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Abstract: This study aims to mitigate the adverse effects of valve stiction, a nonlinear 
phenomenon that causes oscillations and inaccuracies in industrial fluid control 
systems, such as those found in the oil, gas, and petrochemical industries. The objective 
is to develop a robust controller that ensures precise valve positioning and compensates 
for stiction phenomena. A dynamic valve model incorporating stiction was formulated 
and transformed into a state-space representation, taking into account both frictional 
and elastic forces. A nonlinear backstepping controller, optimized via the particle 
swarm optimization (PSO) algorithm, was designed to stabilize the system and achieve 
accurate tracking of desired valve trajectories. MATLAB simulations demonstrated that 
the optimized controller reduced steady-state tracking error to 2%, compared to 5% for 
the standard backstepping controller, with overshoot minimized to 3% versus 8%. 
Under parameter uncertainty (e.g., valve mass varying from 1 to 2 kg), the optimized 
controller maintained a tracking error below 3%, outperforming the standard 
controller’s 10% error. Lyapunov-based stability analysis confirmed robust stability 
across all conditions. These findings highlight the proposed controller’s superior 
performance in compensating for stiction, offering enhanced precision and reliability 
for critical industrial applications. 
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1 INTRODUCTION 

Control valves play a crucial role in various industries. 

These valves function as key actuators in different 

systems, including the chemical, oil, gas, aerospace, 

automotive, and industrial machinery sectors. They are 

responsible for controlling and regulating flow, 

pressure, flow rate, and other process parameters. In the 

chemical industry, control valves play a vital role in 

adjusting the flow of chemical substances and 

controlling production processes. In the oil and gas 

industry, these valves are essential for controlling the 

flow of hydrocarbon fluids and regulating pressure in 

pipelines. In the aerospace industry, control valves are 

used to regulate fuel and airflow in rocket engines. 

Additionally, in the mechanical industries, such as 

automotive and industrial machinery, control valves 

play a crucial role in adjusting the flow of hydraulic 

and pneumatic fluids. The accurate and reliable 

performance of these valves can have a direct impact 

on the safety and efficiency of the corresponding 

systems. The issue of nonlinear behaviour and stiction 

in the performance of control valves is one of the 

critical challenges in their design and application [1]. 

Control valves typically operate using feedback control 

systems, and their behavior is assumed to be linear. 

However, the valves operate in a nonlinear manner in 

practice. This nonlinearity can be due to phenomena 

such as friction and mechanical backlash in the valve 

assembly. The frictional forces acting on the valve's 

moving surfaces become so substantial that they exceed 

the available driving force, necessitating an external 

force to initiate movement. This phenomenon can cause 

oscillations in flow and pressure control. The nonlinear 

behaviour and stiction in valves can lead to a reduction 

in the accuracy and stability of the process. Given these 

considerations, the design of control systems utilizing 

control valves necessitates careful attention to potential 

issues and the development of effective mitigation 

strategies. Some of these solutions can include 

improving the mechanical design of the valve, using 

advanced control methods such as nonlinear control, 

and employing advanced sensors to monitor the valve 

condition. The necessity of providing control solutions 

has a direct impact on the performance of the control 

system. The nonlinearity and stiction of the valves can 

cause oscillations, inaccuracy, and ultimately instability 

of the control system. This issue is fundamental in 

sensitive and critical processes such as the oil, gas, and 

petrochemical industries [1-2]. 

Furthermore, mechanical solutions to these problems 

are always accompanied by limitations. Therefore, the 

use of advanced control methods can complement the 

mechanical solutions and more effectively address 

these challenges. Some appropriate control solutions 

include the use of nonlinear controllers such as those 

based on adaptive control theory, the application of 

intelligent techniques such as fuzzy and neuro-fuzzy 

controllers, and the use of advanced sensors to monitor 

the valve condition. These clarifications, based on the 

accurate modelling of the nonlinear behaviour of the 

valve as well as the use of appropriate control 

techniques, can prevent the occurrence of oscillations 

and instability in the system, and improve the accuracy 

of the controlled system. Given the importance of this 

issue and the need to ensure the proper functioning of 

control systems, providing effective control solutions to 

address the nonlinearity and stiction of control valves is 

essential. The   proposed backstepping control method, 

optimized by the PSO algorithm, offers significant 

advantages in handling nonlinearities such as valve 

 ,stiction. Unlike traditional PI and PID controllers

which may struggle with high levels of friction and 

external disturbances,   the backstepping controller 

provides robust stability across a wide range of 

dynamic conditions. The use of PSO allows for optimal 

tuning of control parameters enhancing system 

performance in terms of faster convergence, reduced 

overshoot, and improved tracking accuracy. 

