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Abstract: The Continuous Stirred Tank Reactor (CSTR) is a widely studied system in the field of process control due to its
nonlinear and time-varying behavior. Characterized by second-order nonlinear dynamics, it poses significant challenges in
maintaining system stability and performance under varying operating conditions. Owing to these complexities, the CSTR is
frequently employed as a benchmark model for evaluating the efficacy of modern control techniques. In this research, a
condition-based Super-Twisting Sliding Mode Controller (STSMC) is developed to enhance the robust- ness and accuracy
of the control system. The controller is specifically designed to handle the nonlinearities and external disturbances inherent
to the CSTR process. A comprehensive stability analysis of the proposed control scheme is carried out using Lyapunov
stability theory, ensuring that the system trajectories remain bounded and converge to the desired equilibrium. To further
improve the control performance, the gains of the STSMC are optimally tuned using an Improved Grey Wolf Optimization
(IGWO) algorithm. This metaheuristic optimization technique is employed to achieve faster convergence, better tracking
performance, and reduced steady-state error. The complete control architecture is then implemented and validated on a
Delfino C2000 digital controller to evaluate its real-time performance. Experimental results confirm the practical applicability

and effectiveness of the proposed method in achieving stable and robust control of the CSTR system.

Index Terms—CSTR: sliding mode control: optimization: Lyapunov method: IGWO

1. Introduction

The chemical industry plays a vital role in the national
economy, with the Continuous Stirred Tank Reactor serving
as a core component in facilitating chemical reactions. Due
to its inherently complex, time-varying, and nonlinear
behavior, the CSTR presents considerable challenges for
process control. As a result, research focused on the
advanced control of CSTRs holds significant importance for
both theoretical development and practical applications in
control engineering. A variety of control strategies have
been employed to regulate the CSTR, including PID control,
fuzzy logic control, and adaptive control techniques.

However, these conventional methods often suffer from no-
table limitations such as suboptimal performance, increased
design complexity, and reliance on human intervention for
implementation and tuning. In contrast to traditional control
methods, Sliding Mode Control is recognized for its
inherent robustness. Once the system reaches the sliding
surface, the closed-loop response becomes completely
insensitive to a specific class of uncertainties referred to as

* h.sherazi@qu.edu.sa, Department of Electrical Engineering, College
of Engineering, Qassim University, Buraydah 52571, Saudi Arabia

matched uncertainties which are associated with
disturbances that directly affect the control input channels.
The field of SMC has evolved significantly, with various
extensions including quasi-sliding mode control [1],
reaching-law-based sliding mode control [2], sliding mode
control for discrete-time systems [3], terminal sliding mode
control [4, 5, 6], and integral sliding mode control [7]. The
sliding mode control paradigm is applicable to both linear
and nonlinear systems, as well as to systems with certainty
and uncertainty. Its adaptability has led to a growing number
of real-world implementations across various fields,
including robotic control [8], control design for androgen
suppression therapy [9], and nonlinear control of Hepatitis
C virus dynamics [10]. A fundamental advantage of the
sliding mode control approach lies in its capacity to define
the desired system behavior through the selection of an
appropriate switching function. Once this function is
established, a corresponding control law must be formulated
to ensure the existence of sliding motion—that is, to
guarantee that the system’s states or outputs converge
toward and remain on the defined dynamics. For instance,
in [11], terminal sliding mode control is applied to handle
uncertainties within the system. In sliding mode control, the
process of defining system behavior through the selection of
a suitable sliding surface is referred to as solving the
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existence problem. Once the surface is defined, the
reachability problem involves designing a control law that
ensures the system states reach and stay on this surface,
thereby maintaining the desired dynamics. For systems
characterized by time- varying and highly nonlinear
dynamics such as chemical reactors sliding mode control
offers a compelling solution due to its robustness against
parameter variations and model uncertainties. This
robustness reduces the need for precise system identification
during the design phase. Additionally, the method is capable
of delivering fast dynamic response [12]. To address
external disturbances and parameter un- certainties in
dynamic systems, various control strategies have been
proposed [13, 14, 15] to enhance robustness and
performance. Among these, the Disturbance Observer (DO)
has gained popularity in servo control system design [16]
due to its straightforward structure and its effectiveness in
improving tracking accuracy. Both linear and nonlinear
formulations of disturbance observers have been explored,
Disturbance (NDOs)
demonstrating superior performance in many cases.
Common types of NDOs include fuzzy-based [17], sliding
mode [18], and neural network-based observers [19]. In
[20], a disturbance observer was developed specifically for
a robotic manipulator, achieving accurate disturbance
estimation and significantly reducing its influence on
system performance, in this work, a condition-based Super-
Twisting Sliding Mode Control (STSMC) approach is
applied to the CSTR system to enhance its robustness and
tracking performance under nonlinear dynamics and
external disturbances. This control technique offers the
advantages of reduced chattering, improved convergence
speed, and strong robustness without requiring exact system
models. The proposed method dynamically adjusts control
actions based on system conditions, making it suitable for
real-time industrial applications. Key contributions of this
research include the integration of STSMC with an
improved gain-tuning mechanism, stability validation

