola-
tunji Hezekiah Adigun (Adigun 2018) proposed the decentralized F-PID controller. The
tank models were designed based on the mass balance equation. The fuzzy logic was used
for estimating the PID controller parameters. In that paper, the four-coupled tank system
resembles a chemical plant. In the tank model, the liquid level was controlled by two pumps.
The controlling valves controlled each pump.

Negar Moghadam et al. (Moghadam et al. 2017) proposed a type-2 F-PID controller to
improve the precise flow of chlorine in the chloroacetic acid production industry. The sys-
tem error and deviation in system error were inputs to the FLC. In the type-2 fuzzy model,
the type-2 model was mapped into the type-1 fuzzy sets, converting the fuzzy sets into crisp
output. In the type-2 fuzzy models, numerous numbers and types of membership functions
were generated. Based on those factors, several fuzzy rules were generated for choosing the
gain values of proportional, integral, and derivatives. Different types of membership func-
tions, such as Gaussian, triangular, and trapezoidal, were generated, and their corresponding
performance metrics were evaluated. Under normal and disturbance conditions, the system
performance was evaluated with existing controller models.

Jafar Tavoosi et al. (Tavoosi et al. 2021) proposed a generalized type-2 F-PID (GT2F-
PID) controller to overcome the noise issues in conventional PID controllers. In that model,
the rules generated by FLC were used for tuning the control parameters of PID. The general-
ized predictive controller was used for examining the controller parameters of PID, which
was used as the observer controller. That suggested controller architecture minimizes the
temperature in the CSTR system. The observer controller had to provide an optimum value
for the controlling parameter under varied system conditions by minimizing the errors. That
proposed model was implemented with the CSTR system, and the results were compared
with existing models regarding temperature variation and controller tuning.

The tubular heat exchanger is one of the central tasks in the chemical industry and was
achieved through the efficient modeling of the shell and heat exchanger. In order to improve
the design of these models, Somasundar Reddy and Balaji (Reddy and Balaji 2021) pro-
posed the F-PID controller. That proposed controller was used for controlling the heat in the
shell and tube heat exchanger. The FPID controller provided an output by comparing the
outputs from fuzzy and PID controllers through two logic functions. The arithmetic output
from the proposed controller was given to the plant model in either multiplication or addi-
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tion operation. That FPID controller had the benefits of dynamic and steady-state response.
Moreover, the fuzzy rules were formulated using positive, negative, and zero values.

To deal with the issues in the non-linear operation of the chemical industry, Edison Bena-
Icazar et al. (Benalcazar et al. 2021) proposed an F-PID reset-based controller. The FPID
controller was formed through the designed PID controller. In the FLC, both the error and
change in error were given as inputs then the FPID controller was modelled by mathemati-
cal equations. The operating ranges of the PID controller were decided based on fuzzy
variables. The performance efficacy of the suggested controller was examined through ISE,
ITAE, and control variations. The performance of the proposed F-PID controller was esti-
mated in the radial graphs under different controllers.

Mohanty et al. (Mohanty and Mohanty 2020) proposed the fuzzy-based PID controller
for heat exchangers in the chemical industry. This proposed model added the feed-forward
and feed-backward control strategy in the PID controller. With the addition of an efficient
controller, the load fluctuations and disturbances in the system have been reduced.

Haoran et al. (Liu et al. 2023) proposed the F-PID controller for the chemical industry’s
polymerase chain reaction (PCR). The relay self-tuning algorithm has been proposed for the
initial generation of fuzzy parameters. Then the feed-forward algorithm was used to pre-
compensate variables in the F-PID controller.

To overcome the instabilities caused by the PID controller, Njoku et al. (Njoku 2021)
used the F-PID controller to control pH between 0 and 14. To examine the pH curve, the
general time delay transfer function was considered. The error and derivative of the PID
gains were fed to fuzzy logic to produce optimal gains.

Jegatheesh et al. (Jegatheesh and Kumar 2020) proposed the hybrid model of fuzzy and
fractional order PID controller for level control in spherical tanks. The proposed regulator
was studied in the two-tank spherical system. The fuzzy rules chose the proportional and
integral gains in the proposed control model. The liquid in the tank has been divided into
four zones to control the flow rate. Several methods used with the hybrid H-PID controller
are shown in Table 3.