Furthermore, the recursive nature of backstepping 

enables the controller to manage system complexities 

more effectively, making it a superior choice for 

applications requiring precise control under nonlinear 

constraints. 

Valve stiction refers to the phenomenon where a 

control valve suddenly shifts from a stationary state to 

a moving state. This phenomenon leads to oscillations 

and inaccuracies in the control system's performance. 

Various factors influence valve stiction, including the 

internal friction of the valve's moving parts, 

contaminant particles in the passing fluid, the fluid's 

viscosity, the force applied to the valve, and the 

ambient temperature. Internal friction of the valve's 

moving parts, caused by poor design or wear and tear, 

can lead to valve stiction. Additionally, the entry of 

contaminant particles into the valve and their adhesion 

to moving parts exacerbates this phenomenon [3]. 

Fluid viscosity significantly impacts valve stiction. 

High-viscosity fluids generate greater frictional forces, 

increasing the likelihood of stiction. Additionally, 

ambient temperature fluctuations can alter fluid 

viscosity, which in turn affects stiction. Lastly, the 

applied force on the valve is crucial. A sufficient force 

is necessary to overcome stiction and initiate valve 

movement. By understanding and managing these 

factors, stiction can be minimized, leading to improved 

control system performance [3]. Figure 1 illustrates the 

relationship between the applied force and the resulting 

movement output of the mechanical valve under study. 
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The x-axis represents the force applied to the valve, 

while the y-axis describes the valve’s movement 

output. This figure reflects the displacement of the 

valve stem. The graph illustrates the valve’s response 

across a range of applied forces, highlighting the 

nonlinear behavior resulting from stiction and friction 

effects. 

 

 

Fig. 1 Stiction hysteresis diagram (vertical axis of valve 

output-horizontal axis of valve control input) [4] . 

 

According to “Fig. 1”, the different parts of the 

diagram can be defined as follows: 

Backlash: In the tool process measurement 

instruments, the relative mechanical movement 

between the mechanical parts when the motion is 

reciprocating, leads to instability [4]. 

Hysteresis: The motion cycle of the mechanical part 

based on the forces applied to the different parts of the 

valve, transiently and permanently. Figure 1 shows this 

cycle from point C to point A [4-5]. 

Damping range: In the measurement tool process, the 

range through which the input signal may change after 

a change in direction, without causing an observable 

change in the output signal [4]. 

Effective control of mechanical valves is critical for 

achieving a stable procedure, precise tracking, and 

compliance with industrial performance standards. 

However, nonlinear phenomena such as friction and 

stiction often degrade control performance in systems 

with contacting moving parts [4], [6]. Recent research 

on valve stiction compensation, nonlinear control, and 

optimization provides a robust foundation for 

addressing these challenges. This study, based on these 

advancements, proposes a PSO-enhanced backstepping 

control strategy. 

Significant progress has been made in modeling and 

mitigating valve stiction. For instance, [7] developed a 

stiction model to re-tune PI controllers, achieving a 7% 

reduction in steady-state error across industrial control 

loops. Similarly, [8] proposed an enhanced PI 

controller that reduced oscillations by 10% in process 

industries, demonstrating improved stability. For 

pneumatic valves, [9] introduced a simultaneous 

parameter identification method, which boosts model 

accuracy by 15% and enables more precise control 

designs. These findings highlight the importance of 

accurate stiction modeling for practical controller 

tuning. 

Intelligent and data-driven approaches have also gained 

traction. Reference [10] employed an LVQ neural 

network to detect stiction with 95% accuracy, 

facilitating proactive control adjustments. Experimental 

studies by [11] further advanced the field by modeling 

sticky valve dynamics, reducing response time 

variability by 12%. These contributions highlight the 

potential of integrating intelligent diagnostics with 

control strategies to enhance system reliability. 

In nonlinear control, optimization techniques have 

proven effective for valve systems. [12] Applied PSO 

to servo-pneumatic systems, leading to an overshoot 

reduction of 12%. In comparison, [13] used PSO-tuned 

nonlinear Model Predictive Control (MPC) to achieve 

an 8% reduction in tracking error for hydraulic valves. 

Similarly, [14] reported a 10% improvement in tracking 

accuracy using PSO-optimized backstepping control 

for fluid flow systems. A comprehensive review by 

[15] noted that optimized control strategies improved 

electro-mechanical valve response times by up to 15% 

in gas expanders, emphasizing the versatility of 

optimization-driven approaches. 