with  Nonlinear Observers

through Lau theory, and real-time implementation on a
Delfino C2000 controller, demonstrating practical
feasibility and high performance in controlling complex
chemical processes.

II. CSTR MODEL ANALYSIS

This study considers a Continuous Stirred Tank Reactor
(CSTR) with a cooling jacket. It is assumed that the reactor
has a constant volume 7, and that unreacted material enters
the reactor at a feed temperature 7, concentration Cy4r,
density p, and flow rate g. Inside the reactor, a first-order,
exothermic, and irreversible chemical reaction of the form
A — B + AH takes place.
Following the reaction, the outlet stream has a
temperature 7, concentration C4, and maintains the
same flow rate g. The cooling jacket contains a coolant at

temperature 7., with a corresponding flow rate g.. The flow
rate of the coolant g. is treated as the control input. The
concentration C4 and temperature 7 of the reactor are
considered the system’s state variables.

Control of the reactant concentration C4 and reactor
temperature 7T is achieved by adjusting the flow rate q.
The following assumptions are made for modeling purposes
[ref25]:

1) The total volume of material inside the reactor re-
mains constant before and after the reaction.
2) The reactor contents are perfectly mixed.
3) The reacting material maintains constant density
and physical properties.
Based on the principles of mass and energy conservation,
the dynamic behavior of the CSTR can be described by the
following set of differential equations:

Cy :%(CAf—CA)—kOCAe—E/RT (D)
_49(r _ (-AH) A or _
T=7(T—T)+ ooy K€ Bt ves (T.=T1) )

Here, ko is the pre-exponential factor, £ represents the
activation energy, R is the universal gas constant, and T
is the reactor temperature. C, denotes the specific heat,
p is the density of the reacting mixture, and AH is the
reaction enthalpy change. U and A4 represent the heat
transfer coefficient and the heat transfer area, respectively.
T. is the temperature of the coolant in the jacket.

To facilitate controller design, the model in eq. (2) is
reformulated using an appropriate change of variables. To
simplify the CSTR model for control purposes, a set of
dimensionless variables is introduced:

q UA
a=1 b=-—2, y =
pVC, RTq
AHC 5 Caf-cy
=i Dy = kg exp(—y), x; = o
»Trop af
_ (T-Tro)y _ ¥(Tc=Tgo) d= Tr=Tro
X2 =—7"— u=——— =
TfO TfO TfO

Using these normalized variables, the nonlinear dynamic
model of the CSTR is transformed into the following state-
space form:

X, =—ax; + D, (1 — xl)elf_wz‘x2 (2)

X2
X, = —ax, — bDy(1 — xp)ev+x,+B(u —x,) +d 3)
Yy =% 4)

In practical applications, the state variable x2, which
represents the normalized reactor temperature, is
commonly used as the primary output for performance
evaluation and control.
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III. CONTROLLER DESIGN

This study focuses on the design and implementation of
three nonlinear control strategies for the Continuous Stirred
Tank Reactor (CSTR): Sliding Mode Control (SMC), and
Condition-Based Super-Twisting Sliding Mode Control
(CBSTSMC). These controllers are specifically developed
to regulate the temperature of the reactor, represented by the
state variable x», with the following key objectives:

- Ensuring precise control of reactor temperature
X2
under nonlinear and time-varying conditions.

- Improving system robustness against parameter
uncertainties and external disturbances.