3.4 MPC controllers for non-linear control of chemical plants

This section reviews some existing methods for MPC-based control strategies in chemical
plants.

Pua et al. (Pua et al. 2022) proposed a robust MPC with the artificial neural network
(ANN) for pH control. In this model, the data sets were created by multiple tests with a
length of 1200 min on the MPC and trained by the ANN. The training data set in this model
was validated with and without the presence of noise. The Levenberg-Marquardt algorithm
was used to train the ANN.

Naregalkar et al. (Naregalkar and Durairaj 2021) suggested the least squares support
vector machines (LSSVM) based MPC for CSTR regulatory control. In this model, the non-
linearity was solved by the Hammerstein model. The linear dynamics were represented by
the Laguerre filters and the non-linearities by the LSSVM.

Rua et al. (Rua et al. 2021) suggested the MPC for stabilizing the power plant with CO2
capture based on chemical absorption. The non-linear behaviour of the plant was predicted
by the non-linear network model with the MPC strategy. The offset-free control was accom-
plished by the delta-input formulation.
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Table 3 Hybrid F-PID controllers for chemical industry application

Author Controller Purpose Outcome Advantage Disadvantage
T.Anitha et al. F-PID Pressure Proportional, Steady-state error  Higher
(Anitha et al. control integral, and and delay time are  overshoot and
2019) in 2019 derivative gains considered convergence
for the first-order rate
system are 2,
0.23, and 0.027,
respectively.
Trinh Luong Mien F-PID Liquid level ~ Rise time-1.2s Lower steady state Detailed
(Mien 2017) in control in Steady time-3.1s  error with zero study needed
2017 coupled tank overshoot with sen-
system sors to obtain
realistic control
objective
Jhon Edisson et F-PID Non-linear The absolute error The integral of the Both the IAE
al. (Rodriguez- process con-  (IAE) integral Time-weighted and ITAE are
Castellanos et al. trol of CSTR is 1.20and 1.19  Absolute value of increased in
2018) in 2018 model under normal the Error (ITAE) is non-linear
and disturbance reduced to 5 under plants.
conditions in a the disturbance
non-linear model.  condition.
Peng Jin et al. F-PID Temperature ~ Steady-state error  Overshoot is 1 °C, Temperature
(Jin et al. 2018) in control in the of temperature and the speed overshoot
2018 electric heat- control is 0.6°C deviation of heat-  is higher
ing plate ing speed control  under room
is £0.5 °C/min temperature
at 26.1 °C room
temperature
Sofian Yahya et al. F-PID Liquid flow  Overshoot is Settling time under Hardware is
(Yahya et al. 2022) control in 3.33%, 25% open loop system  included to

in 2022

Vinothkumar
and Esakkiappan
(Vinothkumar
and Esakkiappan
2021) in 2020

Olatunji Hezekiah
Adigun (Adigun
2018) in 2018

Negar Moghadam
et al. (Moghadam
etal. 2017) in
2017

Jafar Tavoosi et
al. (Tavoosi et al.
2021)

the chemical

industry

F-PID
control

F-PID

control

T2FPID

GT2FPID

Liquid level

Liquid level

Control of
chlorine flow
in Chloroace-
tic acid reac-
tion kettle

Temperature
control in the
CSTR unit

under 50%, and
100% disturbance
condition

ISE-4.219
TAE-2.83
ITAE-1.945

Rise time-1.48s
Peak value-15 cm
Settling
time-4.75s
IAE-18.57
ISE-13.23

The online opti-
mization method
improves the sys-
tem’s robustness

testing is 0.45s

Better time inte-
gral performance
compared to
fuzzy-PI controller

Zero overshoot

Lower ISE and
IAE compared
to the T1F-PID
controller

Suitable for a
noisy environment

estimate the
performance of
the proposed
controller

Higher settling
time

Controller per-
formance has to
be increased in
tank 2

Higher delay
time, i.e., 16s

Numerical
validation of
the proposed
controller is not
given
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Table 3 (continued)

Author Controller Purpose Outcome Advantage Disadvantage
Somasundar Temperature  Peak Better perfor- Takes a longer
Reddy and Balaji control in overshoot-3.54%  mance than the PI  time to settle
(Reddy and Balaji shell and heat Settling time-74s  controller
2021) in 2021 exchange
model
Edison Benalcazar FPID Improving Lower overshoot  Better control A hardware
et al. (Benalcazar  reset the response  and settling time  signals model is needed
etal. 2021) in of the non- to examine the
2021 linear chemi- robustness of
cal process the controller

Qianrong et al. (Li et al. 2021) suggested the MPC for controlling the CO2 chemical
capture process. The absorber was added with the steady state model during the optimum
working condition. The equilibrium model was selected to support the rate level model
absorption and desorption.