This study aligns with these advancements by 

addressing valve stiction through a PSO-enhanced 

backstepping control approach. Unlike traditional 

methods that may overlook nonlinearities [4], this work 

leverages the recursive stabilization capabilities of 

backstepping [6] to systematically design a controller 

that ensures both stability and performance. By 

integrating PSO to optimize controller coefficients 

[16], this study aims to reduce tracking errors and 

response variability further. As shown in “Fig. 2”, this 

research highlights the intersection of model-based 

control, intelligent diagnostics, and optimization, 

contributing to the leading evolution of valve control 

technologies. 
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Fig. 2 Proposed control scheme for valve system. 

2 DYNAMICAL MODEL OF THE SYSTEM 

Generally, finding an appropriate model to describe the 

relationship between system components is of great 

importance [17-21]. Besides, to achieve a stable state, 

tracking, and desired transient performance as defined 

by industrial standards, the nonlinear behaviour of the 

model can be ignored in the design of the controller for 

mechanical systems. Friction and abnormal reactions 

are nonlinear factors that may reduce the control 

performance of the system. Friction exists in any 

mechanical system where moving parts are in contact. 

Stiction due to friction is present on the valve [22]. The 

dynamic model of the system is presented as follows, 

which is derived from Newton's second law. The 

parameters of “Eq. (1)” are introduced in “Table 1”: 

 

𝑀𝑠𝑎𝑠 = 𝑀𝑠𝑥̈𝑠 = ∑𝐹𝑖 = 𝐹𝑎 + 𝐹𝑟 + 𝐹𝑓 + 𝐹𝑝 + 𝐹𝑗       (1) 

 
Table 1 The parameters of the model [5] 

Parameter Description 
Unit 

sM Mass Kg 

sa Acceleration of rotation of the 

valve 
2m/s 

sx Valve position M 

aF Pneumatic force N 

rF Elastic force N 

fF Friction force N 

pF Force due to pressure drop N 

jF Additional force to close the valve N 

 

The parameters of “Eq. (1)” are introduced in “Table 

1”. 

M is the mass of the piston, and x is the position of the 

piston. In the above expression, 𝐹𝑎  is the pneumatic 

applied force and is described as 𝐹𝑎 =  𝐴 𝑢. Besides, 

the contact area is A, which is the surface subject to 

stickiness and input (in the framework of the pressure 

of the air entering through the piston), and 𝑢 denotes 

the input. 𝐹𝑟 which is equal to −𝑘 𝑥𝑠  is the spring force, 

and k is the spring constant. In addition, 𝐹𝑝 indicates 

the force arising from the pressure drop in the piston 

and is equal to −𝛼𝛥𝑝. In this Equation, 𝛼 is the 

coefficient of imbalance, and 𝛥𝑝 is the pressure drop 

around the piston. Since 𝐹𝑝 is less than the frictional 

force 𝐹𝑓 and 𝐹𝑟, 𝐹𝑝 can be neglected. Besides, 𝐹𝑗 is the 

additional force which is needed to open the piston, and 

it can be ignored for this reason. The forces of friction 

and resistance are specified as 𝐹𝑓 and shown as “Eq. 

(2)” [22-23]. 

 

𝑭𝒍𝒇(𝒗) =

{
 

 
𝒂𝟏 + 𝒃𝟏𝒗          𝒊𝒇 𝒗 ∈ (𝟎  𝒗𝒎𝒔𝒘]                 

𝒂𝟐 + 𝒃𝟐𝒗    𝒊𝒇 𝒗 ∈ (𝒗𝒎𝒔𝒘  𝒗𝒎𝒂𝒙]           

−𝒂𝟏 + 𝒃𝟏𝒗 𝒊𝒇 𝒗 ∈  (−𝒗𝒎𝒔𝒘   𝟎]           

−𝐚𝟐 + 𝐛𝟐𝐯 𝒊𝒇 𝒗 ∈  (−𝒗𝒎𝒂𝒙   −𝒗𝒎𝒔𝒘]

 

                                                                                    (2) 

 

If 𝑏1 < 0 and 𝑏2 > 0, friction can be completely 

different. If the absolute value of velocity is less than 

the 𝑣𝑠𝑤, It may create unstable behaviour and then lead 

to a limit cycle. This model effectively identifies 

friction and predicts compensation and limit cycles due 

to friction. 𝐹c, or Coulomb friction, is constant, while 𝐹v 

represents viscous friction, 𝐹s denotes maximum static 

friction (stiction), and v indicates velocity linked to 

viscous friction. Friction values reveal distinct 

frictional traits. The friction force versus velocity graph 

(“Fig. 3”) shows that the stiction force must be 

overcome before valve movement. At zero velocity, 

with the valve stationary, 𝐹s and 𝐹c exhibit specific 

effects [14]. According to the stated contents, the state 

space model of the valve is obtained as (3): 
 

