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Article Info. Abstract

One of the most crucial parts of the oil refining process is the Fluid Catalytic Cracking Unit (FCCU). This system is
essential for transforming heavy hydrocarbon fractions into valuable lighter products such as propylene, diesel, and
gasoline. This method helps to remove impurities, enhance the quality of finished goods, and increase the yield of desirable
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1. Introduction

Among other industries, the transportation and chemical sectors depend on input from the global petroleum industry. The Fluid Catalytic
Cracking Unit (FCCU) undergoes a highly intricate, interactive process, transforming crude oil fractions with higher heating values and higher
molecular-weight hydrocarbons into more valuable products, including gasoline and other products [1]. The control of the fluid catalytic
cracking unit, which uses fuzzy logic and nonlinear PID techniques, has garnered significant attention in the field of process control. By using
fuzzy logic and nonlinear techniques, this control method maximizes the efficiency of the catalytic cracking process, which is essential to the
petroleum industry's production of high-quality gasoline and other important products. Fuzzy logic handles the nonlinearity and uncertainties
inherent in the FCCU process, thereby improving stability and response. Additionally, custom control algorithms that adapt to specific operating
conditions effectively address the process's nonlinear characteristics. To obtain high-quality products by improving temperature control in this
unit, which produces various essential compounds, including gasoline, a widely used motor fuel, addressing the challenges of coupling, system
nonlinearity, and process uncertainty is crucial.

Dey and Ayyagari [2] presented a fuzzy pole placement-based fuzzy-PID controller with the primary objective of eliminating or reducing
parameter uncertainties. The researchers conducted numerous simulations to demonstrate the controller's efficiency in monitoring and rejecting
disturbances, solving a set of fuzzy linear equations to derive the controller coefficients. However, this controller structure resembles that of a
traditional PID controller and lacks self-tuning capabilities. Dettori et al. [3] reported the design of a two-layer controller consisting of a
traditional fuzzy logic controller and a PID controller that monitors PID gains. Similar to [2], their Fuzzy classifications, membership functions,
and rule base closely resembled those of [2]. The researchers demonstrated the fuzzy supervisor's complementary role in mitigating the
shortcomings of the conventional PID controller through simulation-based case studies. Rodriguez-Castellanos et al. [4 claimed that PID
controller response deteriorates in nonlinear systems, particularly when adapting to variations in operating procedures. They proposed a fuzzy-
PID design that uses fuzzy logic to enhance PID controller response behavior. Ahmad et al. [S] improved the dynamic behavior of the
workstation liquid controller across a range of operating scenarios using a Fuzzy PID controller.
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Nomenclature and Symbols

Cp Feed Ability to Retain Heat (KJ/Kg.K)

Cpfl Flue Gas Heat Capacity (KJ/Kg.K) Hs Heat of Steam(K)

Cpp Product Heat Capacity (KJ/Kg.K) Ka Gain in Derivative Control
Cpsc Spent Catalyst Heat Capacity (KJ/Kg.K) Kp Gain in Proportionate Control
ed Derivative Error Ki Gain of Integral control

el Integral Error li Light Intensity

ep Proportional Error Mp. Mass of Product (Kg)

Fd Nonlinear Function of Derivative Control Msc Mass of Spent Catalyst (Kg)
Ff Feed Mass Flow-Rate (Kg/sec) n Number of Geometrical Components
Ffl Mass Flow Rate of Flue Gas (Kg/sec) Npop Number of Fireflies

Fi Nonlinear Function of Integral Control Tai Air Temperature (K)

Fp Proportional Control of a Non-Linear Function Tf The Feed Temperature (K)
Frec. Catalyst Mass Flow Rate (Kg/sec) Trea Reactor Temperature (K)

Fs Steam Mass Flow Rate (Kg/sec) Xi Initial Population of Fireflies
Hrea Heat of Reaction (K) ximax Maximum Value

