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Synopsis

A looper optimal multivariable control system based on an optimal
regulator theory has been developed. Goal of controlling the hot strip
Sfinishing mill loopers is to stabilize rolling operation and to maintain
product quality by controlling the tension applied to the strip and the looper
angle within their reference values.

The most difficult problem in looper control is to achieve simultaneously
the interfering tension control and looper angle control. In recent years, a
non-interactive control employing cross-controllers has been adopted and
brought a dramatic increase in control accuracy, although the response time
is limited. Thus, a new method with improved response time is desirable.

In this paper, a looper optimal multivariable control based on the optimal
regulator theory employing a looper drive system with speed control loop is
proposed.  Other topics discussed includes the results of an investigation
of simplifying the control system by the use of a programmable controller.
In addition, it is demonstrated that the optimal multivariable control is
effective compared with the conventional control and the non-interactive
control as employed in the hot strip finishing mill of Hirohata Works of
Nippon Steel Corporation.
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I. Introduction

Loopers located between stands in a hot strip finish-
ing mill perform at least two important functions:

(1) Preventing the changes in width and thick-
ness of a strip by regulating the interstand tension at
a desired value.

(2) Preventing the formation of strip loop be-
tween stands and providing stable rolling operation
by maintaining the looper angle at a desired value.

Additional disturbance to the looper system is
caused by the increasing use of low-temperature heat-
ing of slabs, high-carbon steels and high-speed rolling.
Moreover, the demand for high dimensional preci-
sion such as the thickness, width and crown of strip
has been strongly requested. Therefore, it is impor-
tant to develop a high-performance looper control.

The most tenacious problem in looper control is to
achieve the simultaneous control of looper angle and
tension, which interact with each other. The con-
ventional looper control includes:

1) Tension control which involves controlling the
current of the looper motor and thus indirectly
maintaining the tension at the reference value.

2) Looper angle control which involves maintaining
the looper angle at the desired value by regulat-
ing the rotating speed of main motor.

However, sufficient precision has not been achieved
with the conventional control due to the difficulty of
reducing mutual interaction and the effects of a reso-
nant system within the looper system.

In order to overcome this difficulty, a non-inter-
active control system employing cross-controllers has
been installed in the looper system. The non-inter-
active control has greatly improved the precision in
control of tension and looper angle. One problem
of this system, however, was to maintain good re-
sponse and thus control accuracy of looper angle con-
trol and tension control in the presence of large dis-
turbances sich as encountered during the rolling of
thin strips. It was for this reason that looper optimal
multivariable control employing a tension-absorbing
function provided by changing the looper angle was
adopted.

In this paper, the looper optimal multivariable
control based on an integra-type optimal regulator
employing a looper drive system with speed control
loop is proposed. Other topics discussed include re-
sults of an investigation of simplifying the control sys-
tem to enable use of a programmable logic controller.
In addition, it will be demonstrated that the optimal
multivariable control is effective compared with the
conventional control and the non-interactive control
employed in an actual plant.

II. Overview of Facility

A simplified configuration diagram? of the hot strip
finishing mill of Hirohata Works of Nippon Steel Cor-
poration is shown in Fig. 1. The finishing mill is
composed of six stands four high mill. The loopers
are installed between the stands. The mill has the
following characteristics:

(1) All of the motors are controlled by digital
speed controllers.

(2) A hydraulic screw down is installed to each
stand and hydraulic automatic gage control (AGC) is
introduced.

(3) Low-inertia motors are employed as the loop-
er drive system. Since the motors are connected di-
rectly to the loopers without gears, this system has
lower inertia than conventional systems. The opti-
mal multivariable control has been applied to the last
(No. 5) looper.
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III. Development of Looper Control

1. Conventional Looper Control

The configuration for conventional looper control?
is shown in Fig. 2. The looper motor current ref-
erence calculation controller (CRCC) calculates the
current reference that should be output by the looper
drive system based on the reference value for tension
on the strip. The current reference is then sent to
the current controller of the looper motor. Next, the
looper height controller (LHC) calculates the speed
correction value of the main motor from the looper
angle deviation between the reference looper angle
and the actual looper angle. This value is then sent
to the main motor speed controller, where it is used
to bring the looper angle to the reference value.

