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Abstract—This paper proposes a methodology of 

gain scheduling control for industrial rolling mills to 

test its feasibility and performance. Two controllers 

were proposed based on classical gain scheduling 

techniques acting on gap subsystem to compensate 

the process disturbances. One of them uses a pro-

posed smoother control action mechanism to im-

prove the process. A local control structure with an 

integrator in direct path between the controller and 

the plant was chosen to make the control synthesis 

more attractive. Optimal quadratic regulator meth-

od was used to get the local controllers gains. Simu-

lation results are presented using real industrial da-

ta. They showed that the developed gain scheduling 

controllers are feasible for this process and lead to a 

less output thickness variations compared with an-

other proposals. It is possible to use the developed 

control methodology for hot and cold rolling mills. 

Keywords rolling mills, gain scheduling control, 

gap adjustment, thickness control. 

I. INTRODUCTION 

The rolling process of at products involves several 

subprocess and subsystems, with considerably sophisti-

cated dynamics. They involve, in most cases, nonlinear 

behaviors (Denti Filho, 1994; Rossomando and Denti 

Filho, 2006).  Several automatic control techniques test-

ed on this process aim to improve the final product qual-

ity and costs reduction. The Gain Scheduling technique 

was tested at coiler and looper subsystems of this pro-

cess with theoretical data by the same authors and root 

locus method to get the local controller gains was used 

(Cavazzana and Denti Filho, 2011a; Cavazzana and 

Denti Filho, 2011b). Here this technique was evaluated 

on the gap adjustment subsystem with real industrial da-

ta and it was proposed a smother control action mecha-

nism to improve the process. In this case optimal quad-

ratic regulator method was used to get the local control-

ler gains and the results of these two proposals were 

compared with a fixed gain controller results.  The Gain 

Scheduling technique had never been tested that way 

before. 

A. Gap adjustment subsystem 

The main parts of gap adjustment subsystem consist of 

screws positioners, electric motor, coupling, transmis-

sion tree and gears (Fig.1). The rolling mill stands are 

constituted by four rolls: two work rolls and two back 

up rolls. The rolls in contact with the strip are the work 

rolls. The strip is introduced into the gap of the work 

rolls, which is smaller than the strip thickness. This gap  
 

 
Figure 1: Rolling mill stand scheme and the gap adjustment 

subsystem. 

 
Figure 2: h2 correction by gap adjustment. 

is determined by the screws that set the rolls position. 

Thus, the control aims to maintain the desired strip 

thickness acting in this subsystem to adjust the gap and 

compensate the process disturbances, like changes in 

entry strip thickness, friction, tensions, temperature and 

rolling speed. 

This process is developed according to an operation 

curve c, which relates the rolling load P and the exit 

thickness h2. This curve is a function of, called here, op-

erating parameters, like friction coefficient , yield 

stress S, back and front tensions in the strip t1 and t2, in-

put strip thickness h1, rolling speed vL and so on. The 

operating point Q depends on the gap opening “g” be-

tween the work rolls and the elastic modulus of the roll-

ing mill ELM, which is represented by the load line r of 

the system. Thus, disturbances in the operating parame-

ters modify the system curve and consequently the strip 

thickness output. These disturbances are reflected in the 

electrical parameters of the machine and can even be 

used to estimate the process parameters (Marcellos et 

al., 2009). We can see in Fig. 2 an example of h2 correc-

tion by setting new gap. 

II. SYSTEM MODEL 

A. Rolling mill model 

Several rolling process models are available in litera-

ture.  Some models are employed to determine a rolling 
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Figure 3: Roll bite geometry. 

 
Figure 4: Details of the screw. 

load P, the rolling torque Tq and the rolling power Pot, 

which are related to the strip thickness. The load P can 

be related to operating parameters, like , S, t1, t2, h1, h2, 

vL and t mentioned above.  t is the rolling temperature. 

The Orowan model (Orowan, 1944) was used in this 

work because it does not present suppositions for sim-

plification or mathematical approaches. The model was 

calibrated with real parameters and data kindly given by 

ArcelorMittal Tubarão, a Brazilian steel making plant, 

to representate the real process in this work.  Equation 1 

is used to calculate the rolling load P. 
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where w is the strip width, R´ is the rolls deformated ra-

dius, p
+
() and p

-
() are the strip radial pressure in input 

and output areas, t is the radial angle of strip and roll, 

N is the angular position in the contact arc where 

p
+
()=p

-
(). See Fig. 3.  