Fsc Rate Mass Rate of Used Catalyst (Kg/sec) ximin Minimum Value

Hco Heat of Combustion (K) y Light Absorption Coefficient

However, they reported that steady-state characteristics exceeded those of the classical PID. Demidova et al. [6] discussed the control strategy,
in which a fuzzy logic controller was monitored by a Genetic Algorithm controller, as demonstrated through simulation. The controller's
objective was precise tracking of celestial objects. Ganchev et al. [7] studied and presented a hybrid controller to improve temperature and
humidity control in HVAC systems. The controller's strength lay in the Sugeno fuzzy function, constructed using a hybrid of classical
decoupling and neuro-fuzzy structure, incorporating decoupling equations into the controller design. Jalali et al. [8] employed a two-layer
control strategy to regulate load frequency in a networked audiovisual power system. The process's open-loop simulation results were used to
create fuzzy-logic controller rule sets, and PID gains were adaptively adjusted as operating regimes changed. Josiah et al. [9] proposed PID
control and demonstrated its ability to control the regenerator and riser temperatures in an FCCU. Mutuab and Hassan [10] designed four
nonlinear PID controllers (two for the reactor and two for the regenerator) using a cross-coupling compensation structure and tuned the
parameters with the Firefly Optimization Algorithm to address FCCU nonlinearities and interactions, reporting very small overshoot and modest
rise times for temperature control. Guo and Yang [11] proposed finite-time nonlinear PID formulations and nonlinear PID designs that prioritize
frequency-domain-informed gain tuning for enhanced robustness against nonlinearities and time variation, which are examples of
methodological advancements outside FCCU but applicable to FCCU control. Lee et al. [12] designed a Predictive PID controller for nonlinear
discrete-time plants, supported by a recurrent polynomial fuzzy broad learning system; the method demonstrated good control performance and
computational efficiency and was validated on an experimental heating oven, suggesting suitability for embedded industrial deployment.
Rospawan and Tsai [13] conducted simulation studies to compare conventional NN-PID implementations, reported that a model-free control
approach that combines PID neural network recognition with multi-innovation error feedback improved convergence and bounded steady-state
errors (~£1). Sun and Su [14] showed that, by automating NPID parameter search in complex landscapes, metaheuristic auto-tuners (Firefly,
harmony search) reduce the engineering tuning burden; these techniques have been applied to FCCUs and other nonlinear plants. Rajendran et
al. [15] optimized the Fractional Order FOPID controller to test a nonlinear storage tank process. Beskardes et al. [16] and Kaya [16] highlighted
that when a mathematical model is unavailable, fuzzy logic can be a viable solution. Voskoglou [17] examined how a fuzzy control system
operates, using a building's central heating boiler as an example. Atiyah et al. [18] examined and implemented a ratio-control mechanism in
two distinct operational contexts. The careful regulation of the riser and regenerator reactors' outlet temperatures is the main concern here.
Oloruntoba et al. [19] discussed the importance of uniformly distributing spent catalysts by altering the catalyst distributor's structure and
operations. Tian et al. [20] proposed a data-driven and knowledge-based fusion strategy (DL-SDG) for early warning and prediction of aberrant
circumstances in the FCC process. Khaldi et al. [21] provided a thorough summary of the state of the art in FCC modeling, control, and
optimization. They contrasted the many methods that have been used recently, paying particular emphasis to artificial intelligence techniques.
Mastry et al. [22] investigated such a substitute, with particular attention to the FCC process. Five pyrolysis oils derived from biogenic material
(olive pits and stones) and municipal solid waste (MSW). Mavukwana et al. [23] examined how the use of FCCU affected the evolutionary
behavior and yield of syngas (CO, Hz, and light hydrocarbons), as well as char and energy yields during pyrolysis and COz-assisted gasification
of waste tires at 900 °C in a fixed-bed semi-batch reactor. Akhtar and Zaman [24] studied the ability of catalytic processes to reduce
environmental impacts, which is increasingly acknowledged across various industries. Maroua et al. [25] offered a hybrid strategy for improved
microgrid system control that combines a fractional-order method with a Type-2 Fuzzy Logic Controller (T2FLC) optimized by a Genetic
Algorithm (GA). Celik et al. [26] provided a thorough analysis of Non-Linear PID controllers, emphasizing their benefits over Linear PID
controllers and their usefulness across a range of engineering applications. They discussed the importance of N-PID controllers, examined
significant developments in their structural alterations, and examined various tuning strategies, such as optimization-based, adaptive, and bio-
inspired techniques. Alelg et al. [27] presented a feed-aware modeling framework that uses pilot-plant experimental data to enhance the model
performance of the FCCU by integrating ensemble anomaly detection, Principal Component Analysis (PCA)-based segmentation coupled with
feed chemistry, and Bayesian-optimized regression. Wei et al. [28] proposed a cutting-edge, adaptable Model Predictive Control (MPC)
technique to increase light product yield in FCC units. This method successfully handles regenerator temperature fluctuations as an alternative
to reaction temperature regulation. Enache [29] described the process used in a commercial FCCU to investigate the causes of afterburning and
the technical fixes to reduce it. Thus, it was determined that the non-uniform distribution and mixing of air and catalyst were the primary causes
of afterburning, based on analysis of the regenerator temperature profile, the as-built regenerator design, and the regenerator's internal
mechanical state. Selalame et al. [30] examined the riser portion of the FCC unit and evaluated conventional modeling techniques for simulating
the FCC regenerator. The regenerator's hydrodynamics and kinetics are examined using modeling and experimental data. Additionally, the
modeling of constitutive components crucial to the FCC unit, such as catalyst transport lines and gas-solid cyclones, is included. Fuzzy Logic
classifiers, Adaptive Fuzzy Logic controllers, and Fuzzy Logic Sliding Mode Control were studied for various industrial applications [31-33].
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Previous studies revealed that issues related to coupling, uncertainty, and disturbance compensation in the FCCU unit have not been fully
addressed. Solving these problems can significantly enhance the FCCU's efficiency and product quality. Thus, the main goal of this study is to
develop a hybrid control system consisting of FLC and Nonlinear PID control for the temperatures of the FCCU reactor and regenerator. This
control system employs two nonlinear PID controllers to compensate for disturbances in the system and two PD-Like Type2 (PDLIT2) Fuzzy
logic controllers to handle uncertainties in the FCCU. The enhancement is in the overshoot of the reactor temperature response. Firefly
Optimization Algorithm is used to tune the controllers' parameters. This paper's remaining sections are organized as follows: Section 2 provides
a thorough description of the FCCU procedure, and Section 3 describes the modeling approach. Section 4 delves into the open-loop response
process, and Section 5 briefly covers the control design for the FCCU. Section 6 presents the simulation findings, and finally, Section 7 provides
the conclusion.

