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Abstract: The accuracy and quality of the steel strip exit 

thickness depends on the structure of the automatic gauge 

control system (HAGCS) of reversible cold rolling mill. This 

structure is based on the position control of the work rolls. The 

design and implementation of a new HAGCS by the backstepping 

approach with high gain observer are discussed in this paper. 

Backstepping controller of HAGCS and high gain observer 

(HGO) has been implemented using MATLAB/SIMULINK 

software. The simulation results show the effectiveness of the 

proposed control for improving the quality of the output strip. 

Keywords: Automatic Gauge Control; Backstepping; High 

Gain Observer; Hydraulic Roll gap Control; reversible cold 

rolling mill. 

I. INTRODUCTION 

Steel bands of precise thicknesses with a good surface 

finish are very important products in many industries such 

as the steel industry. The laminated metal strip requires 

strict adherence to manufacturing tolerances for many 

industrial applications such as aerospace, automotive, metal 

construction, household appliances, food packaging, 

household appliances, machinery and others. The reversible 

cold rolling mill used HAGCS to produce a steel strip of the 

desired thickness with great precision. This system is based 

on the control of the work rolls dynamic position of a 

reversible quatro mill during the strip rolling. This system is 

called the Hydraulic Roll gap Control (HRGC) which is the 

inner loop of the AGC. The HAGCS is an electrohydraulic 

servo system with time-varying characteristics and complex 

non-linear terms subject to internal and external 

disturbances. Due to the nonlinear nature, uncertain process 

variables and strongly coupled, it is important to find an 

appropriate tool to control the work rolls position in real 

time. Several control strategies and algorithms are 

developed in the literature to obtain a good effect dynamic 

control of thickness. In [1] authors have designed a robust 

tracking controller, based on the 𝐻∞ control theory, to  
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ensure stability and performance. Moreover, some articles 

have developed several methods of predictive control. The 

cascade predictive control used in [2] by the combination of 

PID control for the HAGC and dynamic matrix control for 

inner loop of the screw-down servo system. This method 

can hardly solve the problem of gaining the step response of 

the whole HAGC. Furthermore, most control method is 

based on PID control for HAGC controller design. Because 

of the pure delay in the monitor AGC system, a fuzzy self-

tuning PID Smith prediction controller is developed in [3]. 

The authors use several models based on the adaptive Smith 

predictor, to cover uncertainties of temporal delay in [4]. In 

[5], the PI controller in outer loop is designed for the output 

thickness of the tape, and PD controller in inner loop is 

designed to adjust the work roll. In addition, the 

compensation for the roll eccentricity using the Fuzzy neural 

network with in-line adjustment is proposed. In [6], a fuzzy 

adaptive PI controller is designed on the basis of 

professional knowledge to adjust PI parameters in 

proportion to thickness error, thickness error change rate, 

and desired exit thickness. Traditionally, controllers that 

have based on the PID method are designed in these systems 

to achieve the desired thickness of web. This is due to the 

complexity of HAGCS and its nonlinear mathematical 

model. Thus, the HAGCS of the cold rolling mill becomes 

difficult to control to improve performance. In addition, for 

economic, technological or even feasibility and reliability 

reasons measures in engineering practices, many hydraulic 

states in the AGC system are not readily available, such as 

the pressures in different cylinder chambers, the position of 

the spool, the speed and the gap between work rolls. In this 

context the authors in [7] propose a predictive control 

strategy based on an extended state observer (ESO) for the 

HAGC system. This ESO observer is designed to estimate 

the unmeasured state for the mismatched nonlinear system. 

A modified Smith predictor is used to compensate for the 

delay. As the AGC hydraulic system has nonlinearities and 

to ensure the stability and improve the performance of the 

Hydraulic AGC system, strong nonlinear control is used as 

the backstepping approach with high gain observer. We 

design this high-gain observer for state estimation without 

transformation to normal form and to reduce the effects of 

nonlinear terms. The main objective of this approach is to 

simultaneously improve the quality of the web, the desired 

thickness and to compensate for the internal and external 

disturbances of the system.  
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This goal is achieved by applying the developed  

algorithm to the Hydraulic AGC system through of the 

work roll gap control by a backstepping controller with high 

gain observer. This document is organized as follows. 

Section 2 shows the problematic and the mathematical 

model of AGC. A high-gain observer is presented in section 

3. The design of AGC control by backstepping is developed 

in section 4. To illustrate the efficiency of the proposed 

control and observer, some simulations are performed in the 

section 5, furthermore we find the study of the robustness of 

this approach in section 6. The conclusions are drawn in 

section 7. 

II. DEFINITION OF AGC PROBLEM AND 

MATHEMATICAL MODEL 

A. Definition of AGC problem 

A reversible cold rolling mill is a system for reducing the 

thickness of the metal strip during one or more passes 

through the rolling gap by alternating the rolling direction. 

The rolled strip thickness is mainly determined by the gap 

between two work rollers that is initially set by the AGC. 

The work rollers are the rollers used to deform the steel plate, 

while the backup rolls serve to support the work rolls (fig.1).  