The conventional control needs no sensor for mea-
suring the strip tension. However, this method of
control has the following faults.

(1) It is difficult to attain the tension reference

value due to acceleration and deceleration of the
looper motor.

(2) Since the mutual interaction between the
looper angle and the tension forms a resonant system,
it is difficult to improve looper angle control perform-
ance.

2. Looper Non-interactive Control

In the looper non-interactive control,® the looper
angle and tension are controlled in a non-interactive
manner that permits improved stability and response
time. In addition, the control accuracy of the ten-
sion is increased, since an actually measured tension
value is employed for feedback control.

The configuration of non-interactive control is
given in Fig. 3. The controller comprises main con-
trollers (LTC: looper tension controller; and LHC:
looper height controller) and cross-controllers. The
cross-controllers compensate the interference between
looper angle and tension. The transfer functions of
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Fig. 1. Configuration of hot strip finishing mill.
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Fig. 2. Block diagram of conventional control.
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Fig. 3. Block diagram of non-interactive control.



the cross-controllers are as follows:

Hig=1, Hys =1, oeoeeeeeeeeeeeeeeeeeeeeeeeeees (1)

Hyp= F8O - Tos-(+Toss) )
(1+T22'.S')<1+T30'S){K10+(L/E)S} ’

Hy = Fy(0)-(nr)- (14 Taovs)1+ Topes) (3)
JL~Tgl'Sz'(1+Tza'f)+(l+T22’S) ’

where, T, Tog, Tos, Tao, K10, L, E: constants
Fy(0), F5(0): functions
Jz: looper inertia
s: Laplacien.

The looper tension controller (L' TC) and the looper
height controller (LHC) both act as proportional and
integral (PI) controllers. They output the main mo-
tor speed correction value and looper motor speed
correction value.

Non-interactive control has led to a remarkable
improvement in response time and stability over the
conventional control method. However, the follow-
ing problems still remain:

(1) Though the non-interactive control is per-
formed, the response of the tension control system is
affected by the response of the main motor speed
controller. Thus, the desired performance can not
be achieved.

(2) Due to the limitations of response time in the
tension control system, some types of operations in-
volving large disturbances can not be performed.
Tension fluctuations due to disturbances causes prob-
lems in product quality and operability.

IV. Development of Looper Optimal Multivari-
able Control

1. Configuration of Looper Optimal Multivariable Con-
trol®

The looper drive system is shown in Fig. 4. Ap-
plication of the optimal regulator to the looper sys-
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tem is necessary to linearize the object system. When
the speed control of looper is employed, the overall
system is divided into three independent sub-systems
as indicated in Fig. 5:

1) Tension generating system,

2) Main motor speed control system, and,

3) Looper drive system and looper mechanisms.
Modeling is then performed by creating state equa-
tions for each of the three sub-systems.

The controlled variables are the tension stress (o)
and the looper angle (¢). The manipulated variables
are the speed correction value of the upstream stand
main motor (4Ny ;) and the speed correction value
of the looper motor (AN7 .r).

1. Tension Generation System

The state equations of the tension generation sys-

tem are given as

{.7.6'; =A¢°xt—|—Bt-ut—El-(u[,
Dt =Xs,

where, A;, B;, E;: the index matrices
x4, U, ¥,:  the vectors representing a devia-
tion from the normal state
w,: the disturbance vector.
Each of the elements is:

S.S

TM: Tension meter LM: Looper drive motor
PS: Position sensor 8S: Speed sensor
¢: Looper angle og: Tension

Fig. 4. Looper driving system.
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Fig. 5. Block diagram of looper system.

Technical Report



(466 ) Transactions ISIJ, Vol. 28, 1988

%, 2 do,
u, D [ANy, 4017, e, (5)
Wil da.