2. FCCU Process

Petroleum refineries consist of numerous processing units, with the FCCU unit being the most crucial one. It transforms heavier fractions, such
as gasoline, jet fuel, and diesel, from high-boiling-point, high-molecular-weight fractions like gasoil and residue. A modern FCCU is essential
to the economy because it increases the value of the products it produces. This is attributed to its reactivity to changing feedstock and product
demands, flexibility in adapting to such changes, and the wide margins between FCCU feedstocks and converted FCCU products. It often serves
as the beating heart of the refinery. The catalyst needs regeneration after separation from the product gas due to coke deposition and deactivation.
Conversely, hydrocarbon byproducts are entrained, adsorbed, or found on the used Catalyst [34]. The FCCU is described in [1]. It comprises
regenerator and riser/reactor components:

= The riser/reactor conducts cracking at endothermic temperatures, while the regenerator burns off the coke on the used catalyst. The amount
of catalyst used is regulated via control valve 1.

= Control valve 2, which maintains a fixed temperature of the riser at a predetermined level by modifying the flow rate of the regenerated
catalysts.

=  The used catalyst is transported back to the regenerator for recycling through the transport lines.

=  The air introduced into the coke undergoes combustion on the catalyst surface in the regenerator.

This exothermic combustion reaction occurs between 900 and 970 K, providing ample heat to meet the reactor's heating requirements. The
regenerator's airflow rate can be adjusted by control valve 3. Fig. 1 displays the FCCU process schematic diagram [1].