 

Fig. 1. Basic configuration of AGC system 

This avoids excessive bending of the work rolls. 

t is possible to modify the exit thickness by moving the upper 

roll during the passage, that is to say, hydraulic systems are 

actuators of the thickness control system. The hydraulic 

positioning system used to adjust the position of the upper 

roller is called Hydraulic AGC. 

The problem is to control the web thickness and the frontal 

tension on the support by adjusting the space and the speed 

of the rolls on this support as a function of the thickness and 

the tension between the webs [8-10], respectively measured 

by X-ray thickness gauges and tensiometers. 

In practice, the technique used to measure the thickness 

deviations corresponds to the installation of the X-ray sensor 

located after the roll stand, which causes a delay in the 

reaction system and causes a significant deterioration of the 

performance of the control. This delay time depends on the 

web speed and the distance between the thickness gauge and 

the middle of the roll stand. This always has a detrimental 

effect on the stability and control of system performance. So, 

the difficulty in measuring thickness without delay is one of 

the major problems in the design of controllers for rolling 

systems. On the other hand, as can be seen in the Hydraulic 

AGC Model hereafter, there is a relatively strong coupling 

relationship between reversible cold mill state variables due 

to sigmoid and square root functions, which goes against the 

improvement of the steel strip quality. Although there are 

various noise factors such as input thickness variation, input 

material hardness variation that affects the final output 

thickness and the tape thickness deviations will exhibit 

undesirable deviations in the production. The latter are 

generally due to factors such as the eccentricity of the rolls 

(defects, distortions or irregularities of the bearings), the 

mechanical vibrations of the rolling mill (grinding problem) 

and the thermal noise in the cold rolling mills.Given the 

basic description of the control problem, we conclude that 

control of the AGC is primarily a problem of the Hydraulic 

RGC regulator in which the main task of thickness control is 

to eliminate the process disturbances effects.A backstepping 

control strategy with a state observer for HAGC system is 

developed in this work. We propose a new SO to estimate 

the unmeasured state for the mismatched nonlinear system. 

This control technique overcomes the delay in this process 

and can eliminate the thickness gauge sensor. 

B. Mathematical model of the HAGC system 

The mathematical model of the Hydraulic AGC system can 

be described by the system of equations including nonlinear 

dynamic equations presented in [11] by posing 𝑥1 = 𝑆 , 𝑥2 =

𝑆̇, 𝑥3 = 𝑥𝑝 , 𝑥4 = 𝑥̇𝑝 , 𝑥5 = 𝑃𝐿 , 𝑥6 = 𝑃𝐿  et 𝑥7 = 𝑥𝑣  as state 

variables: 

http://www.ijitee.org/
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(𝑠𝑦𝑠1)

{
 
 
 
 
 
 

 
 
 
 
 
 
𝑥̇1 = 𝑥2                                                                                     (1)

𝑥̇2 = −
1

𝑇𝑔
𝑥2 −

1

𝑇𝑔
𝑥1 +

𝐾𝑔

𝑇𝑔
(𝑥3 −

𝑘

𝑀0

𝑃)                          (2)

𝑥̇3 = 𝑥4                                                                                     (3)

𝑥̇4 =
1

𝑀𝑡

(𝐴𝑝𝑥5 − 𝐵𝑝𝑥4 − 𝐾𝑡𝑥3)                                         (4)

𝑥̇5 =
4𝛽𝑒

𝑉
(𝐶𝑑𝜔𝑥6√

𝑃𝑠 − 𝑠𝑔𝑚(𝑥6)𝑥5

𝜌
− 𝐴𝑝𝑥4 − 𝐶𝑡𝑥5) (5)

𝑥̇6 =
1

𝜏𝑣
(−𝑥6 +𝐾𝑣𝐾𝑝𝑢)                                                       (6)

 

 

 

With        hout =
P

M
+ S +

S0                                                      (7) 

The state vector is 𝑥(𝑡) = [𝑆, 𝑆̇, 𝑥𝑝 , 𝑥̇𝑝, 𝑥𝑣 , 𝑃𝐿]
𝑇 and the 

controller 𝑢(𝑡). 
The Table 1 contains the symbol description.  

 

Table- I: Symbol description 
Symbol Parameter unites 

𝑥𝑣 the spool valve position mm 

𝐾𝑣 Servovalve amplifier gain 𝐴/𝑚 

𝐾𝑝 the proportional gain of the servo 

valve 

 