[
𝐱
𝐯̇
̇
] = 𝐀 [

𝐱
𝐯
] + 𝐁𝐮(𝐭) + 𝐤𝐧𝐥𝐬𝐢𝐠𝐧(𝐯),                                  (3) 

 

𝐲 = 𝐱                                                                                       (4) 

 

Where: 

 

𝑨 = [
𝟎 𝟏

−
𝒌

𝒎
−
𝑭𝒗

𝒎

] .   𝑩 = [
𝟎
𝑨 𝒌

𝒎

]    𝑲𝒏𝒍 =

[

𝟎

𝟏

𝒎
(𝑭𝒄 + (𝑭𝒔 − 𝑭𝒄)𝒆

(
𝒙

𝒗𝒔
)
𝟐

)
]                                       (5) 

 

In the above Equations, 𝒙 and 𝒗 represent the valve's 

position and velocity, respectively. The matrix A 

contains coefficients that describe the system's 

dynamics; specifically, the first element 0, indicates 

that the change in velocity is independent of position. 

The second element −
𝒌

𝒎
, represents the effect of the 

elastic force on the valve's acceleration, based on the 

spring constant 𝑲 and the mass of the valve 𝒎.  
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Fig. 3 Friction force based on speed [17]. 

 

Additionally, the term −
𝑭𝒗

𝒎
 accounts for the influence 

of the friction force F on the valve's acceleration. The 

matrix B relates the control force to the valve's 

acceleration, with its second element  
𝑨 𝒌

𝒎
, 

demonstrating the effect of the pneumatic force A on 

the valve's acceleration. In this system, based on the 

force applied to the valve τ, the valve's movement 

speed and the stiction amount are different and 

controllable. Parameters m, k, and vs are considered as 

the valve's parameters. The output y is regarded as the 

valve position. 

3 DESIGN OF THE PROPOSED CONTROLLER 

The backstepping method is one of the most widely 

used nonlinear control design techniques. This method 

can produce a general asymptotically stabilizing control 

law for controlling nonlinear and unstable systems. The 

method used for designing the controller is a nonlinear 

backstepping method. In this approach, an appropriate 

Lyapunov function is used at each stage, and then by 

establishing Lyapunov stability conditions, the control 

law is derived. In the backstepping method, this process 

is repeated at each stage until all control inputs are 

obtained, ensuring that the system's state becomes 

asymptotically stable [24]. The backstepping method 

provides a recursive approach to stabilize the origin of 

a system in strict-feedback form. To describe the 

system, we present the following Equations. 

 
 

𝑥̇ = 𝑓𝑥(𝑥) + 𝑔𝑥(𝑥)𝑧1                                                    

() 

 

𝑧1̇ = 𝑓1(𝑥. 𝑧1) + 𝑔1(𝑥. 𝑧1)𝑧1                                                () 

 

𝑧1̇ = 𝑓2(𝑥. 𝑧1. 𝑧2) + 𝑔2(𝑥. 𝑧1. 𝑧2)𝑧1                             () 

 
𝑧1̇ = 𝑓𝑖(𝑥. 𝑧1. 𝑧2… . 𝑧𝑖) + 𝑔𝑖(𝑥. 𝑧1. 𝑧2… . 𝑧𝑖)𝑧𝑖+1            

(9) 

 

𝑧𝑘̇ = 𝑓𝑘(𝑥. 𝑧1. 𝑧2… . 𝑧𝑘) + 𝑔𝑘(𝑥. 𝑧1. 𝑧2… . 𝑧𝑘)𝑢          

(10) 

 

In which, 

a) 𝑥 𝜖 𝑅𝑛 𝑛 ≥ 1 

b) z1, z2, …, zi, …, zk-1, zk are scalar quantities. 

c) u is a fence input to the system. 

d) fx, f1, f2, …, fi, …, fk-1, fk are zero at the origin. 

e) g1, g2, … , gi, …, gk-1, gk are non-zero at the 

desired domain. 

Consider the first subsystem. Assume that this 

subsystem is stabilized at the origin by a known and 

specified control u(x). It is also assumed that a 

Lyapunov function Vx exists for this subsystem, 

indicating that some other methods stabilize the 

subsystem x. The backstepping method extends this 

stability to z around it. 

In systems that are in this strict-feedback form and 

have a stable subsystem x, the following hold: 

- The backstepping-designed control input u has the 

most stabilizing effect on the state. 

- The state Zn acts as a stabilizing control on the state 

Zn-1, the state preceding it. 

- This process continues until each state Zi is stabilized 

by the control Zi+1. 

The backstepping approach specifies how to stabilize 

the subsystem x using z1, and then continues by 

determining how the next state, z2, leads z1 toward the 

required control to stabilize X [24]. Thus, this process 

progresses from x outward through the strict-feedback 

system until the signal control u is generated using the 

proposed controller.  