OSet point

Flue gase:
Setpoint O I T |

Repenerator

-
CombustionAir

Feed{Gasoil
and Residue)

Fig. 1. Process schematic for the FCCU [1]
2.1. Modeling for FCCU process

Considering both material and energy balances, a model of the FCCU that captures the dynamic behavior of both the reactor and the regenerator
has been developed. The following assumptions were made to establish a balance of energy between the reactor and regenerator [35]. The
Energy Balance Equation of Reactor equations are [35]:

Rate of Heat Accumulation = Input stream — [Output stream — Reaction Heat]
Regenerated catalyst Heat + Feed’s Heat + Steam'Heat — (effluent Spent catalytic Heat

Heat of reaction = Rate of Accumulation

Frgel Cprgel Tregl + FfLCpfl TfL + FslHsl — Fpl Cppl Treal — Fscl Cpscl Treal + Hreal = (MELCPPLIMsCLpschdlreal )

The energy balance equation of the regenerator equation is [35]:

Inputs Stream — [Outputs Stream + combustion Heat] = Accumulation Rate 2)
Spent catalysts Heat + Airs Heat — (Combustions Heat — Heat of reg catalysts — Flue gases Heat) = Rate of Accumulation 3)
Fscl Cpscl Trea2 + Fai2 Cpai2 Tai2 — Hco2 — Frgel Cprgel Treg2 — FfI2 Cpfl2 Tr —oiree2 Corgelr 2 Cpliz)direg? 4)
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2.2. Simulation of the open loop for FCCU
The FCCU open-loop model is simulated using plant parameters in Eq. 1 and Eq. 4. In Table 1, the model's parameters are presented.

Table 1. Plant-related FCCU model parameters [10]

Parameter Value Parameter Value
Frgel 454.79 Kg/sec Msel 2316.86 Kg
Fn 51.25 Kg/sec Fsc1 463.37 Kg/sec
Cpri 3.5KJ/Kg. K Faiz 66.41 Kg/sec
Tn 420K Cpaiz 2.207 KJ/Kg. K
Fsi 20.5 Kg/sec Tai2 773K
Hsi 2802K Fr2 75Kg/sec
Fp1 62.59 Kg/sec Cpm2 3.1335 KJ/Kg. K
Cpp1 1.15 KJ/Kg. K Mige2 454793 Kg
Hreal 506.2K Manz 75Kg
My 314.76 Kg Heoz 950 K

Fig. 2 shows the open-loop response using the regenerator and reactor set points of Treg = 988.5 K and Trea = 776 K, as shown in Fig. 1.

Treg
Trea |-+

MW A0 60 w0 1w 0w He 6m 1500 2

Time (sec)

Fig. 2. Reactor and regenerator temperature response in an open loop for the FCCU

The design of the control system is discussed in the next paragraph to achieve high product quality, reduce steady-state error, and minimize
overshoot in the FCCU-controlled system's transient responses.

3. Design of Hybrid Intelligent Control for FCCU
In the petroleum industry, FCCU management, or Fluid Catalytic Cracking Unit, is an essential part of refining operations. The FCCU must be

carefully monitored and adjusted to maintain the desired operating conditions to guarantee optimal performance and efficiency. In this study,
two PDLIT2 Fuzzy Logic Controllers and two nonlinear PID controllers are designed as shown in Fig 3.

Errar | PDLIT2 __ . Reactor )
reacior fuzzy logic lemperahre

MNPID

Erar PDLIT2
L =
o Regenerator
1 I_.Qﬂ'ﬂ:amc
- MNPID

Fig. 3. Hybrid intelligent (PDLIT2 fuzzy logic and NPID) control design [1]

The explanation of the two types of controllers is given in the following sections:

3.1. Nonlinear PID (NPID) control

An effective technique used in many control systems is a nonlinear PID control. It offers an adaptable, effective method for achieving precise
control of dynamic systems. The traditional PID control structure can address complex control issues that linear control methods alone cannot

handle by incorporating nonlinear elements (Fig. 4).
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Fig. 4. Elements of Nonlinear PID controller (NPID)

The NPID equation is [36, 10]:
NPID = Kp Fp (ep,ap,{p) + Kd Fd (ed, ad, {d) + Ki Fi (ei, ai, {i) 5)
where F is a nonlinear function and expressed as [10]:

le|*a sign(e), and|e| >
el{*a—1 , andle| <¢

sign(e) ={1, e =0} and{-1,e <0}

F(e..a,5)={ , (>0 (6)

e is the error signal, a and ( are shape parameters controlling the nonlinearity and the linear range of the function F, and Kp, Kd, and Ki are
the proportional, derivative, and integral gains of the controller.