𝜏𝑣 The associated time constants. s 

𝑖 servo valve input current A 

𝑄𝐿 Servo valve flux 𝑚3/𝑠 
𝐶𝑑 the flow coefficient of the valve port - 

𝜔 Servo valve natural frequency m 

𝑃𝑠 and 𝑃𝐿 the inlet and outlet pressure of the 

servo valve respectively 

MPa 

𝜌 the oil density 𝑔/𝑚3 

𝐴𝑝 the active area of the cylinder piston 𝑚² 

𝐶𝑡 the  total  leakage coefficient 𝑚3 / 𝑃𝑎. 𝑠 
𝑉 The oil pocket volume of the 

hydraulic cylinder 
𝑚3 

𝛽𝑒 the bulk modulus of elasticity MPa 

𝑀𝑡 the equivalent total mass of moving 

parts of the upper roller system 

kg 

𝐵𝑝 the viscosity coefficient of cylinder N.s / m 

𝐾𝑡 the elastic stiffness coefficient of load N/m 

𝑥𝑝 the cylinder piston displacement m 

𝐹𝐿 Other load force acting on the piston kN 

𝑊𝑠 the plastic stiffness coefficient of the 
rolled piece 

N/m 

ℎ𝑖𝑛 and ℎ𝑜𝑢𝑡 are the input and output thickness of 

the rolled piece respectively 

mm 

T The constant delay time. s 

𝑃 the rolling load kN 

𝑀 the mill modulus kN/m 

𝑆 the roll gap mm 

𝑆0 Unloaded roll gap mm 

𝐴𝑑 and 𝐿𝑑 the magnitude and period of 

thickness deviation respectively 

Mm and m 

𝑉𝑖𝑛 the entry strip is passed through the 

roll stand with the velocity 

m/s 

𝑇𝑔 Time constant of hydraulic servo s 

𝐾𝑔 constants specified - 

The model of the HAGC System presented in the above 

equation is nonlinear because of the sigmoid and square root 

functions. In this state representation, only the state variables 

are expressed as a function of time. However, hydraulic and 

mechanical parameters also vary during the operation of the 

AGC system. 

III. DEVELOPMENT OF NONLINEAR HIGH GAIN 

OBSERVER 

The so-called high gain techniques can be applied without 

transformation of the initial system. As a result, we separated 

the linear behavior from the dynamics of the nonlinear 

system, to obtain a complete stability design procedure. This 

technique uses the Lyapunov stability theory to adapt the 

techniques developed in the linear case. This approach 

satisfies a fairly general class of observers and covers the 

nonlinear system considered. However, it is not easy to 

design constant observer gain 𝐻 which ensure sufficient 

stability of the system. 

A.  Basic theory of high gain observer  

The original approach of the design of a high-gain observer 

presented in [12] gives sufficient conditions for convergence 

of the estimated state towards the real state of the system, 

for the class of nonlinear systems described by the following 

model: 

{
𝑥(𝑡) = 𝐴𝑥(𝑡) + 𝑓(𝑢(𝑡), 𝑥(𝑡))            

𝑦(𝑡) = 𝐶𝑥(𝑡)
           (8)  

Then, inspired by the high-gain observer proposed in [13] 

and the ESO model in [14], and the high-gain observer is 

designed as follows: 

𝑥̇̂(𝑡) = 𝐴𝑥̂(𝑡) + 𝑓(𝑥̂(𝑡), 𝑢(𝑡)) + 𝐻(𝑦(𝑡) − 𝐶𝑥̂(𝑡))         (9) 

The name high gain comes from the structure of the 

observer: when the nonlinear function has a large Lipschitz 

constant, any error between the actual state and the estimated 

state will be reflected and grow. Therefore, the gain H of the 

observer (9) must be important to compensate for this 

amplification of the error. 

The dynamics of the estimation error 𝑒(𝑡) = 𝑥(𝑡) − 𝑥̂(𝑡)can 

be deduced from (8) and (9): 

𝑒̇(𝑡) = (𝐴 − 𝐻𝐶)𝑒(𝑡) + 𝑓(𝑢(𝑡), 𝑥(𝑡))

− 𝑓(𝑥̂(𝑡), 𝑢(𝑡))                                      ( 10) 

B. Observer stability analysis 

The stability of our observer will depend on the choice of a 

gain matrix 𝐻 that will ensure the asymptotic convergence of 

the observer's state estimation error in two steps.  

The first step is to ensure the stability of the linear part by 

assuming 𝑓(𝑢(𝑡), 𝑥(𝑡))in equation (8) zero while checking 

the Lyapunov equation: 

 𝑃(𝐴 − 𝐻𝐶)𝑇 + (𝐴 − 𝐻𝐶)𝑃 = −𝑄      (11) 
In order to study the convergence of the error 𝑒 towards zero, 

we consider the quadratic function of Lyapunov 𝑉 = 𝑉(𝑒) =
𝑒𝑇𝑃𝑒, where 𝑃𝜖𝐼𝑅𝑛×𝑛 whose existence guarantees the 

asymptotic stability among others the convergence of the 

error towards zero for t large enough 𝑡 → +∞. 

By an arbitrary choice of a positive definite matrix 𝑄 and a 

gain matrix 𝐻, the latter would be a possible solution if and 

only if there exists a positive definite symmetric 𝑃 matrix 

satisfying the expression(11). 
The second step will focus on the non-linear part 𝑔 (𝑥, 𝑢) 
which must satisfy the following Lipschitz condition: 

 ‖𝑓(𝑥1) − 𝑓(𝑥2)‖ ≤ δ‖𝑥1 − 𝑥2‖                   (12) 
In other words, for the same gain matrix 𝐻, the Lipschitz 

constant δ, the smallest possible must satisfy the condition of 

the following inequality [17]: 

https://www.openaccess.nl/en/open-publications
http://www.ijitee.org/
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 δ <
𝜆𝑚𝑖𝑛(𝑄)

2𝜆𝑚𝑎𝑥(𝑃)
                            (13 ) 

Where 𝜆(. )Represents the eigenvalues of the matrix (.). 

