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Keywords: Aluminium strip processing, modelling, tensiordrives the rewinder: it provides torque to the roll with high dy-

control, decoupling control. namic through a rotor field oriented control. A pneumatic brake
is used for the unwinder. Two load cells measure the tension in
Abstract the aluminium strip. An incremental encoder implemented on a

non-motorized roll measures the linear speed. Both acquisition
In an aluminium strip processing line, the main concern is @&nd control systems are implemented in real time on a Matlab-
control independently velocity and tension. This paper de&#mulink/dSpacE” 1103 card software-hardware package.
with two control systems applied to a basic unwinder-rewinder
system: the first one is based on classic PI controllers inclug
ing specific compensations. The second is a LQG contr
Simulations demonstrate the effectiveness of both solutions

1 Introduction

Modern high-speed process lines demand good tension co
for maximum efficiency [1][2]. In an aluminium strip process
ing line, tension control is required in many operations (rollin
coating, washing...). For such systems, it is very important
prevent the occurrence of strip break by decoupling the st|
tension and the strip velocity [1]. The strong coupling betwe
both variables is induced by the strip elasticity: a physical mo
elling of this process is given in section 2. Generally, on in-
dustrial production lines, the control is based on simple PID Figure 1: Laboratory prototype
techniques and the know-how of the operators [3]: it is often

non-optimal with low dynamic performances. The first con- = ) o o )
trol strategy presented in this paper is an optimised PI contfoSimplified diagram is given in figure 2. The gear ratio be-

including specific disturbance compensations: it is based ¥#f€n motor and roll is one to one. Itis assumed that there is
the inversion principle of the physical modelling deduced froff Slip between roll and strip.

the general laws of physics (c.f. section 3). The second is - v, v,

LQG control based on an optimal statistical Kalman filterin o - T —_

(c.f. section 4). Both strategies are compared and show Web (I, )
ability to decouple velocity and tension. L

2 System Modelling

Unwinder (J;, f;) Rewinder (J,, f,)

A continuous aluminium strip processing line typically can b
described as a system of rolls and a strip stretched betwees
them [4]. This is the simplest unit of a continuous strip pro-
cess. At each side, a motor provides torque to the roll. Our

laboratory prototype exhibits the inherent problems of metglq 5iny of this study is to build a model of this system. First,

transport system (see figure 1). An induction motor (3 kW) mathematical model of both rolls and strip tension dynamics
established. Second, this model is developed under a state-

Figure 2: Unwinding-Rewinding system
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Nomenclature considering that the tension force in the strip of the unwinder
roll is neglected in comparison with.