3.2. PD-like interval type-2 (PDLIT2) fuzzy logic control

The fuzzy control system is often described as a structure that simulates a human expert. In this case, the human operator's knowledge is
represented by a set of fuzzy linguistic rules. Similar to how a human would make decisions, these rules result in an approximation of a decision.
However, the efficiency of such a system can suffer due to its inability to leverage the crisp membership functions of traditional fuzzy logic to
address the significant consequences of uncertainty and disturbances [37]. The PDLIT2 FLC is a Type 1 Fuzzy Logic generalized three-
dimensional controller that handles uncertainty through membership functions [38]. This approach effectively addresses challenging
nonlinearities. In 1975, Zadeh developed the Type-2 fuzzy set, which includes a membership function to address uncertainty in three
dimensions.

In this study, the FCCU process receives three inputs: the error, the change in error, and the controller output. A set of fuzzy rules is developed
using linguistic variables to regulate the reactor and regenerator. Each Fuzzy Controller has seven Type-2 Gaussian membership functions for
input and output. Fig. 5 illustrates the membership functions for the fuzzy logic control of the FCCU process. The memberships and rules of
this controller were selected to achieve optimal performance of the FCCU, where FOU is the Footprint OF Uncertainty.

error cnange o1 efror

1.4 1.4 aa Output
UpperhE UpperhF :
LowerMF LowerMF
1.2 Fou 1.2 Fou 1.2 F 1
vt 1 z h  vhvvh L 1 z h  vhvvh
g B2
z Z =
= Z o8 [
= [ =
@ o
E £ s
= S 06 =
L1 ar —
& @ 2
on b=2J —_
& Eos b=
02F
]

-1 -0.5 o 0.5 1 -1 -0.5 o 0.5 1 -1 -o.s o 0.5 a

Fig. 5. The membership functions for the two inputs and output for the fuzzy logic control of the FCCU process

Table 2 provides the fuzzy rules for PDLIT2 fuzzy logic control. Seven Gaussian membership functions are utilized in this work for input and
output. Using the Number Cruncher Systems (NCSS) software, linguistic variables, intervals, and values for several FCCU inputs and outputs
can be obtained. In this study, data from variables with similar input and output are clustered into seven groups using the NCSS software: very
very low (vvl), very low (vl), low (1, zero (z), high (h), very high (vh), and very very high (vvh). The controller's inputs are the air and regenerated
catalyst flow rates, and its outputs are the reactor and regenerator temperatures. Both input and output membership functions are Gaussian. The
aggregation method is Min-Max, and the defuzzification method is the Centroid method. The Karnik-Mendel reduction method is used, and the
memberships are normalized to the range (-1, 1). The fuzzy control system is often described as a structure that simulates human expertise. In
this case, the human operator's knowledge is represented by a fuzzy linguistic rule set.

Similar to how a human would make decisions, these rules result in an approximation of a decision. However, the efficiency of such a system
can suffer due to its inability to leverage the crisp membership functions of traditional fuzzy logic to address the significant consequences of
uncertainty and disturbances [37]. These membership functions are also subject to the inherent uncertainty of PDLIT2 fuzzy logic controllers,
which extend beyond linguistic variables [38]. This approach effectively addresses challenging nonlinearities. In 1975, Zadeh developed the
Type-2 fuzzy set, which includes a membership function to address uncertainty in three dimensions.
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Table 2. PDLIT2 fuzzy logic control fuzzy rules [1]

Error

vvl vl 1 z h vh vvh

Vvl vvl vvl vvl vvl vl 1 z

Vi vvl vvl vvl vl 1 z h

change of error L vvl vvl vvl 1 z h vh

Z vvl vl 1 z h vh vvh
H vl 1 z h vh vvh vvh
Vh i z h vh vvh vvh vvh
vvh vl h vh vvh vvh vvh vvh

4. Firefly Optimization Algorithm (FOA)

The swarm intelligence algorithm family, including the Firefly Optimization Algorithm (FOA), has recently demonstrated impressive
performance in solving optimization problems [39]. The primary objective of optimization techniques is to determine the objective functions,
or maximum or minimum, of mathematical functions, which might or might not be constrained by variables. The FA is based on the idealized
behavior of the firefly's flashing traits. Table 3 illustrates the Firefly pseudo code [39].