In addition, PSO is a meta-heuristic algorithm inspired 

by the social behaviour of bird flocking and effectively 

employed to optimize the parameters of various 

controllers, including the backstepping method [25]. 

The PSO algorithm was chosen over other methods due 

to its simplicity, global search capability, 

computational efficiency, flexibility, and superior 

ability to globally optimize the nonlinear controller 

parameters for valve stiction compensation.  

In addition, PSO demonstrated faster convergence to 

optimal parameters (e.g., controller gains) than 

alternatives like Genetic Algorithms (GA), as it forces 

velocity updates guided by both personal and global 

best solutions. By modelling the controller parameters 

as particles in a search space, PSO iteratively updates 

these particles based on their fitness values and the 

positions of other particles [26]. This optimization 

process excels in finding optimal controller gains, 

enhancing system performance metrics such as 

overshoot, settling time, and steady-state error. When 

coupled with the backstepping control technique, which 

recursively designs controllers for nonlinear systems, 
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PSO becomes a powerful tool for achieving robust and 

high-performance control solutions. 

4 SIMULATION RESULTS 

Given the provided model, the PSO algorithm will be 

used to optimize the control coefficients in the 

backstepping control. In addition, to evaluate the 

control method, a PID control method will also be 

used, with the objective of analysing and comparing the 

performance of both control methods in opening and 

closing the valve, considering the effects of stiction. 

4.1. PID Control Simulation 

In this paper, the main purpose is to track the desired 

values for opening and closing the valve while 

accounting for the effects of stiction. In this simulation, 

the parameters defined for the valve model and the 

effects of stiction are specified in “Table 2”. The 

electromechanical parameters are selected based on 

several studies, especially [27]. 

 
Table 2 Parameters of the valve model 

Parameter Value Unit 

𝑠𝑎 0.06452 2m 

𝐹𝑠 1707.7 N 

𝐹𝑐 1423 N 

𝐹𝑦 612.9 Ns/m 

𝐾𝑚 52538 N/m 

𝑉𝑠 0.000254 m/s 

M 1.361 Pa/mA 

 

For the simulation, the desired trajectory for the valve's 

opening and closing percentages is defined by pulses 

with a 50% amplitude, a period of 0.4 seconds, and a 

duty cycle of 70%. Due to the simple and industrial 

nature of the PID controller, this section evaluates its 

performance in opening and closing the valve. The PID 

controller design method is then described using the 

Ziegler-Nichols trial-and-error approach.  

In a PID controller structure, three gains must be 

calculated: proportional gain Kp, integral gain Ki, and 

derivative gain Kd. Historically, the design of such 

controllers relied on trial and error, requiring 

significant time and cost as researchers manually 

adjusted the parameters. The general design procedure 

using the Ziegler-Nichols method involves starting with 

small values of Kp until the output shows oscillatory 

behaviour. At this point, the oscillation period is 

denoted as Tu, and the oscillation gain is denoted as Ku. 

Simulation results under the given conditions are 

presented in “Figs. 4 & 5”, showing the valve's opening 

percentage and control input. 

 
Fig. 4 Valve output (percentage of opening) over time 

when applying a PID controller. 

 
Fig. 5 Control input generated by the PID controller over 

time, corresponding to the valve output in Fig. 4. 

 

Based on the obtained results, it is observed that in the 

valve system, due to the effects of stickiness, the output 

does not achieve the desired opening percentage. Due 

to its nonlinear nature, the performance of the PID 

controller is not evaluated properly. Therefore, the 

backstepping control approach is designed and 

compared with the PID controller. 

4.2. Design Backstepping Controller 

Considering the system Equations, a virtual control 

input for each dynamic is necessary to design a 

backstepping controller. Given that the system has two 

dynamics, a two-step process is designed for this 

control structure for the valve stickiness model. In the 

dynamical model of the valve system, [𝑥1  𝑥2]
𝑇 =

[𝑥  𝑣]𝑇. Now, the control input is designed in the 

following two steps.  

In the first stage of the controller design, the 

backstepping controller method is initiated by defining 

the innermost subsystem of the valve dynamics, as 

illustrated in “Fig. 6”.  

 

 

 

 
 

 

Fig. 6 Schematic diagram of the first step in the 

backstepping controller design for the mechanical valve 

system. 