C.  Observer of the HAGC 

We design a high-gain state observer to estimate the 

complete state of the HAGC system, which can be used in 

controller design. For this, we take advantage of the structure 

of the HAGC system model to design the observer who is not 

in a strict canonical form. 

According to (𝑠𝑦𝑠1) , the non-linear model of HRGC can be 

rewritten as 

𝑥(𝑡) = 𝐴𝑥(𝑡) + 𝑓(𝑢(𝑡), 𝑥(𝑡))   
 

 

 

With respect to the HRGC hydraulic system under study, 

taken from (𝑠𝑦𝑠1) , we can establish the equation of our 

high-gain observer to estimate X as follows: 

 𝑥̇̂(𝑡) = 𝐴𝑥̂(𝑡) + 𝑓(𝑥̂(𝑡), 𝑢(𝑡)) + 𝐻(𝑦(𝑡) − 𝐶𝑥̂(𝑡))            

Where 𝑥̇̂(𝑡) = [𝑥̂1 𝑥̂2 𝑥̂3 𝑥̂4 𝑥̂5 𝑥̂6 ]
𝑇 with  

𝐴 =

[
 
 
 
 
 
 
 
 
 
 
0 1 0 0 0 0

−
1

𝑇𝑔
−
1

𝑇𝑔

𝐾𝑔

𝑇𝑔
0 0 0

0 0 0 1 0 0

0 −𝐾𝑡
1

𝑀𝑡

−𝐾𝑡
1

𝑀𝑡

−𝐵𝑝
1

𝑀𝑡

0 0

0 0 0 −𝐴𝑝
4𝛽𝑒
𝑉

−𝐶𝑡
4𝛽𝑒
𝑉

0

0 0 0 0 0 −
1

𝜏𝑣]
 
 
 
 
 
 
 
 
 
 

 

And  𝑓(𝑥̂(𝑡), 𝑢(𝑡)) =

[
 
 
 
 
 
 
 
 

0

−
𝐾𝑔

𝑇𝑔

𝑘

𝑀0
𝑃

0

−
1

𝑀𝑡
𝐹𝐿

4𝛽𝑒

𝑉
𝐶𝑑𝜔𝑥6√

𝑃𝑠−𝑠𝑔𝑚(𝑥6)𝑥5

𝜌

0 ]
 
 
 
 
 
 
 
 

 

𝑦̂ = 𝐶𝑥̂(𝑡), 𝐶 = [1 0 0 0 0 0] and  

𝐻 = [𝐻1 𝐻2 𝐻3 𝐻4 𝐻5 𝐻6] 

IV. NONLINEAR CONTROL BY BACKSTEPPING 

DESIGN 

This section addresses the problem of designing a 

controller with asymptotic stability of the operation interest 

point. The nonlinear system described by a nonlinear model 

is in the form of strict feedback. This special form allows the 

use of a recursive backstepping procedure for controller 

design [15]. 

The backstepping control law is derived based on a 

Lyapunov function, to provide input-output stability of the 

system. The method essentially provides a recursive 

framework for the construction of a CLF and the 

corresponding control action for system stabilization [13]. In 

the remainder of this section, this idea is adopted to design a 

non-linear controller for position tracking in a hydraulic 

servo system. 

A. Controller design without observer 

We denote by  𝑒𝑖 = 𝑥𝑖 − 𝑥𝑖𝑑  and parameter 𝛾i > 0 for 𝑖 =
1,… . . ,6 the error between each state variable and its desired 

trajectory.  

Let us choose a candidate Lyapunov function defined by,  

𝑉1 =
𝛾1𝑒1

2

2
                                                    (14) 

Then its derivative is given by, 

𝑉̇1 = 𝛾1𝑒1𝑒̇1                        
          = 𝛾1𝑒1(𝑒2 + 𝑥2𝑑 − 𝑥̇1𝑑) 

Thus, taking                         

        𝑥2𝑑 = 𝑥̇1𝑑 − 𝑘1𝑒1                                         (15) 
Then                                         

V̇1 = 𝛾1𝑒1(𝑒2 − 𝑘1𝑒1)        
           = −𝛾1𝑘1𝑒1

2 + 𝛾1𝑒1𝑒2                            (16) 
Where 𝑘1 stand for weighting parameters. Now, in order to 

go one step ahead, a new Lyapunov-like function 𝑉2is 

defined as 

𝑉2 = 𝑉1 +
𝛾2𝑒2

2

2
                                           (17) 

By taking the derivative of (17)  

𝑉̇2 = 𝑉̇1 + 𝛾2𝑒2𝑒̇2 

      = −𝛾1𝑘1𝑒1
2 + 𝛾1𝑒1𝑒2 + 𝛾2𝑒2(𝑥̇2 − 𝑥̇2𝑑) 