- Reducing steady-state error and enhancing
transient response during load and input variations.

- Minimizing chattering effects through the use of
high- order sliding mode techniques.

- Guaranteeing global system stability and
validating controller performance in real-time on
embedded hardware.

A. Conditioned based Supertwisting Sliding Mode Control

The Condition-Based Super-Twisting Sliding Mode Control
(CBSTSMC) distinguishes itself from conventional control
methods by dynamically adapting its control actions based
on the system’s operating conditions. This adaptive
behavior effectively mitigates the wind-up phenomenon
typically caused by actuator saturation. As a result,
CBSTSMC maintains the benefits of traditional control
strategies, stability,
significantly reducing the adverse effects associated with
control signal saturation [21]. The error term is defined as

such as robustness and while

e =X~ Xq &)
Taking the time derivative yields:

¢ =, — iy ©6)

To regulate the reactor temperature x, in the CSTR system,
the sliding surface is formulated to ensure convergence of
the tracking error e. This sliding surface helps guide the
system’s state toward the desired trajectory and is defined
as:

S=e+b(f edt)e (7

In this expression, b and a are positive design constants that
influence the speed and smoothness of convergence. The
exponent a is typically chosen based on control
performance requirements.

Taking the time derivative of the sliding surface in eq.
(7), we obtain:

$ = ¢+ bae([ e dt)* (8)

To further develop the control strategy, we substitute the
expression for e’, into eq. (8). Using the nonlinear dynamics
of the CSTR system for x », the sliding surface derivative
becomes:

$= [—axz —bD,(1 —xl)exp( z )+,3(u—xz) +

X
Y+x2

d— xd] + bae ([, e dt)*™* 9)

To analyze the stability of the proposed control system,
the following Lyapunov candidate function is selected.

14 =§52 (10)

Taking the time derivative of the Lyapunov function defined
in eq. (10), we obtain:

V=S5S (11)

Substituting the expression for S from eq. (9) into the
Lyapunov derivative in eq. (11), we obtain:

X2

V = S[—ax, — bDy(1 — x;)exp (

y+xz) +Bu—x)+
d — x4] + bae([, e dt)*~! (12)

For the system to be stable, the time derivative of the
Lyapunov function " must be negative definite. To ensure

V' <0, we impose the following constraint:

—k|S| sign(S) —v = [—axz —-bD,(1 -
x1) exp (yiiz) +pu—x)+d-— J'Cd] + bae(fot e dt)* !
(13)

The switching function is a key element in ensuring the

reachability condition and maintaining the system trajectory
on the sliding surface. It is represented on the left-hand side
of eq. (13), and includes the design parameters £ > 0 and
B €(0, 1), which determine the rate of convergence.

To generate the auxiliary term v, the following differential
equation is integrated:

V =msign(v — ugg) (14)

The saturation function us, limits the control signal
within a boundary defined by a positive constant Q, which
is derived from the design parameter m. The function is
defined as:

| |

International Journal of Intelligent Systems and Applications in Engineering \\

LJISAE, ZOj, 13(1),225-232 | 227



if jul<Q (15)
if uP>Q

Usqr = W,

Q sign(u)

By substituting the constraints from eqgs. (12) - (15) into
the Lyapunov derivative expression in eq. (11), the
following result is obtained:

V = —k|s|*sign(S) — v (16)

The Lyapunov function derivative is given by:
V=—k|IS||?-v<0 (17)

This expression demonstrates that the proposed controller
ensures system stability by rendering the Lyapunov function
derivative negative definite. By solving eq. (13), the
following control input is obtained:

u= % [—k|S|PSign(S) — v + ax, + bD,(1 —

X2
y+x2

x;) exp( ) —d+ %4 — bae (fote dt)a_l] +x, (18)

The proposed control signals gradually stabilize the sys- tem
while mitigating the wind-up phenomenon commonly
observed in conventional super-twisting algorithm (STA)-
based controllers. Furthermore, they demonstrate strong
robustness and adaptability by effectively compensating for
external disturbances, as illustrated in Fig. 2.