Nogueira et al. (Nogueira et al. 2020) suggested the Infinite Horizon MPC (IHMPC) for
controlling the polyethylene polymerization process control in the chemical industry. The
CSTR was connected to the plug flow reactor (PFR) in that model. In the controller model,
the set points and past values from experimentation were given.

Morales et al. (Morales et al. 2020) suggested a controller for the separation of ethanol-
water mixture in the closed-loop system. Disturbances in the system were predicted through
the nonlinear mathematical equations with distributed parameters. Hammerstein-Wiener
structure of a nonlinear reduced control-oriented model was used for controller designing.
Two controllers such as MPC and fuzzy PD+1 was designed to validate the performance.
Torres Cantero et al. (Cantero et al. 2017) compared three control structures for evaluating
the performance of salt extractive distillation plants. Finally, the R/F single-end configura-
tion was selected as the best for designing the pilot plant.

Rumbo et al. (Morales et al. 2022) developed two controller models with the Hammer-
stein-Wiener model for bio-ethanol dehydration. In order to compensate for the fault, the
fault tolerant control (FTC) and fuzzy PID were evaluated on the system model. Sorcia-
Vazquez et al. (Sorcia-Vazquez et al. 2020) developed the tube-based MPC for a tank sys-
tem. The suggested controller was modelled in four tanks three three-valve systems. The
suggested model was portioned into two subsystems. With the use of a centralized control-
ler, the desired level of the tank was obtained.

Cruz-Rojas et al. (Cruz-Rojas et al. 2019) developed the MPC for controlling the excess
ratio of oxygen in the electric motor. The difference pressure in between the anode and
cathode was minimized by the PID controller. The suggested controllers were validated on
the PEM fuel cell to minimize the temperature level. Martinez Garcia et al. (Garcia et al.
2022) developed state feedback control (SFC) for hydrogen production through the pres-
sure swing adsorption process. In that paper, the suggested controller was designed through
the Hammerstein—Wiener model. The suggested model was validated under different cases
and the results were shown for SFC and discrete PID. Rumbo Morales et al. (Morales et
al. 2019) presented the pressure oscillation adsorption process with predictive control. On
the other hand, an FTC was developed in (Torres et al. 2023) to improve the production of
biohydrogen.
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Torres Cantero et al. (Cantero et al. 2022) developed an extractive distillation column for
bioethanol production.

In advance of MPC, an adaptive controller was used (Sainz-Garcia et al. 2022) to miti-
gate the disturbances for the CSTR system. The suggested control model has two parts as
fixed design and an online output update section. Central control improved the stability
through pole placement via a linearized model. The controller model enhanced the place-
ment of the pole based on the sensitivity function. Anyhow the disturbance rejection models
have been widely used in recent works (Rubio et al. 2012). MPC-based controllers are
illustrated in Table 4.

4 Challenges in the chemical industry process

The chemical industry requires continuous system monitoring to take necessary control
actions towards the non-linear process. Although the controller improves the system per-
formance under various operating conditions, the long-term process of the plant is directly
impacted by the control actions. The establishment of controller tuning methods greatly
impacts controller operation. The controller with efficient tuning methods can be rewarding
since the impact of variations made in the system will affect the process output. Moreover,
the chemical industry process may face the following challenges,

The system must respond quickly to the variation in the input elements.
Continuous upgrading of controller models and software increases system complexity.
The integration of the PID controller must be adopted with proper tuning methods to
overcome the system instability.
Higher computational cost is an important issue in the chemical industry process.
The predictive schemes are widely applied in system control, but their computational
cost is higher than the PID controller.

® On the other hand, the FLC effectively controls different parameters, but its perfor-
mance depends on the parameters considered in fuzzy rules.

e The interconnection between several units and control complexity has resulted in sys-
tem state prediction and control complexities.