B. Screw model 

Figure 4 shows details of parameters and forces in the 

screw. The model is constructed as follow: 

  eMS TTfJJJ   
4321

   (2) 

where J1 is the motor inertia, J2 the coupling inertia, J3 

the transmission inertia, f4 the viscous damping coeffi-

cient of rolling bearings, TMS the torque required to 

move the screw, Te the torque motor or electromagnetic, 

 the angle shaft,   the angular speed and the   is the 

angular acceleration. 

The required torque to turn the screw may be given 

by the Eq. 3 (Denti Filho and Lima, 1997). 
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where Ps is the resultant forces applied to the screw, 

dmed the mean diameter of the clamping screw,  the 

friction angle in the screw thread,  the turn angle of the 

screw, s the friction coefficient between the clamping 

screw and nut, dg the nut diameter, i the gear reducer ra-

tio and  is the transmission efficiency. 

It is possible to notice different dynamics in this sys-

tem according to the direction of motion. The upward 

movement is given for tg(-) in the Eq. (3) and the 

downward movement is given for tg(+). 

The translational equation of the system movement is 

yM Pykyfym   , where m is the mass of the set 

mobile rolls, bearings and load cells, f is the coefficient 

of viscous damping among stand and roll bearings, kM 

the equivalent spring constant of the machine, Py the re-

sulting forces that act in the screw axis direction, y the 

linear displacement, y  the linear speed and y  the linear 

acceleration. Notice that Ps and Py are equals to Lamina-

tion Load P. 

Since there is an elastic deformation due to the roll-

ing mill efforts involved in the process, the real dis-

placement of the screw is given by: 

LMEPhhy /21       (4) 

To refer all equations to the motor shaft, it is enough 

to use the relations among  and y as follow: 
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where Dc is the medium gear diameter, DSF the medium 

diameter of the thread screw,  the screw thread angle, 

rm the medium screw ray, s the spiral screw angle. 

Thus, the final expression of the requested torque to 

move the screw TMS is given by Eq. (7). It is verified in 

this equation that the TMS does not change the differen-

tial terms coefficients according to lamination load, so it 

will not change the dynamics response of the linearized 

system as well as it will not demand different tunings 

for different rolling mill forces. 
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Electrical motor model 

The electrical motor used in this system is a DC ma-

chine. Its basic equations are described by Eqs. (8) and 

(9), where ea=kvia and T=ktia. 

aa
a

aqata iR
dt

di
LeV       (8) 

MSe TTdtdJ  /11       (9) 

where Vta is the supply, ea is the voltage induced at ma-

chine armature, Laq, Ra and ia are the armature induc-

tion, resistance and armature current, respectively, J1 is 

the motor inertia, 1 angular velocity, Te is the electro-

magnetic torque and TMS is the load torque on the shaft. 
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The complete gap adjustment model 

Based on the above equations it was possible to get the 

complete nonlinear subsystem model below, where 

X1=, 
12 XX  , 

23 XX  , u=Vta, C is given for Eq. (7) 

and the real displacement is given for Eqs. (4), (5) and 

(6) where P is derived from Eq. (1). The process was 

simulated by the Orowan model calibrated with real in-

dustrial data. 
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To demonstrate that the linearized process is totally con-