      = −𝛾1𝑘1𝑒1
2 + 𝛾1𝑒1𝑒2 

           +𝛾2𝑒2 (−
1

𝑇𝑔
𝑥2 −

1

𝑇𝑔
𝑥1 +

𝐾𝑔

𝑇𝑔
(𝑥3 −

𝑘

𝑀0

𝑃) − 𝑥̇2𝑑) 

    = 𝛾1𝑘1𝑒1
2 

 +𝑒2 (𝛾1𝑒1 + 𝛾2 (−
1

𝑇𝑔
𝑥2 −

1

𝑇𝑔
𝑥1 +

𝐾𝑔

𝑇𝑔
(𝑥3 −

𝑘

𝑀0

𝑃)

− 𝑥̇2𝑑)) 

   = −𝛾1𝑘1𝑒1
2 

+𝑒2 (𝛾1𝑒1 + 𝛾2 (−
1

𝑇𝑔
𝑥2 −

1

𝑇𝑔
𝑥1 +

𝐾𝑔

𝑇𝑔
((𝑒3 + 𝑥3d) −

𝑘

𝑀0

𝑃)

− 𝑥̇2𝑑)) 

If 𝑥3𝑑 is chosen as   

𝑥3𝑑 =
−𝑇𝑔

𝛾2𝐾𝑔
[𝛾1𝑒1 + 𝛾2 (−

1

𝑇𝑔
𝑥2 −

1

𝑇𝑔
𝑥1 −

𝐾𝑔

𝑇𝑔

𝑘

𝑀0

𝑃

− 𝑥̇2𝑑)] (18) 

Will give,  

𝑉̇2 = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 + 𝛾2
𝐾𝑔

𝑇𝑔
𝑒2𝑒3                               (19) 

The new  weighting  parameter 𝑘2  is  also  introduced. Let 

𝑉3 be defined as follows  

𝑉3 = 𝑉2 +
𝛾3𝑒3

2

2
                                                                        (20) 

By taking the derivative of 𝑉3, one may write  

𝑉̇3 = 𝑉̇2 + 𝛾3𝑒3𝑒̇3 

      = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 + 𝛾2
𝐾𝑔

𝑇𝑔
𝑒2𝑒3 + 𝛾3𝑒3𝑒̇3 

      = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 + 𝛾2
𝐾𝑔

𝑇𝑔
𝑒2𝑒3 + 𝛾3𝑒3(𝑥̇3 − 𝑥̇3𝑑) 

      = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 + 𝛾2
𝐾𝑔

𝑇𝑔
𝑒2𝑒3 + 𝛾3𝑒3(𝑥4 − 𝑥̇3𝑑) 

𝑉̇3 = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 + 𝛾2
𝐾𝑔

𝑇𝑔
𝑒2𝑒3 

         +𝛾3𝑒3((𝑒4 + 𝑥4d) − 𝑥̇3𝑑) 

      = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 
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        +𝑒3 (𝛾2
𝐾𝑔

𝑇𝑔
𝑒2 + 𝛾3((𝑒4 + 𝑥4d) − 𝑥̇3𝑑)) 

If 𝑥4dis chosen as   

𝑥4d =
−1

𝛾3
[𝛾2

𝐾𝑔

𝑇𝑔
𝑒2 − 𝛾3𝑥̇3𝑑]                                               (21) 

Will give, 

  𝑉̇3 = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 − 𝛾1𝑘3𝑒3
2 + 𝛾3𝑒3𝑒4                (22) 

Let 𝑉4 be defined as follows 

𝑉4 = 𝑉3 +
𝛾4𝑒4

2

2
                                                                        (23) 

And its derivative, 

𝑉̇4 = 𝑉̇3 + 𝛾4𝑒4𝑒̇4 

      = 𝑉̇3 + 𝛾4𝑒4(𝑥̇4 − 𝑥̇4𝑑) 
     = −𝛾1𝑘1𝑒1

2 − 𝛾2𝑘2𝑒2
2 − 𝛾1𝑘3𝑒3

2 + 𝛾3𝑒3𝑒4 

        +𝛾4𝑒4 (
1

𝑀𝑡

(𝐴𝑝𝑥5 − 𝐵𝑝𝑥4 − 𝐾𝑡𝑥3 − 𝐹𝐿) − 𝑥̇4𝑑) 

  = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 − 𝛾1𝑘3𝑒3
2 

+𝑒4 (𝛾3𝑒3 + 𝛾4 (
1

𝑀𝑡

(𝐴𝑝𝑥5 − 𝐵𝑝𝑥4 − 𝐾𝑡𝑥3 − 𝐹𝐿) − 𝑥̇4𝑑)) 

 

V̇4 = −γ1k1e1
2 − γ2k2e2

2 − γ1k3e3
2 

+𝑒4 (𝛾3𝑒3 + 𝛾4 (
1

𝑀𝑡

(𝐴𝑝(𝑒5 + 𝑥5𝑑) − 𝐵𝑝𝑥4 − 𝐾𝑡𝑥3 − 𝐹𝐿)

− 𝑥̇4𝑑)) 