 

In the first step, according to the feedback controller 

diagram, the error of the first loop is defined as 

follows: 
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𝒆𝟏 = 𝒙𝟏 − 𝒙𝟏𝒅 

𝒆𝟏̇ = 𝒙𝟏̇ − 𝒙𝟏𝒅̇  

𝒆𝟏̇ = 𝒙𝟐 − 𝒙𝟏𝒅̇  

𝒆𝟐 = 𝒙𝟐 − 𝒖𝟏 

𝒙𝟐 = 𝒆𝟐 + 𝒖𝟏                                                           (11) 

𝒆𝟏̇ = 𝒆𝟐 + 𝒖𝟏 − 𝒙𝟏𝒅̇  

𝒖𝟏 = −𝒌𝟏𝒆𝟏 + 𝒙𝟏𝒅̇  

𝒆𝟏̇ = 𝒆𝟐 − 𝒌𝟏𝒆𝟏 + 𝒙𝟏𝒅̇ − 𝒙𝟏𝒅̇  

𝑒1̇ = 𝑒2 − 𝑘1𝑒1 

Proof 1: In this section, using the definition of the 

Lyapunov function of the first step, the derivative 

relations of the Lyapunov function are obtained. First, 

the Lyapunov function is considered as a positive 

function of the first step error: 

 

𝑽𝟏 =
𝟏

𝟐
𝒆𝟏
𝑻𝒆𝟏                                                                     

(12) 

 

𝑽𝟏̇ = 𝒆𝟏
𝑻𝒆𝟏̇ = 𝒆𝟏

𝑻(𝒆𝟐 − 𝒌𝟏𝒆𝟏)                                   (13) 

 

𝑽𝟏̇ = 𝒆𝟏
𝑻𝒆𝟐 − 𝒆𝟏

𝑻𝒌𝟏𝒆𝟏                                                                   (14) 

 

In “Eq. 12”, the changes in 𝒆𝟏 indicate how the control 

input affects the system's dynamics. In “Eq. 14”, the 

controller is explicitly defined as a function of previous 

inputs. This relationship allows us to use the control of 

prior inputs to stabilize the current state. 

Second step: In the second stage of the controller 

design, the backstepping controller method progresses 

by addressing the outer subsystem of the valve 

dynamics, building on the stabilization achieved in the 

first step, as shown in “Fig. 7”.  

𝒙𝟐̇ = −
𝒌

𝒎
𝒙𝟏 −

𝑭𝒗

𝒎
𝒙𝟐 +

𝟏

𝒎
(𝑭𝒄 + (𝑭𝒔 −

𝑭𝒄)𝒆
(
𝒙

𝒗𝒔
)
𝟐

)𝒔𝒊𝒈𝒏(𝒙𝟐)                                               (15) 

 

 
Fig. 7 Schematic diagram of the second step in the 

backstepping controller design for the mechanical valve 

system. 
 

In “Eq. 15”, 𝐱𝟐̇ represents the changes in the velocity 

of the second dynamic variable of the system. This 

Equation examines the various effects on the 

acceleration of the valve. The parameter 𝑲 denotes the 

spring constant, which is related to the elastic force of 

the system, and 𝒎  represents the mass of the valve. 

The term −
𝒌

𝒎
𝒙𝟏 describes the impact of the elastic 

force on the acceleration. Additionally, −
𝑭𝒗

𝒎
𝒙𝟐 

indicates the effect of the friction force 𝑭𝒗 on the 

valve's acceleration. The control force is considered as 

𝟏

𝐦
(𝐅𝐜 + (𝐅𝐬 − 𝐅𝐜)𝐞

(
𝐱

𝐯𝐬
)
𝟐

), where 𝑭𝒄 is the actuation force 

and 𝑭𝒔 is the stiction force. This Equation provides a 

precise description of the various influences on the 

motion of the valve, contributing to a deeper 

understanding of the system's dynamics. 

According to the diagram of the backstepping method, 

the error of the second step is calculated as follows: 
 

𝒆𝟐 = 𝒙𝟐 − 𝒖𝟏 → 𝒆𝟐̇ = 𝒙𝟐̇ − 𝒖𝟏̇                                     

(16) 

 

𝒆𝟐̇ = −
𝒌

𝒎
(𝒆𝟏 + 𝒙𝟏𝒅) −

𝑭𝒗

𝒎
(𝒆𝟐 + 𝒖𝟏) +

𝟏

𝒎
(𝑭𝒄 +

(𝑭𝒔 − 𝑭𝒄)𝒆
(
𝒙

𝒗𝒔
)
𝟐

) 𝒔𝒊𝒈𝒏(𝒙𝟐) +
𝑨 𝒌

𝒎
𝒖 − 𝒖𝟏̇                                    

(17) 

 

𝒖 =
𝒎

𝑨𝒌
(−𝒌𝟐𝒆𝟐 +

𝒌

𝒎
𝒙𝟏𝒅 +

𝑭𝒗

𝒎
𝒖𝟏 −

𝟏

𝒎
(𝑭𝒄 +

(𝑭𝒔 − 𝑭𝒄)𝒆
(
𝒙

𝒗𝒔
)
𝟐

) 𝒔𝒊𝒈𝒏(𝒙𝟐) + 𝒖𝟏̇)                                                 

(18) 

𝒆𝟐̇ = −𝒌𝟐𝒆𝟐 −
𝒌

𝒎
𝒆𝟏 −

𝑭𝒗

𝒎
𝒆𝟐                                                 

(19) 

 

Proof 2: In this step, the function was defined as the 

following Equations. 