trollable and observable we constructed the controllabil-

ity matrix  BABABM
~~~~~ 2 c

 and the 

observability matrix  2~~~~~
ACACCM o

 for each 

C value. 

We obtained the matrix rank Mc and the matrix rank 

Mo equals to the process order for all cases so it con-

firms this systems are completely controllable and ob-

servable. It was assumed that all states are available for 

measurement in this work. 

III. GAIN SCHEDULING CONTROL 

The Gain Scheduling control technique has proven to be 

great useful in nonlinear applications (Rugh and 

Shamma, 2000) such as: a) The flight control in which 

the dynamics varies strongly with the speed and the air-

plane altitude (Stein et al., 1977), b) The industrial pro-

cess control in which the process dynamics may vary 

according to the characteristic or the production rate 

(Doyle et al., 1998) and c) The vehicle control active 

suspension in which the suspension dynamics varies in 

accordance with the road profile and others (Tran and 

Hrovat, 1993). This technique consists of designing lin-

ear controllers with different gains for nonlinear sys-

tems controlling and associate them in a single nonlin- 
 

 
Figure 5: Gain Scheduling scheme. 

ear controller. Thus, different linear controllers are used 

and each one operates in a certain operation range or, 

equivalently, it is used only one controller with variable 

gain to compensate changes in system dynamics and to 

perform the overall task of the nonlinear system control. 

The main advantages of gain scheduling control are 

the fact that it can be a more simple control method than 

other control methods for nonlinear systems, and its po-

tential to incorporate the powerful tools and methodolo-

gies of linear control in nonlinear systems. 

In the classic form of Gain Scheduling project 

Jacobian linearization of the nonlinear plant on family 

of equilibrium or operating points is used, being some-

times called scheduling by linearization method. In that 

way, there are now linear models valid on the neighbor-

hoods of those operating points which are tuned linear 

controllers. Another way of accomplishment the Gain 

Scheduling project consists on LPV based forms, in 

which the plant dynamics are rewritten so that nonlinear 

time varying parameters are possible to be used as 

scheduling variables (Leith and Leithead, 2000). The 

first form has the advantage of using the knowledge of 

linear controllers widespread in industry, that is why it 

was chosen to be used in this work. 

IV. THE PROPOSED CONTROL 

Once the system is nonlinear, the Gain Scheduling pro-

ject first requests tuning of linear controllers in different 

operation points. In the present case, this task was ac-

complished for the two linear models that represent the 

complete system, where the corresponding controllers 

were tuned. As the movement direction is related to the 

direction of rotation  motor, it was chosen the   param-

eter as scheduling variable. See Fig. 5.  

Equation (18) shows the “local”' linear control struc-

ture chosen for each C value, where the states are X1=y, 

12 XX  , 
23 XX   and the control action u is the volt-

age applied to the motor. This structure was chosen to 

allow to accomplish, in a relatively easy way, the local 

controllability evaluation and the tuning of you get the 

same “local” performance desired for all systems. 
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where X is the state vector, y the output, u the control 

action, A
~

, B
~

, C
~

 and D
~

 are  constant matrices with a 

defined C value that represent the local linear system,  

is the integrator output, r the control reference and k is 

the state feedback gain vector (Ogata, 1996). 

Next, the global nonlinear controller was firstly ob-

tained building the gain scheduler mechanism exempli-

fied in Fig. 6 (solid line) for each controller gain, where 

these gains are functions of the schedule variable  . In 

this figure, the vertical axis represents a generic control 

gain. 

 
Figure 6: Example of gain scheduling mechanism for a generic 

control gain. 

A.  The Improved Controller. 

To reduce the occurrence of unwanted vibration and un-

necessary equipment waste, it was proposed a smooth 

transition mechanism for the controller gains to smooth 

also the variations in the control signal. This mechanism 

consists of inserting a linear transition region in an area 

where abrupt changes in gains occur, changing the 

scheduler function as shown in Fig. 6 (dotted line). The 

region transition value chosen for this work is in the 

range between -10 rad/s and +10 rad/s of   and this was 

implemented using “lookup tables” in Matlab® soft-

ware, a Mathworks Inc. product. 

B. Tuning method. 

Optimal Quadratic Regulator method was used in this 

work to get the controller gains. This method is based 

on the performance minimization index J shown in Eq. 

(19). 

 



0
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where Q is a Hermitian positive definite matrix or real 

symmetric or positive semidefinite and R is a Hermitian 

matrix or real symmetric positive definite. The optimal 

gain matrix is given by k=R
-1

B'P and the matrix P must 

satisfy Eq. (20) called Ricatti reduced matrix equation. 
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Thus, the optimal control law is linear and becomes 
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~

)()( 1 ttkt PXBRXu
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Due to the existence of the integrator in the struc-