5 Conclusion and future scope

The global demand for the chemical industry faces several challenges, including process
safety and product quality. The operation of modern chemical industries would be more
difficult without using the controllers. The system’s safety and efficient operation require
accurate control of the variables within specified limits. As the need for industrial automa-
tion increases significantly, the control system must be flexible, reliable, and robust under
various operating conditions. The adoption of PID, FLC, and a combination of these con-
trollers is omnipresent in industrial control. Thus, this paper has reviewed the PID, FLC,
and F-PID controllers for various operations control such as temperature, pH level, and
liquid level control in chemical industry applications. Moreover, this paper examines the

@ Springer



Review on PID, fuzzy and hybrid fuzzy PID controllers for controlling...

Page 23 of 28 97

Table 4 MPC controllers for chemical industry application

Author Controller Purpose Outcome Advantage Findings
Puaetal. (Pua ANN-MPC pH control ~ The mean Computation Robust MPC has a
et al. 2022) computation time is reduced large computational
2022 time is 720s by 60.2% when time of 1807s
compared with
robust MPC
Naregalkaret ~ MPC Servoand  The mean Decreased model  Laguerre model-
al. (Naregalkar regulatory ~ square error  complexity based model pro-
and Durairaj control is 0.1208, vides higher error
2021) 2021 and the root than the proposed
mean square model
error is
0.3475
Ruaetal. (Rtla MPC CO2 control Adequate The dynamic The global optimum
et al. 2021) through weight operation of the solution is achieved
2021 chemical values are system has been by the MPC
absorption  obtained for improved strategy
the objective
functions
Qianrong etal. MPC Post- Improves The rise time is Lean solvent flow
(Lietal. 2021) combustion dynamic higher than the rate is considered
2021 capture CO2 adjustment  PID controller a main control
ability of the variable
system
Nogueiraetal. MPC Poly- Smoother Capable of dealing More suitable for
(Nogueira et al. ethylene and faster with three resins  the present case
2020) 2020 polymeriza- drive process
tion process
control
Morales etal. MPC and fuzzy separation  99.5% mol  MPC regulates the Fuzzy PD+I require
(Morales et al. PD+1 of ethanol-  of ethanol purity in a small  a higher number of
2020) water purity is number of cycles  cycles than MPC
mixture obtained
Torres Dual-tempera-  Production - Reflux-to-feed Energy consump-
Cantero et al.  ture controller of absolute ratio configuration tion of the plant
(Cantero et al. ethanol provides better near to nominal
2017) control value
Rumbo etal. FTC and fuzzy  Pressure FTC pro- High-purity etha-  Fuzzy PID is not
(Morales et al. PID swing vides the nol standards can  efficient for mini-
2022) adsorption  purity of be used as fuel mizing the fault
process 99.5%
Sorcia- Tube-based Level Reduced cost Linearization error Real-time imple-
Vazquez et MPC control was minimized mentation is very
al. (Sorcia- with s-subsystems complex
Vazquez et al.
2020)
Cruz-Rojas et MPC Voltage Higher The opti- hydrogen flow
al. (Cruz- control to efficiency mum range of controller maintains
Rojas et al. motor oxygen range is the pressure on the
2019) maintained electrodes
Martinez SFC Production  Purity is Higher robustness  SFC has small
Garcia et al. and puri- 0.99 in molar than PID control values
(Garcia et al. fication of  fraction
2022) hydrogen
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Table 4 (continued)

Author Controller Purpose Outcome Advantage Findings

Sainz-Garcia DSC Disturbanc- Higher Reject the The suggested

et al. (Sainz- es rejection  stability disturbances model updates the

Garcia et al. between 0.0002 disturbance signal

2022) to 0.0007 Hz and filter estimates
frequency input disturbances

performance efficacy of these controllers in various operating conditions. In addition, the
disadvantages of all methods were analyzed and presented in tables. Finally, the challenges
faced by the chemical industries are discussed, and efficient solutions to overcome these
challenges. Major issues in the PID, FLC, and F-PID controllers are the lack of optimized
tuning that results in poor performance under dynamic system conditions. At the same time,
the tuning approach must adopt the rapid changes in the system. More detailed and accurate
controller modelling for various process control in the chemical industry is the future aspect
of'this review. Furthermore, it is suggested to use the proper tuning approach for the control-
lers to achieve the desired functions in the WBS.
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