 

𝑽 = 𝑽𝟏 + 𝑽𝟐.       𝑽𝟐 =
𝟏

𝟐
𝒆𝟐
𝑻𝒆𝟐                                                 

(20) 
 

𝑽̇ = 𝑽𝟏̇ + 𝒆𝟐
𝑻𝒆𝟐̇                                                                                   

(21) 

 

𝑽̇ = 𝑽𝟏̇ + 𝒆𝟐
𝑻 (−𝒌𝟐𝒆𝟐 −

𝒌

𝒎
𝒆𝟏 −

𝑭𝒗

𝒎
𝒆𝟐)                              

(22) 

 

𝑽̇ = 𝒆𝟏
𝑻𝒆𝟐 − 𝒆𝟏

𝑻𝒌𝟏𝒆𝟏 − 𝒆𝟐
𝑻𝒌𝟐𝒆𝟐 − 𝒆𝟐

𝑻 𝑭𝒗

𝒎
𝒆𝟐 −

𝒆𝟐
𝑻 𝒌

𝒎
𝒆𝟏                                                                           

(23) 
 

𝑽̇ = −𝒆𝟏
𝑻𝒌𝟏𝒆𝟏 − 𝒆𝟐

𝑻 (𝒌𝟐 +
𝑭𝒗

𝒎
) 𝒆𝟐 + 𝒆𝟏

𝑻𝒆𝟐 − 𝒆𝟐
𝑻 𝒌

𝒎
𝒆𝟏          

(24) 
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Considering the following Equations, the stability of 

the system can be guaranteed by making the derivative 

of the Lyapunov function negative: 

 

−𝑒1
𝑇𝑘1𝑒1 ≤ −(𝑘1)‖𝑒1‖

2                                                         

(25) 

 

−𝑒2
𝑇 (𝑘2 +

𝐹𝑣

𝑚
) 𝑒2 ≤ −(𝑘2 +

𝐹𝑣

𝑚
) ‖𝑒2‖

2                          

(26) 

 

𝑒1
𝑇𝑒2 ≤ ‖𝑒1‖‖𝑒2‖ ≤

1

2
‖𝑒1‖

2 +
1

2
‖𝑒2‖

2                           

(27) 

 

−𝑒2
𝑇 𝑘

𝑚
𝑒1 ≤

1

2

𝑘

𝑚
‖𝑒2‖

2 +
1

2

𝑘

𝑚
‖𝑒1‖

2                                    

(28) 

 

𝑉̇ ≤ −(𝑘1)‖𝑒1‖
2 − (𝑘2 +

𝐹𝑣

𝑚
) ‖𝑒2‖

2 +
1

2
‖𝑒1‖

2 +
1

2
‖𝑒2‖

2 +
1

2

𝑘

𝑚
‖𝑒2‖

2 +
1

2

𝑘

𝑚
‖𝑒1‖

2                                         

(29) 

 

𝑉̇ ≤ − (𝑘1 +
1

2
+
1

2

𝑘

𝑚
) ‖𝑒1‖

2 − (𝑘2 +
𝐹𝑣

𝑚

1

2
+
1

2
+

𝑘

𝑚
) ‖𝑒2‖

2 

(30) 

According to the obtained results, it is observed that 

based on Lyapunov stability, the stability of the model 

is ensured using the backstepping control structure. In 

this paper, a robust controller design is proposed, where 

in the first stage, a backstepping controller is used to 

design the input flow to the valve. The results are as 

follows. The coefficients of the backstepping controller 

are determined as positive coefficients as [𝑘1 𝑘2] =
[15  80 ]  through the backstepping method and using a 

trial-and-error approach. 

4.3. Optimal Backstepping Method with PSO 

PSO algorithm has successfully solved discrete and 

continuous nonlinear optimization problems and uses 

only basic mathematical operators, which leads to good 

performance in static, noisy, constant, and dynamic 

environments. Despite its numerous advantages, PSO 

has limitations and drawbacks that can affect its 

performance [16], [25]. The flowchart of the PSO 

algorithm is presented in “Fig. 8”. 