ture, the following transformation is necessary before 

applying the LQR method: 
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This new system is also completely controllable 

type, because it has rank n+1. So, the matrix of control-

ler gains is given by k=[k1   k2   k3   -kI]. 

R and Q matrices used in this work are shown in Eq. 

(22) and (23) and they where chosen to obtain fast con-

trol results with reasonable control action. 

 
Figure 7: Input strip thickness. 

 
Figure 8: Exit strip thickness. 

 
Figure 9: Control action in zoom view. 
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These matrices were used in all controllers. 

V. RESULTS 

Real data from a real hot rolling mill process were used 

to obtain the control results. These data present process 

disturbances, like variations on the input strip thickness, 

temperature, rolling speed and others. Figure 7 shows 

the measurement signal of the real process to exemplify 

a disturbance, where there is a input thickness reduction 

around 80s. 

Figure 8 shows the strip exit thickness as control re-

sult of the first Gain Scheduling controller.  It was veri-

fied that the control system maintains the setpoint of 

21mm even when process disturbances occur. The con-

trol system quality was quantified using the Mean Abso-

lute Percentage Error (MAPE) and in this case it was 

0.0569. 
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Figure 9 shows the system control action in zoom 

view. The noisy appearance reflects the abrupt varia-

tions of the gains. 

The rolling mill load shown in Fig. 10 is the result of 

several process disturbances such as temperature reduc-

tion around 60s, reduced input thickness around 80s, 

rolling mill speed variations at the same time and others. 

 
Figure 10: Rolling mill force. 

 
Figure 11: System gap. 

 
Figure 12: Smoother control action in zoom view. 

Table 1: Constants used in the models. 

J1=7.610-3 [kg.m2] =5.7º 

J2=10-4 [kg.m2] =4º 

J3=4.904710-5 [kg.m2] i=15 

m=43.122 [kg] =70% 

f4=0.02 [Nm/rad/s] =0.1 

f=0.02 [N/m/s] dmed=16 [mm] 

dg=16 [mm] k1=2.7475 

kM=43.452[N/m] Kv=1.69197 

k2=1787.5833 [m-1] Kt=3.228 

Laq=83.03 [mH] Ra=10.125 [] 

Vmin=-2300 [V] Vmax=2300 [V] 

 Figure 11 shows the system gap. This also reflects 

the elastic machine deformation. 

Performing the same test with the improved control-

ler (second controller) the control action become 

smoother as expected. It is possible to see in Fig. 12 a 

zoom view at the achieved result. The MAPE in this 

case was 0.0602. 

The last test consisted of accomplishing the control 

without scheduling to compare the results. In other 

words a controller (third controller) was tuned with 

fixed gains using the same control structure as the first 

one. It was chosen the upward movement and it was 

tuned a single controller for all system using the same R 

and Q matrices presented. In this case the MAPE ob-

tained was 0.0622. 

 In all cases we verified that the error of the output 

strip thickness was around 25m, better than another 

proposals like in Rossomando and Denti Filho (2006). 

The guarantees of stability and performance were in-

ferred in all cases by extensive simulations across all 

operation range, in different situations, values and pro-

cess real data. 

VI.  CONCLUSIONS 

This paper presents a Gain Scheduling control method-

ology for industrial rolling mills. Two strip thickness 

controllers by gap adjustment where proposed based on 

classical methods. To reduce the possibility of unwanted 

vibrations and unnecessary waste on the equipment it 

was developed a smoother control action mechanism of 

scheduled gains, being this an improvement of the first 

controller.  A great advantage of this type of controller 

is the use of the linear controllers knowledge widely 

used in industry. 

 The models presented in this work were calibrated 

with measured data from a real hot rolling process and 

constructed with parameters kindly provided by 

ArcelorMittal Tubarão, a Brazilian steel making plant. 

During the gap setting subsystem modeling it was ob-

served that the rolling load P does not change the sys-

tem dynamics and therefore it does not interfere with 

scheduled controller gains. The variation of the dynamic 

system is due exclusively to the direction of the cylin-

ders movement, which can be represented all system by 

two different linear models. Each model requests a line-

ar tuning controller and in this work it was proposed a 

scheduling using the variable   as scheduler variable. 

It is important to stand out that the use of the inte-

grator in the direct path between the controller and the 

plant, in the “local” controller's structure adopted, sim-

plifies the Gain Scheduling design, making possible to 

reduce system installation and maintenance costs. 

 The control tests results using real data of a real hot 

rolling mill process demonstrated the proposed control 

viability. The tests have shown that the first Gain 

Scheduling controller MAPE was 8.52% better than the 

fixed gains controller performance. The improved con-

troller was 3.22% better but its main advantage was the 

smoothing of control action. The control error of the 

strip thickness was around 25 m, better than traditional 

methods in literature. Due the fact that P does not 

change the system dynamic behavior, this methodology 

is valid for hot and cold rolling mills. 
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