Table 3. Firefly optimization algorithm posing as the code [39]

Start

Function of interest f(x), x = (x1, ...., Xd)

Create the initialized firefly population xi at (i=1, 2,...,n).

f(xi) determines the light intensity I at xi that is associated with f(x)
Define the light absorption coefficient y

While (t < Maxgeneration)
For L=1: n, where n is the number of fireflies
ForM=1:L
If (I > Im)
Vary attractiveness with distance r via e 7"}
Move it from L to M.
Calculate fresh approaches and adjust light intensity
End If
End for M
End for L
Sort fireflies and determine the firefly that is currently the best
End.

The formula for updating any two fireflies (X; and X;) is:
XPH = XE+ B.e TV TIXE + XD + ar. € )

a; is the step size controlling parameter, €, is a random distribution parameter, r is the distance of attraction, B is the attractiveness firefly
value, and vy is the absorption coefficient of the media light. The FOA optimization method is faster and simpler than other optimization methods,
such as the Particle Swarm Optimization (PSO) algorithm [40-42], the Social Spider Optimization (SSO) algorithm [43], and the Gray Wolf
Optimization (GWO) algorithm [44].

5. Simulation Results

The FFCU control system design employs two NPID controllers to overcome the system's nonlinearity, along with two PDLIT2 fuzzy logic
controllers to address the system's uncertainty in controlling the temperature of both the reactor and the regenerator. Fig. 6 illustrates the closed-
loop Reactor and regenerator temperature control system.

4 out.SqrEr
w2 e

| = =
L 5

.

+—

Cont_fReactor  Reactor Tamp

_-—» En_Reactor—— _Gopt Aeacior|
e !
;D_’b En_Regenirator — Gont. Temp 1
s =

NPID FCCU Model |

Fig. 6. Simulink of the proposed FCCU-controlled system
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The comprehensive block diagram of the suggested FCCU control system, which includes PDLIT2 fuzzy logic control and NPID control, is
shown in Fig. 7. A step input of 50 Iph (Litter per hour) is introduced to Frgc as a disturbance. Moreover, Fig. 8 describes each NPID controller
based on Fig. 7, and each Fuzzy controller is described in Fig. 9.

(D) ¥ Emutartoted sioa ‘ - T
Eft_Reacior ./- (D —
MEnor Conlraled signal
NPIDM 1 E
MEnce Conrallsdsgnal | R - R
NPID2 __@
Cont_Regenarator
(2)——e-HEmo Conoledsiga —— ’E|
Ert_Regeneralor 4
Fuzzy? 2

Fig. 7. Nonlinear PID and PDLIT2 Fuzzy controllers

Conlralad sgnal

Fig. 8. Simulink of NPID control

! IS

> Au o —Min m out —@
at Controlled signal

w(J

Error

Fig. 9. Simulink of PDLIT?2 fuzzy logic control

Each NPID controller has 6 parameters, and each Fuzzy controller has 3. This means that the optimal values for 18 parameters need to be
determined. The controller parameters are adjusted using the Firefly Optimization Algorithm (Table 4).
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Table 4. Parameters of firefly optimization algorithm

Parameter Explanation
y=1 light absorption coefficient
Maximum generation=100 Maximum No. of Iterations
npop=10 Number of Fireflies
(e1® +€;%)

5 objective functions (Mean Squared Error equation)

The optimal gains and NPID controller parameters following tuning are listed in Table 5.

Table 5. NPID controller optimal parameters and gains

Parameters Value Parameters Value Parameters Value
KP1 1 kpfl1 0.0016 KP3 1.2
KI1 10 kdfl 0.0033 KI3 30
KD1 1.5 kofl 1000 KD3 1.7

AlphaP1 2 kpf2 0.0011 AlphaP13 0.1
Alphal2 0.3 kdf2 0.0025 Alphal23 0.4
AlphaD3 0.6 kof2 1000 AlphaD3 0.7

The ideal controller values are found using the fitness function's Mean Squared Error (MSE), and the goal function is chosen as the Mean
Squared Error (MSE) is calculated as:

2 2
y =G ;rez ) ®)
el and e2 are reactor error and regenerator error in temperature, respectively. The performance of MSE with respect to iterations is shown in

Fig. 10. The sudden increase in the MSE is shown in Fig. 10 because of the local minimum phenomena. However, the FOA algorithm overcomes
this issue, and the MSE response decreases monotonically.