If 𝑥5dis chosen as   

𝑥5𝑑 =
−𝑀𝑡

𝛾4𝐴𝑝
(𝛾3𝑒3 +

1

𝑀𝑡

(−𝐵𝑝𝑥4 − 𝐾𝑡𝑥3 − 𝐹𝐿)

− 𝑥̇4𝑑)]                                                      (24) 

Will give,   

V̇4 = −γ1k1e1
2 − γ2k2e2

2 − γ3k3e3
2 − γ4k4e4

2 

        +𝛾4
1

𝑀𝑡

𝐴𝑝𝑒4𝑒5                                                               (25) 

Let 𝑉5 be defined as follows 

V5 = V4 +
γ5e5

2

2
                                                                        (26) 

And its derivative, 

𝑉̇5 = 𝑉̇4 + 𝛾5𝑒5𝑒̇5 

      = 𝑉̇4 + 𝛾5𝑒5(𝑥̇5 − 𝑥̇5𝑑) 

      = 𝑉̇4 + 𝛾5𝑒5 (
4𝛽𝑒
𝑉
(𝐶𝑑𝜔𝑥6√

𝑃𝑠 − 𝑠𝑔𝑚(𝑥6)𝑥5
𝜌

− 𝐴𝑝𝑥4

− 𝐶𝑡𝑥5) − 𝑥̇5𝑑) 

   = −γ1k1e1
2 − γ2k2e2

2 − γ3k3e3
2 − γ4k4e4

2 + γ4
1

Mt

Ape4e5 

+𝛾5𝑒5(
4𝛽𝑒
𝑉
(𝐶𝑑𝜔(𝑒6 + 𝑥6𝑑)√

𝑃𝑠 − 𝑠𝑔𝑚(𝑥6)𝑥5
𝜌

− 𝐴𝑝𝑥4

− 𝐶𝑡𝑥5) − 𝑥̇5𝑑) 

= −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 − 𝛾3𝑘3𝑒3
2 − 𝛾4𝑘4𝑒4

2

+ 𝑒5(𝛾4
1

𝑀𝑡
𝐴𝑝𝑒4

+ 𝛾5 (
4𝛽𝑒
𝑉
(𝐶𝑑𝜔(𝑒6 + 𝑥6𝑑)√

𝑃𝑠 − 𝑠𝑔𝑚(𝑥6)𝑥5
𝜌

− 𝐴𝑝𝑥4 − 𝐶𝑡𝑥5) − 𝑥̇5𝑑)) 

If 𝑥6dis chosen as   

 

x6d =
−V

4γ5βeCdω
√

ρ

Ps − sgm(x6)x5
(γ4

1

Mt

Ape4

+ γ5 (
4βe
V
(−Apx4 − Ctx5) − ẋ5d)) (27) 

Will give,   

V̇5 = −γ1k1e1
2 − γ2k2e2

2 − γ3k3e3
2 − γ4k4e4

2 − γ5k5e5
2 

+𝛾5
4𝛽𝑒
𝑉
𝐶𝑑𝜔𝑒5𝑒6√

𝑃𝑠 − 𝑠𝑔𝑚(𝑥6)𝑥5
𝜌

                           (28 ) 

Finally, we consider, 

V6 = V5 +
γ6e6

2

2
                                                                      (29  ) 

Then we derive the equation (29) and get, 

V̇6 = V̇5 + γ6e6ė6 

      = V̇5 + γ6e6(ẋ6 − ẋ6d) 
      = −γ1k1e1

2 − γ2k2e2
2 − γ3k3e3

2 − γ4k4e4
2 − γ5k5e5

2

+ e6 (γ5
4βe
V
Cdωe5√

Ps − sgm(x6)x5
ρ

+ γ6 (
1

τv
(−x6 + KvKpu) − ẋ6d)) 

By setting the control u as stated by equation (30)  

𝑢 =
−𝜏𝑣
𝛾
6
𝐾𝑣𝐾𝑝

[𝛾
5

4𝛽𝑒
𝑉
𝐶𝑑𝜔𝑒5√

𝑃𝑠 − 𝑠𝑔𝑚(𝑥6)𝑥5
𝜌

− 𝛾
6

1

𝜏𝑣
𝑥6

− 𝑥̇6𝑑 + 𝑘6𝑒6]                                          (30 ) 

We should get the following result, 

 𝑉̇6 = −𝛾1𝑘1𝑒1
2 − 𝛾2𝑘2𝑒2

2 − 𝛾3𝑘3𝑒3
2 − 𝛾4𝑘4𝑒4

2 − 𝛾5𝑘5𝑒5
2 

−𝑘6𝑒5
2 < 0                                                                      (31 ) 

We can state now, that 𝑉̇6 < 0 for every 𝑒𝑖 ≠ 0, thus we 

conclude that the control law found in (30) renders the 

system globally asymptotically stable. 