 

 
Fig. 8 Flowchart depicting the structure of the particle 

swarm optimization (PSO) algorithm used to tune the 

backstepping controller’s coefficients for the mechanical 

valve system. 

 

In the PSO algorithm, population members are 

interconnected and solve information exchange, 

exhibiting high convergence speed. The collective 

movement of particles is an optimization technique 

where each particle tries to move toward areas with the 

best personal and group experiences. PSO is simpler 

than GA and ant colony optimization, and it requires a 

smaller population size compared to GA. Therefore, 

initializing the population in PSO is easier than in other 

intelligent optimization algorithms. Besides, PSO’s 

stochastic nature ensures it performs well under 

uncertainty (e.g., variable stiction levels), 

outperforming deterministic methods like linear 

programming in handling nonlinear dynamics. To 

determine the backstepping controller coefficients 𝑘1 

and  𝑘2, the PSO algorithm is utilized, yielding values 

of 19.8 and 97.7, respectively. Figures 9 and 10 show 

the system output and control signals with the 

backstepping and optimized backstepping controller 

methods. Based on the obtained results for the 

optimized backstepping method, the desired trajectory 

for opening and closing the valve has been well 

followed, and despite consecutive pulses, the error 

percentage using the backstepping method has 

decreased. Additionally, the optimized controller tracks 

the desired trajectory more closely, with reduced 

oscillations and faster convergence. 
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Fig. 9 Valve output (percentage of opening) over time 

using the standard backstepping controller and the PSO 

backstepping controller. 

 

 
Fig. 10 Control signal using the backstepping and 

optimized backstepping approaches. 

 

In other words, the optimized backstepping controller 

reduces the steady-state tracking error to approximately 

2% compared to 5% for the standard backstepping 

controller. Additionally, the overshoot and settling time 

are minimized in the optimized case to approximately 

3% and 0.05 seconds per pulse, respectively, compared 

to 8% and 0.08 seconds per pulse for the standard 

backstepping controller. Furthermore, the control signal 

for the optimized controller is smoother, indicating less 

aggressive actuation and better handling of stiction 

nonlinearity (with a 10% reduction in the peak). To 

evaluate the proposed control performance, the effects 

of uncertainties on the model will be examined. 
 

4.4. Simulation Considering Uncertainty 

In this section, the behaviour of the controller in 

achieving the desired output is examined against 

parameter uncertainties in the model, specifically the 

parameter m. Different values for m, including 1 kg, 2 

kg, and 1.36 kg, are considered here, and the results of 

the opening and closing valve using the backstepping 

and optimized backstepping approaches are 

demonstrated in “Figs. 11 & 12”, respectively. 
 

 
Fig. 11 Valve output using the backstepping algorithms in 

uncertain conditions for three cases. 

 

 
Fig. 12 Valve output using the optimized backstepping 

algorithms in uncertain conditions for three cases. 

 

As it is clear, despite the uncertainty in the valve 

model, both controllers have well-controlled the 

behaviour of the system output in tracking the desired 

trajectory. For the backstepping controller, the tracking 

error increases to 8–10% for m=2 kg, compared to 5% 

under nominal conditions. Additionally, the controller 

maintains stability but exhibits a 15% degradation in 

performance. 

The optimized backstepping one (the proposed 

controller) maintains robust performance across all 

mass variations, with minimal deviation from the 

desired trajectory. In other words, the tracking error 

remains below 3% across all mass values, 

demonstrating high robustness. Settling time stays 

consistent at ~0.05 seconds, with overshoot below 4% 

even for m=2 kg, and performance degradation is less 

than 5% under the worst-case uncertainty, highlighting 

the PSO optimization’s effectiveness. 

5 CONCLUSIONS 

This study successfully developed a nonlinear 

backstepping control strategy, optimized with the PSO 

algorithm, to address valve stiction in 

electromechanical valve systems. The primary 

objective was to achieve precise valve opening and 

closing percentages despite stiction-induced 

nonlinearities. Simulation results demonstrated that the 

PSO-optimized backstepping controller achieved a 

steady-state tracking error of 2%, compared to 5% for 
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the standard backstepping controller, with overshoot 

reduced to 3% versus 8% and settling time improved to 

0.05 seconds from 0.08 seconds. Under parameter 

uncertainty, such as valve mass variations from 1 to 2 

kg, the optimized controller maintained a tracking error 

below 3%, while the standard controller’s error reached 

10%. These results highlight the optimized controller’s 

robustness and adaptability, ensuring stable and 

accurate valve operation across a wide range of 

operating conditions. The proposed approach provides 

a reliable solution for improving control performance 

in critical industrial applications that are affected by 

valve stiction. 
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