Here, 4o: the deviation of tension stress
46:  the looper angle
ANy : the revolution of main motor
T: transposition.
2. Main Motor Speed Control System
The state equations of the main motor speed con-
trol system are given by

{xm = Am'xm"’“Bm'um"l‘Em'wm 5
I = Cm’xm 5

where, 4,,, By, Cn, E,: the index matrices
Xm, Um, Ym: the vectors representing a devia-
tion from the normal state
wn: the disturbance vector.
Each of the elements is:

m é [AIM; ANM; Xm3y Xmay Xm5, me]T b}

umé [A-NM,ref, AO’]T, ......... (7)
ym é ANM .
Here, Al :  the current deviation of main motor

the state variables of speed controller
of the main motor.
3. Looper Drive System and Looper Mechanisms

The state equations of the looper drive system and
looper mechanisms are given by

Xm3~ Xm6 «

{kn =A% +By tp+Ey -0y,
In = Crxp, ,

where, A4,, By, Cy, E;: the index matrices
Xn, U, Yn: the vectors representing a devia-
tion from the normal state
wy: the disturbance vector.
Each of the elements is:

LIRFAN [4I, ANy, 40, X4y Xns, X6, Xn7]7 ,

up B8 [ANy, ey, 4017, 9)
}’n é Aa .
Here, AI;: the armature current deviation of

looper motor
ANy: the revolution deviation of looper
motor
the state variables of the speed con-
troller of the looper motor.

By combination of these three sub-systems, a com-
plete model of the looper system can be achieved.
However, this model requires the use of 14 state vari-
ables and is too complex to apply in actual use. Due
to the number of sensors required for the speed con-
trollers of the main motors and the looper motors,
Xms through x,¢ and x,4 through x,; are the state
vectors to be omitted. The modified state equations
employed in the present system are given by Egs. (10)
to (13).

Xna~Xn1e

x=A-x+B-u,
y=C-x,
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where, x A [Aly, ANy, do, AL, AN, 4017, ........ (11)
WD (AN, rers AN, res) s eoeeererreeensn. (12)
PA[Lo, AO1T . oo, (13)

Furthermore an integral-type optimal regulator is
included as an additional integrated term to eliminate
the difference between controlled variable and refer-
ence value. The control system configuration is shown
in Fig. 6. The manipulated vector for the looper
system is derived as a sum of the state feedback vector
and the main controller output vector: the manipu-
lated vector u is given by

L
u:K,ft(yR—y)dt+F-x+Z(to,. ......... (14)

Here, F: the state feedback gain matrix
K;: the main controller gain matrix
t: the time
Yr: the reference value vector
Z(t): the manipulated variable at =1,.
Rearrangement in terms of the state vector # and the
manipulated vector X leads to

x=[(yr—2", &"1",

=1u.

33

In turn, the state equation can be described to the
following equation by replacing for # and %:

The terms, 4 and B, are the matrices of the ex-
panded state equation. In this situation, the value #
to minimize the performance index (17) is given by

Eq. (18).
J= f:(;cTQermRa)dz ............... 17)
fi=—R 1B K% veveeeeenrannn (18)

The positive matrices, Q and R, are the weight
matrices, and the matrix K is the correct solution of
the Riccati equation:

KA+ATK—KBR'B'K+Q =0. ......... (19)
If the matrix K is taken as
2 6
et et
Ku K 12 |}2
e I (20)
K2 Ky |}e
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Fig. 6. Block diagram of optimal multivariable control.




and inserted into Eq. (18), the manipulated vector u
is obtained as

U= —R_IBTKm j‘: (y—yR)dt—R"lBTKggx—{— Z(Ln)-

The main controller gain matrix K; and state feed-
back gain matrix F obtained from Egs. (14) and (21)
can be expressed as

KI = R—IBTKgl, F = —R_IBTng .