L Span Ie_ngth (m) When the span is not stretchedl, = A,,, = Ay, and (6) can
l Span width (m) be simplified:
e Span thickness (m) P '
A Cross-sectional area of web (Mm d z ) v
P . Density of aluminium strip (kg/f) — / ——dz| =Vi(t) — ﬂ @)
E : Modulus of elasticity (Pa) dt| Jo 1+e(z,t) 1+ eat)
Vi Strip velocity (m/s) ) _
T : Strip tension force (N) Assuming thate < 1, high order terms can be neglected:
r: : Rollradius (m) 1/(1+¢€) = 1 — e. Equation (7) becomes:
ro . Empty roll radius (m) .
Ji : Polar moment of inertia of roller (kg.f d / _ _ _ _
Jio . Polar moment of inertia of empty roller (kg%n de | J, (1= (@, 1) de| = Va(t) = Va(t) (1 — ex(1)). (8)
fi . Friction coefficient (kg.rf¥s.rad)
Q; : Rollrotational speed (tr/mn) Meanwhile supposing that the straidoes not vary with, i.e.
C; . Torque (N.m) e(x,t) = es(t), (8) can be written as:
2.1 Strip tension force —L% — VA () — Va(t) (1 — es(1)), 9)
The system under consideration is fhiece of strip between so:
) ) . 0:
the unwinder and the rewindevhose lengthl. is assumed to des
be constant. It is a typicahass flonsystem. L =Ve-Vi-eal (10)
Moreover, the strip is assumed not to be strained beyond its. =~
limit of elasticity. omitting imet. . .
The mass balance equation is: Using Hooke’s lawj.e. e; = T'/AE and notationg; () = (),
equation (10) gives:
d |mass stored| | _ .
dt |in the system ) — LT = AE(Vo = V1) = TV;. 11)
input _ [ output ) (1) Considering small variations around a steady-state operating
mass flo mass flo ot
point:
The strip density is assumed to be constant. Equation (1) gives: Vi = Vit AW,
d /L Vo = Voot AV
— Az, t)dx| = A1(H)V1(t) — Az (D) Va(t 2 ’
al J, (2,1) 1(OVA(t) — A2(8)V2(t)  (2) T — T, 4+AT.
l/_vh?re subscripts and,; denote unwinder and rewinder respecrhen we have:
ively.
Considering an infinitesimal element of span (lendif), ele- dAT _
ment stretching can be written as: =g+ VaoAT = AE(AV, — A1), (12)
dz = (1 + e(z,t))dz,. (8) With s the Laplace variable, (12) becomes:
Both unstretched (subscrip) and stretched element volume (Ls + Vag)AT = AE(AVs — AVY), (13)
are equal:
dv = A(x,t) dae = Ay (z,t) day,. 4 which gives:
A combination of (3) and (4) takes the following form: T AE (AVs — AVY). (14)
Ls + Vag
A(m t) — M (5)
’ 14 e(x,t) Omitting the notation A” to improve readability, Equation
Equation (2) gives: (14) can be written as a classic first order transfer:
K
d L Au(aja t) = b (V2 - Vl) (15)
deo Tt e, t) | = Tos +1
Aoy (t whereK, = AE/Vao etT, = L/Vay.
Au(tW(D) - 220y, © b= ABVaoethh = 1/ Vao

1 te(t)



2.2 Roll dynamics 2.3 Models

Details are given for the unwinder (which is similar to th&onlinear time-varying model
winder). Radii vary with time and their expressions take the

following form by writing roll surfacesS; [5]: Using results above, the model below was built:
Si(t) = mri(t), (16) J:191+J1f:21 =Tr1+C1— it
. - . - J28o + Jofdo = Co — T'ra — foldy
then differentiating with respect to time: Ji = a1 + by
31:27'(7"17;'1 (17) <]'2:a2+b27ﬂ§
e J1 = 2nplrrs
omitting timet. Jy = 21pligrd (33)
And ) P = _ e
S1=-Vie=-r1Qe. (18) o — Qi%ﬂ
2= Ton
Hence: Vi=ri{y
Ql e= —21 f’l, (19) Vg = ’I"QQQ
S0: 0 LT =AEVa,—V1) =TV,
. 1€
=T (20)  where :
T a; = Jio — smplrg
As radiusry, inertiaJ; is time-varying too: { b’ L0 T2 0
. i = 57pl
(Jifn) = JiQ1 + Ji$h (21) withi=1,2.
with: This model requires knowledge dfy, Jag, 79, 10 €t720.
J1 = Jimotor + J1roll (22) i . i .
o Linear time-invariant model
’ 1 1 . — ,
Ji=Jio+ 57rpl ri— 57rplr§ . (23) Assuming that inertiae change slowly compared to the strip dy-
namics, therefore radii and inertiae are considered as constant
wound strip now. In addition, we detail the model by considering torque
J1 can be written as: loops of our asynchronous motors. Callia§ the torque ref-
erence, a first order system is used to represent this loop :
Jl = chonstant + leariable (24) Y P P
which is the sum of a constant inertig..,s:a»: @and a variable Ci N (34)
inertia.Jy pariasie. HENCE: Cr Tes+1

1 wherei = 1,2 andT, is the time constant of the torque loop.
chonstant = JlO - iﬂpl T617 (25) a P
Jivariable = %Wplril- (26) As before, the results above are collected and the following

model is (see figure 3):
Differentiating (26) with respect to time:

. 91:71 (Cl +TT1)
_ . .3 Jis+f1
Ju=2mpliar (@7) Q= 7055 (G2~ Tr2)
The dynamic principle applied to a rotation movement gives: C = 725Ct
. Cy = 715C3 (35)
(i) = Cra — Cic (28) Vi = 0
whereC} 4 etC;. denote driving and load torques respectively: Vo =1y
T= (V2= W)
Cia = Cy+Tr, (29)
. = 0. 30) Where:
Cll fl ! ( ) J,':ai-i-bﬂ’?
It gives: . a; = Jio - smplrg
(J1h) = C1 +Try — 1. (31) bi = 3mpl
Similarly, we obtain for the rewinder: withi =1,2.
) Que This model requires knowledge &, J1q, J20, 70, 71 €1 72.
T‘? = 271"7
Jo = 2mpligrs, (32)

(JQQQ) = 02 — TT’Q — fQQg.



. 1 ]G e 14 3.1 Control design
G T i
eor Y mamics & X, . To control the strip linear velocity?, we choose to work on
Y |Lstt ]" the motor of the rewinder (see figure 4). This choice is classic
b dynarmice [1]. The strong problem comes from the coupling betw&en
andT throughT'r,. The influence of r, must be compensated
in the tension control loop (see figure 4). Then a Pl-controller
cz*—>“1+l - sl+f (called Speed PI-2) is tuned (c.f. section 3.2). Its tuning is
Toraue Toon = based on mechanical and torque loop dynamics (modelled as
dynamics first order transfers). Using this type of controller, the static

error (step response) is cancelled.

Figure 3: Linear time-invariant model ) ]
In the same way, to control the strip tensidnwe choose to

work on V; throughC,. Therefore we use a similar structure
Figure 3 shows the strong coupling between the spéeahd to the rewinder speed loop and tune two PI-controllers (called
the strip tensiorl”. Whenever speed changes, it affects tensi@peed PI-1 and Tension-Pl). The first one is calculated by us-
trough the difference\V = V; — V,. Variations of tension ing mechanical and torque loop dynamics (similai’tcspeed
disturb the speed through the load torque as well. loop). The second one is based on strip &dpeed loop dy-
namics. The controller outpukV* = V5 — V* (* denotes

Finally, the state-form of the linear time-invariant model can br%ference) allows to obtaili* using the reference;
1 2

written.
With vectors: This control is based on the compensation of load torqugs
and Tr,. These torques disturb loops significantly and the
Ch quality of compensation is very important. We use the strip
Co * tension model to improve the dynamic of these compensations
) Cl T . o
X = 1|, U= C3 and Y = Vy ) (see figure 4). Furthermore, it is necessary to use referéfice
Q2 to obtain efficient feedforward action on the tension controller
T output.
and matrix: -
1 - *
-7z 0 0 0 0 - % Koo L (o
0 —% 0 0 0 + " Ts +5
1 © f1 T Tension Pl
A=l Vw0 ;
0 0 - Tbibr1 %:2 T, Tension control loop
A
r 0 T
0 = o
¢ 0 0 O 0 1 2
B= 0 0 and C= ( ) T
0 00 0 )’
0 0 "2
0 0 Speed control loop
the state-model is obtained: )
Figure 4: Pl-based control scheme
X =AX +BU
{ Y =CX (36)
3.2 Pl controllers tuning
3 Pl-based control The model of the system is rewritten as follows:
An optimised Pl-based control is proposed here. PID control K
i i - - Hyo(s) = 37
techniques are often considered as non-adapted to control ve bo(S) (Trs + 1)(Tos + 1) (37)

locity and tension independently [3]. In fact industrial control
schemes are non-optimised. The proposed strategy is baseg,QBreT; et T, denote the small (parasitic) and large time con-
the model inversion principle [6]. Modelling of physical phegtants respectively.