B. Controller design with observer 

The control variable u should not only guarantee the 

sufficiently small estimation error of the ESO, but also make 

the output y track the demand input of EHS. In this section, 

the controller is designed by backstepping method based on 

OBS. Figure III.5 gives the schematic diagram of the 

backstepping command with sliding mode observer.  

https://www.openaccess.nl/en/open-publications
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P =

[
 
 
 
 
 
−1,65143169579148e + 15 −16514069970962,9 2,14614449065236e + 15 −737258102467,816 672116797,281132 137401,501948577

−16514082284628,1 −165140761275,767 21461162422254,8 −7371094323,51181 6721047,67673989 1374,03933827997
2,14614460624713e + 15 21461147575757,7 −2,78905697658703e + 15 958091587273,772 −873459024,081817 −178562,235121787
−737251508364,436 −7371022886,66928 958082966195,996 −330577582,519883 300116,575467348 61,3256554813327
672116512,928880 6721039,82172126 −873458607,501292 300119,132262191 −273,550718711792 −0,0559209427397029
0,257475644553519 0,00253870680886619 0,0178711574002335 0,000112202221667641 1,28699589000597e − 10 −0,352112676055729 ]

 
 
 
 
 

 

 

Fig. 2. Block diagram of the proposed control-observer 

structure of the HAGC system.  

Due to unknown variable state x1, the variable 𝑒1 cannot be 

obtained and the controller 𝑢 shown in (30) cannot be used 

directly. In this section, the backstepping controller is further 

processed by state estimation 𝑥̂𝑖  (i =  1, . . . , 6). 
According to the backstepping iteration, the virtual control 

variables are derivate for the augmented model (𝑠𝑦𝑠1) as 

follows with   𝑒̃𝑖 = 𝑥̂𝑖 − 𝑥𝑖𝑑  

𝑥2𝑑 = 𝑥̇1𝑑 − 𝑘1𝑒̃1                                                                     (32) 

𝑥3𝑑 =
−𝑇𝑔

𝛾2𝐾𝑔
(𝛾1𝑒̃1 + 𝛾2 (−

1

𝑇𝑔
𝑥2 −

1

𝑇𝑔
𝑥1 −

𝐾𝑔

𝑇𝑔

𝑘

𝑀0

𝑃

− 𝑥̇2𝑑))                                                      (33) 

𝑥4𝑑 =
−1

𝛾3
[𝛾2

𝐾𝑔

𝑇𝑔
𝑒̃2 − 𝛾3𝑥̇3𝑑]                                               (34) 

x5d =
−Mt

γ4Ap
(γ3ẽ3 +

1

Mt

(−Bpx̂4 − Ktx̂3 − FL) − ẋ4d) (35) 

𝑥6𝑑 =
−𝑉

4𝛾5𝛽𝑒𝐶𝑑𝜔
√

𝜌

𝑃𝑠 − 𝑠𝑔𝑚(𝑥6)𝑥5
(𝛾4

1

𝑀𝑡

𝐴𝑝𝑒̃4

+ 𝛾5 (
4𝛽𝑒
𝑉
(−𝐴𝑝𝑥̂4 − 𝐶𝑡𝑥̂5) − 𝑥̇5𝑑)) (36) 

 

To obtain the final control u, we should compute the 

derivatives of the virtual control as follows 

𝑢 =
−𝜏𝑣
𝛾6𝐾𝑣𝐾𝑝

[𝛾5
4𝛽𝑒
𝑉
𝐶𝑑𝜔𝑒̃5√

𝑃𝑠 − 𝑠𝑔𝑚(𝑥̂6)𝑥̂5
𝜌

− 𝛾6
1

𝜏𝑣
𝑥̂6

− 𝑥̇6𝑑 + 𝑘6𝑒̃6]                                         (37) 

V.  RESULTS OF SIMULATION STUDIES 

 In this section, we will present the results of the 

backstepping controller with high gain observer of the 

HAGC simulation using MATLAB / Simulink to reveal its 

efficiency, robustness and verification of the validity of this 

observer. 

A. Compiled results for the nonlinear observer design 

Based on repeated simulations for the choice of the gain 

matrix H through tests "error test", the results obtained with 

reference to the relations (12) and (13) are among others: 

For an exemplary H gain matrix that maintains the stability 

of the system and that is: 

 𝐻 = [1300,10,1000,1000,1000,1000]𝑇  

And a symmetric matrix 𝑄 = 𝐼6 

These matrices allow us to determine the matrix 𝑃 and the 

Lipschitz constant 𝛿.  

And   δ <
1

2∗0,000478011866031188
     

B. Main Results 

We present the simulation results of adaptive backstepping 

control with integral action, we simulated the system for a 

reference velocity , and references tensions h = 1,2𝑚𝑚  

with the constants of the regulators and the adaptation gains : 

 (𝑘1; 𝑘2; 𝑘3; 𝑘4; 𝑘5; 𝑘6) = (104; 10; 10; 10−4; 10−7; 10). 
The evolution over time of the thickness of the band and its 

estimation are given in Fig.3. This figure also shows the 

properties of the trajectory tracking error and highlighted the 

high performance of the backstepping control strategy and 

the high gain observer proposed for the AGC. 