L T | T T T T

| | | 1 L | ! | |
0 300 g0 00 1200 1500 1800 2100 2400 2700 3000

[fgim

Fig. 10. The firefly optimization algorithm's mean squared error

By selecting a variable set-point temperature for the reactor in the range of (600K-800K) and for the generator in the range (900K-1000K), the
output temperature responses are shown in Figs. 11 and 12, respectively. Also, the controlled signals for the reactor and generator systems are
shown in Figs. 13 and 14, respectively.

Refernce
Temperature

oo T T T T |

600 L
500
400
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0 500 1000 1500 2000 200 3000

Time (sec)

Fig. 11. A variable step-controlled system reactor temperature
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Fig. 12. A variable step-controlled system regenerator temperature
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Fig. 13. Response of reactor-controlled signal
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Fig. 14. Response of generator-controlled signal

The spike shown in Fig. 13 is due to a sudden change in the reference temperature. However, the controller compensates for this sharpness in
a very short time. Moreover, by applying a disturbance of 50 liters per hour at 2500 seconds and removing it at 2750 seconds to the regenerator
catalyst flow rate, using the same step responses explained above, the output temperature responses are shown in Figs. 15 and 16, respectively.
The controller compensates for the disturbance in less than 250 seconds.
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Fig. 15. A variable step-controlled system reactor temperature with the application of a disturbance
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Fig. 16. A variable step-controlled system generator temperature with the application of a disturbance

Also, the controlled signals for the reactor and generator systems under disturbance application are shown in Figs. 17 and 18, respectively.
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Fig. 17. Response of reactor-controlled signal with the application of a disturbance

23



Ghada A. M. et al., Journal of Techniques, Vol. 8, No. 2, 2026

Tarmparatural )

0 500 1000 1500 2000 2500 3000
Tiee{sec)

Fig. 18. Response of the generator-controlled signal with the application of a disturbance

The results highlight the significance of two pivotal concepts in the field of process control: nonlinear PID control and fuzzy control, especially
when applied to the FCCU. Both of these control strategies are designed to enhance the steadiness, resilience, and flexibility of the control
system, thereby improving the overall performance and efficiency of the FCCU. By adding nonlinear characteristics to the FCCU process, PID
controllers and nonlinear PID controllers address these complexities. On the other hand, fuzzy control is well-suited for the dynamic and
uncertain nature of the FCCU. It leverages fuzzy logic to create a control system that effectively handles uncertain and imprecise information.
PD-Like Type-2 Fuzzy logic control (PDLT2) solved the uncertainty and chattering in the system. Also, the disturbance effect has been resolved.
The regenerator temperature overshoot is decreased by 85%, and the reduction in the reactor temperature is 60%. Additionally, there was a
0.703% overshoot in regenerator temperature and a 0.239% overshoot in reactor temperature. These enhancements were obtained with respect
to the results shown in [1]. To address interference in the system equations for the reactor and regenerator, a cross-coupling approach was used,
combining the first and third regulators to regulate the reactor's temperature and the second and fourth controllers to regulate the regenerator's
temperature. Based on the simulation results, the overshoot and chattering in control signals have been reduced to minimum values. These
controllers address the problem of inherent coupling, uncertainty, chatter, and nonlinearity in the model. The limitation of this work is that the
proposed hybrid controller can be used only to control the FCCU. Other operational units of the refinery, such as the Vacuum Distillation Unit,
Hydrotreating Unit, and Isomerization Unit, were not considered.

6. Conclusions

This study presented the design of two Type-2 PD-like fuzzy logic controllers and two nonlinear PID controllers for the FCCU. A Firefly
Optimization Algorithm was used to tune the controller parameters. Control signal overshoot and chattering have decreased, according to the
simulation results. These controllers made up for the model's inherent nonlinearities, chattering, cross-coupling, and uncertainty. Compared to
other controllers discussed in the literature review, the proposed controller achieved 60% reductions in regenerator and reactor temperature
overshoot. The reactor temperature showed a 0.505% overshoot, whereas the regenerator temperature showed a 1.949% overshoot using the
proposed controllers. In a summary, the suggested controller is superior at improving the temperature responses of the regenerator and reactor,
thereby improving product quality. For the future work, the proposed controller will be implemented on an FPGA.
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