IV. IMPROVED GREY WOLF OPTIMIZATION

The Grey Wolf Optimization (GWO) algorithm is a bio-
inspired optimization technique modeled after the social
hierarchy and hunting strategy of grey wolves [22]. An
improved variant, referred to as Improved Grey Wolf
Optimization (I-GWO), was introduced in [23] to enhance
the algorithm’s exploration and convergence capabilities.
This enhancement integrates chaotic mapping and a
dynamic search mechanism to more effectively balance
global exploration and local exploitation, resulting in
superior optimization performance. In this work, the I-
GWO algorithm is applied to tune the parameters of the
proposed controller by minimizing a performance-based
objective function. The algorithm utilizes four types of
search agents, alpha, beta, delta, and omega, representing
potential solutions. These agents update their positions
iteratively according to their roles within the pack’s
hierarchy, collectively guiding the search toward the global
optimum.

The optimization goal is to minimize the control error, evaluated
using the Integral of Time-weighted Absolute Error (ITAE)
criterion. This ensures that the controller achieves improved
response characteristics in both transient and steady-state
conditions.

minF;(s) = min [, |s;(e;)| dt (19)

The cost function F(ss) is used to evaluate the performance
of candidate controller parameters for the CSTR system,
where 7 represents different control objectives or states
(e.g., concentration or temperature). Minimizing this cost
function is the primary goal of the optimization process. In
the Improved Grey Wolf Optimization (I-GWO) algorithm,
the alpha wolf represents the best solution found so far
and leads the search toward minimizing the cost. The
beta and delta wolves follow as the second and third
best solutions, assisting in refining the search direction.
The omega wolf performs random exploration, introducing
diversity to avoid premature convergence and to uncover
potential better solutions.

This iterative search process continues until a defined
stopping criterion is met, such as reaching a maximum
number of iterations or achieving a sufficiently low error
value. The search process concludes either upon reaching
the maximum number of iterations or when the cost func-
tion falls below a predefined threshold. The final solution
is selected based on the search agent with the lowest
cost value, which corresponds to the most optimal set of
controller parameters identified by the algorithm.

Table I presents the controller gain values obtained for
each method. The objective of applying the Improved Grey
Wolf Optimization (I-GWO) algorithm in this study is to
determine the optimal controller gains that enhance system
performance by minimizing the defined cost function.

TABLE I: Optimized gain values for the CBSTSMC con- troller

Symbol Value
k 4000
a 790
b 10
m 0.5
p 0.8
Parameter space %1073
//\
/

%1073 // 7.92
© < 7.9
K4
-~ 1.9 7.88
5
= 7.86
G 7854
5
Z 7 7.84
1]

8 7.82
4454 7.8
452
7.78

Fig. 1: Optimized Controller Gains
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V. SIMULATION AND RESULTS

The effectiveness of the proposed control approach
is validated through simulations conducted in MAT-
LAB/Simulink. The CSTR dynamics are governed by
Equation (2), with the system parameters set as: a =
1.0,y =0.3, AH =20, b=38, and D, = 0.072.

For the simulation, the initial condition for the
concentration is x1(0) = 0.5, and the initial reactor
temperature is x2(0) = 3. The desired output reference is
set to xg = 4.

In this analysis, the performance of the proposed
controller is compared with that of the classical Sliding
Mode Controller (SMC). To evaluate the performance of
the proposed CBSTSMC controller, a disturbance input
was applied to the system. The disturbance profile is
illustrated in Fig. 2, where a time-varying sinusoidal signal
was introduced to test the controller’s robustness.

10 '
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Fig. 2: Disturbance
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Fig. 3: Comparison of reactor temperature response be-
tween the conventional SMC controller and the proposed
CBSTSMC system under disturbance conditions.

The reactor temperature responses under disturbance
conditions are compared in Fig. 3. This figure highlights
the difference between the conventional Sliding Mode
Controller (SMC) and the proposed Condition-Based
Super- Twisting Sliding Mode Controller (CBSTSMC).
The CB- STSMC demonstrates faster settling, reduced
overshoot, and improved tracking accuracy despite the

presence of disturbances. To further assess the behavior of
the proposed

= - SMC
— CBSTSMC
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Temperature (T)
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o
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Fig. 4: Comparison of reactor temperature response be-
tween the conventional SMC controller and the proposed
CBSTSMC system under disturbance-free conditions.