 
Fig. 3.  Exit thickness deviation adopting backstepping 

control and Evolution of the estimate and its reference 

signal in HAGCS 

The output thickness of the system h and its estimated, in 

Fig.3, stabilizes at equilibrium at time t = 4 seconds and 

follow the desired reference with a tracking error tends to 

zero in steady state. there is a delay in measuring the 

thickness, which is why we can see that the system response 

takes a long time to respond to the order because of the 

installation of the thickness gauge at 1-3 m behind the roll 

stand. This delay on the output of the thickness is neglected 

in the estimate delivered by the proposed high gain 

observer. Therefore, we notice that the estimate provided by 

the observer is more accurate than that obtained by the 

thickness gauge measurement and the tracking performance 

is satisfactory at the level of stability and without exceeding.  
On the other hand, the appearance of the thickness error on 

the backstepping control is given by the fig.4 where we 

observe the convergence towards zero of this error. 
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Fig. 4. The exit thickness error on the backstepping 

control 

Fig.5 show the hydraulic gap roll system response with a 

backstepping controller and his estimated by high gain 

observer. 

 
Fig. 5. response of hydraulic roll gap by backstepping 

control and its estimated in HAGCS 

 Note in Fig.5 that the control law used to 

allow the stabilization of the gap of work rolls and the 

convergence to a constant value which allows well 

determine the tape desired thickness offering better quality 

thick and more stable operation. this figure also shows that 

the estimated value of the gap of work rolls and the 

measured value asymptotically converge to a constant 

value from 3 sec.  
To ensure the quality of the backstepping control 

by law applied to the HAGCS, it is proposed to compare 

the results obtained in simulation with those obtained by 

other methods of control. The following table gives a 

comparison with other control techniques: 

Table- II: comparison between several control 

techniques for AGC 
papers Control Strategy % Peak 

overshoot 

The 

settling 

time for 

5% 

[6] traditional PI 150% 1s 

fuzzy adaptive PI controller 210% 1s 

[3] fuzzy  PI  controller 210% 1s 

Traditional PID Smith  

prediction controller 

25% 2 

[4] Single adaptive Smith 20% 10 

Multiple adaptive Smith 
2% 4 

Comparing backstepping control, PI controller, 

Smith PID, Single adaptive Smith, and Multiple adaptive 

Smith, we found that the first describes good system 

performance in terms trajectory and the elimination of 

overshot.The results obtained by the application of the 

proposed control gives appreciable performances and a 

better control AGC without overshot. Which justifies at the 

end of our work the choice of this approach and the 

proposition that we presented for the model of system. 

VI. STUDY OF ROBUSTNESS 

To study the proposed backstepping control 

disturbance rejection performance, we verified the 

robustness and effectiveness of our approach to HAGCS 

mathematical model. 

The system is subject to disturbances shown in 

Fig.6.  

Fig. 6. Disturbance applied to 𝑺 

In Fig.7 it is found that the desired thickness is 

reached for this controller even the addition of disturbance. 

 
Fig. 7. Exit thickness deviation adopting backstepping 

control with perturbation and his estimate in HAGCS 

In figure (2), it is found that the actual thickness 

and the thickness estimated at a rapid convergence to the 

desired thickness despite the delay of the actual 

measurement and the existence of a disturbance.  
Figure (4) shows the evolution of the control error that 

shows the signal is converging to zero even the existence 

of disturbances.  
Figure 6 shows the response of the air gap system with a 

backstepping controller and its high gain observer estimate 

with the addition of disturbances to the air gap. 
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Fig. 8. Evolution of the time response of the gap and its 

estimated 

Through these figures we find that the different states are 

reconstructed despite the presence of disturbances. This 

observer is robust to disturbances and parametric 

uncertainties. The results of backstepping controller 

simulations with disturbance of HAGCS show clearly the 

rejection of this disturbance and the perfect tracking of the 

thickness reference. this result confirms the good choice of 

the coefficients of the nonlinear controller of the HAGCS. 

moreover, the proposed observer perfectly solves the 

compromise between speed of convergence and sensitivity to 

measurement noise. therefore, these results are overall 

similar to those obtained with backstepping control without 

disturbance. From these results, we can conclude that the 

control by the backstepping approach presents a very 

attractive solution for the AGC control. So, we can first 

conclude that the control by the backstepping approach 

presents a very attractive solution for the control of the AGC. 

And secondly, according to this result, we can say that the 

high gain observer effectively estimates the thickness of the 

band and attenuates the effects of all delays, non-linearities, 

external disturbances and perfectly resolves the compromise 

between speed of convergence and sensitivity to 

measurement noise. 

VII. CONCLUSION 

This paper discusses a new concept of web thickness 

control of a reversible cold rolling mill via nonlinear control 

of HAGCS. We proposed a robust nonlinear controller for 

HAGCS by a backstepping approach with the HGO. A high 

gain technique has been used to reduce the effect of 

nonlinear terms. The control performance of the proposed 

control structures is underlined by simulation results from 

Simulink implementation. This result of the simulation 

showed that the desired control objective was achieved with 

a very fast convergence of the control signal to its desired 

value. Our goal was to take into account the non-linearity of 

the HAGCS and to show that the stability of the system is 

generally guaranteed by this controller based on the 

Lyapunov function. Our future work is to implement a non-

linear observer based on sliding mode controller for roll gap 

to reveal the effectiveness and make improvements if 

necessary. 
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