nomena has allowed a good understanding of the way the pxontrollers have the following form:
ergy is converted in the system. Therefore, the system can be

efficiently controlled by appropriate corrections and compen- K,(Tis +1)

sations [6]. Cpi(s) = Ts (38)



where K, etT; denote proportional gain and integral constar®3 Simulation results
(s) respectively. )
Results for step responses, 100 N for the tension and 1 m/s for

the velocity are given figure 6.
The tuning of controllers must be effective to obtain good de-

coupling between tension force and velocity. The compensated

open loop transfer function is given by: 120 s“o
100 S—
.
K T‘S + ]. K = 80 =
HCy,(s) = p(Ti ) (39) < o £’ B
TiS (T18 + 1)(T2$ + 1) 2 4 %_: o
20
and corresponding Bode diagram is represented on figure 5. o :‘;
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Figure 6: Pl-based control
-90 . . .
/{‘\ Figure 6 shows that the decoupling between tension and ve-
N~ 1 a locity is efficient. Interactions can be neglected compared to
o
-180 nominal values of velocity and tension.

Typical strategies are not able to decouple these variables with

Figure 5: Compensated open loop Bode diagram  Such a performance. It is important to note that this result
could be achieved with standard PLC but requires accurate con-

To reach a compromise between fast response and disturbansigers tuning as well as the computation of compensations.
reject, the crossover pulsation is placed in the middle of tiis level of performance is easily obtained with advanced con-
segmentl/T;, 1/T;] which has a -1 slope [7]. The time condrol strategies (see next section) but their implementation on

stantT; is calculated as follows: standard material is more difficult.
, T, - Ty
sin(A¢) = 77— (40) 4 state feedback control

For a phase margi ¢ equal to 37 which means an overshootin this part, a state approach is studied to build the controller.

approximately equal to 30%, we obtdlfy = 47;. Then the For this purpose, we use the state model (36) established in
crossover pulsation is equal to: section 2.

1 1
Ve AR (41) 4.1 control design
3

We =

At this pulsation, we make the following approximation: ~ For this purpose, a LQG control has been developed with an
optimal statistical Kalman filtering to estimate the state of the

KK, -1 (42) system. The problem is formulated in standard form and the

Tas regulator is optimised using models of the process and its en-
which means: vironment: the state model is enlarged taking into account pre-

Ty dictive models of references and disturbances (see figure 7).
Ko = 5kmy (43)
1

Theoretically, the relatiofl’; /77 = 4 can be considered as an u- u {5 :CA; tBULY ++ ya} y
optimum €.f. Kessler's symmetrical optimum [7]). But in f Satemodd Ye
practice, this tuning is too fast and oscillations may appear. u0
Therefore we can choose a factor greater than 4 ; the sys- Yo
tem will react more slowly. We can add a reference filter to L
compensate the zero induced by the PI controller too and de-
crease the overshooting. Such a filter has been implemented
(not showed on the figure for better readability).

Figure 7: Deterministic standard model



These predictive models introduce an uncontrollable state p&igure 8 shows the decoupling between tension and velocity.
The rejection of these modes allows to cancel the static erfidre step responses are faster than those for the Pl-based con-
(presence of integrators). trol.
To reach the compromise between performance and robustness,
two high level synthesis parameters are used. The choice50f
weighting matrix is based on calculating partial grammians ac-

cording to [8]: the tuning needs to specify two horizafisand  For optimal control of an aluminium strip unwinder-rewinder,

Conclusion

T, for observation and control respectively. two control structures have been outlined. The first one is based
Writing the gape = C. X between outputs and references, then PI controllers : it is easily implementable on standard PLCs
controller has to minimize the criterium: and gives good results. The second one uses a state approach
oo and requires a powerful hardware/software system. The state
J= / (eTS.e + uT Rou)dt (44) feedback controller gives better results especially for the strip
0 tension force. In both cases, the proposed controllers allow a
wheresS, andR.. have been chosen as follows: good decoupling between strip tension and velocity.

Te
S.=T,R.=T. / (C.eMB)T(C.eMtB)dt.  (45) References
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