[~ CBSTSMC

3
Time (sec)

Fig. 5: Error Terms

controller in ideal operating conditions, a disturbance-free
simulation was conducted. The results are shown in Fig. 4,
where the temperature responses of both the conventional
SMC and the proposed CBSTSMC are compared. As
illustrated, both controllers successfully track the reference
temperature. However, the CBSTSMC achieves quicker
convergence with significantly less overshoot and no
steady- superior
performance even in the absence of external disturbances,
confirming its effectiveness for precise temperature
regulation in nonlinear

state error. This demonstrates its

TABLE II: Performance comparison between SMC and

CBSTSMC controllers
Performance Metric SMC CBSTSMC
Rise Time (s) 1.8 0.9
Settling Time (s) 2.6 14
Overshoot (%) 12.5 23
Steady-State Error 0.04 0
Robustness to Disturbance Medium Very High
Chattering High Very Low

systems like the CSTR. To further assess the accuracy of
the control strategies, the tracking error between the system
output and the reference signal was analyzed. Fig. 5
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illustrates the error profiles of both the conventional SMC
and the proposed CBSTSMC controllers. As shown in Fig.
5, the CBSTSMC controller achieves faster error
convergence and maintains a lower steady-state error
compared to the SMC. This confirms the superior tracking
performance and precision of the proposed method in
minimizing control error during system operation.

VI CONTROLLER IN LooOP

Control systems engineering employs the Controller-in-
the-Loop (CIL) technique as a vital approach for testing and
validating control algorithms. This method integrates actual
control hardware with a simulated process model, forming a
real-time closed-loop environment that closely replicates
practical operating conditions. CIL testing is a widely
adopted method for the thorough evaluation and validation
of control systems [24]. In a standard control setup, two
main components are involved: the plant (or system to be
controlled) and the controller implemented on digital
hardware. In a CIL configuration, the control algorithm is
executed on real embedded hardware, while the plant is
represented by a simulated model within a high- fidelity
virtual environment [25].

Integrating control algorithms with simulation platforms
such as MATLAB/Simulink provides a practical
implementation of CIL testing. This integration enables
accurate reference tracking and verifies the controller’s
compatibility with the system’s simulated dynamics. The
CIL setup allows for real-time performance evaluation,
ensuring the robustness and effectiveness of the control
strategy under realistic operating conditions.

The experimental setup includes configuration of
simulation parameters such as sampling time, controller
logic, and communication protocols to ensure reliable and
reproducible system behavior. The CIL result of the system
is shown in the Fig. 6

VII. CONCLUSION

This study presented a robust nonlinear control strategy
for regulating the temperature of a Continuous Stirred Tank
Reactor (CSTR) using a Condition-Based Super- Twisting
Sliding Mode Controller (CBSTSMC). The pro- posed
approach integrates the advantages of higher-order

B T T
— CBSTSMC - CIL|
Ref

E i
ot =
s /
E 4
-9 4
E 2 39
o
L 3 31 32

u n 1 1 1 ]

2 25 . 35 4 45 5
Time (sec)

Fig. 6: CIL Results

sliding mode control with adaptive gain selection,
enhancing robustness against model uncertainties and
external disturbances while minimizing chattering. To
ensure optimal performance, controller gains were tuned
using the Improved Grey Wolf Optimization (I-GWO)
algorithm. The optimization was guided by the ITAE
performance index, leading to enhanced transient and
steady-state behavior. Simulation results under both
disturbance-free and disturbance scenarios demonstrated
that CBSTSMC outperformed the conventional Sliding
Mode Controller (SMC) in terms of convergence speed,
overshoot reduction, and tracking accuracy. The controller
was further validated through Controller-in-the-Loop (CIL)
implementation on Delfino hardware, confirming its real-
time feasibility. Overall, the CBSTSMC strategy proves to
be a highly effective and reliable solution for nonlinear
process control in industrial applications.
A. Future Work

Future work may focus on extending the proposed
CBSTSMC approach to multi-input multi-output (MIMO)
CSTR systems and integrating advanced disturbance
observers for improved rejection  performance.
Additionally, hardware implementation using FPGA
platforms or other real-time embedded systems could be
explored for higher- speed processing. Incorporating
machine learning techniques for online adaptation of
control parameters may further enhance the controller’s
adaptability and robustness in highly dynamic
environments.
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