2. Selection of State Feedback Term

A simulation study was performed to determine
the effect of the state feedback variable of the looper
system indicated in Fig. 7, or each element of Eq.
(11), on the control characteristics based on the move-
ment of the pole position when the feedback gain is
altered.

For the simulation, a dynamic simulator of a six-
stand hot strip finishing mill was used. The optimal
multivariable control was applied to the looper be-
tween stands F4 and F5 in this simulation. The
looper angle reference was changed to +5° from its
initial reference value, and the tension reference was
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Fig. 7. Simulation results (feedback term).
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changed to +4.9 MPa from its initial reference value
at a time 4.5s. The resulting values of the various
state feedback variables were compared. The results
of this simulation are indicated in Fig. 7.

The results of simulation showed the following
three points:

(1) The state feedback variables that greatly af-
fect the speed correction value of the main motor are
the tension and looper angle.

(2) The state feedback variables that greatly af-
fect the speed correction value of the looper motor
are also the looper angle and tension.

(8) The feedback quantities of the armature cur-
rent and speed of the main motor 41y, 4Ny and the
armature current of the looper motor 41 are small.

Next, the change in the pole position on adjust-
ment of each of the state feedback gains was inves-
tigated. The change in gain was set at 0%, 0.5X%,
2x and 4Xx of the reference gains employed in the
simulation. A sample of the calculation results is
given in Fig. 8. Based on these results, further con-
clusions were obtained:

(4) Pole position is greatly affected by the change
in looper angle feedback gain. Thus, the influence
of the looper angle on closed-loop characteristics is
high. Tension feedback gain also exhibits nearly the
same influence on pole position and is thus a major
factor affecting closed-loop characteristics as well.

(5) The effect of feedback gain from the armature
current of the looper motor is minimal. The pole
position does not change even if the gain is varied.
This holds true for the main motor speed and the
current as well.
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(6) The feedback value of the looper motor speed
has an intermediate contribution between (4) and (5).

These results are consistent with the simulation re-
sults. It is thus clear that the major state feedback
variables are tension, looper angle and looper motor
speed.

V. Dynamic Simulation of Conitrol Performance

Dynamic simulation was performed to evaluate the
control performance before application of the looper
optimal multivariable control to a production mill.

Two dynamic simulations were performed, one
with the conventional control of all loopers and the
other with the optimal multivariable control of all
loopers. Figures 9(a) and 9(b) indicate the results of
the conventional control and the optimal multivari-
able control, respectively. Under the conventional
control, the tension and looper angle fluctuate due to
the temperature drop near by the part of a skid mark.
No significant fluctuation arises with the optimal mul-
tivariable control.

As indicated in Fig. 9, the optimal multivariable
control can reduce the tension and looper angle fluc-
tuations to a low level.

1‘9‘8 (MPa] (a) Conventional Control

VI. Application to Actual Mill

1. Control System

The configuration of the system for looper optimal
multivariable control is illustrated in Fig. 10. The
looper optimal multivariable control is achieved with
a programmable controller. Input and output of the
accumulated data and manipulated variables are per-
formed through a high-speed optimal transmission
unit.

2. On-line Operation

An example of on-line results is given in Fig. 11.
The three coils indicated in the figure were processed
under the same rolling conditions. Only the method
of looper control was varied. All of the coils are par-
ticularly subject to large disturbances such as fluctua-
tions in the temperature.

Figure 11 clearly indicates that, in the conventional
control, both tension and looper angle undergo large
fluctuations. In the non-interactive control the fluc-
tuation in the looper angle is smallest, although the
fluctuation in tension is rather high. In the case of
optimal multivariable control, however, the fluctua-
tion in tension is smallest and a slight fluctuation in

19'8 (MPa) (b) Optimal Multivariable Control
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Fig. 9. Simulation results (performance test).
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multivariable control.
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looper angle leads to a significant improvement in
tension fluctuation. Though in this method the loop-
er angle fluctuation is greater than in the non-inter-
active control, it is still within the limits allowable in
operation.

The standard deviation of the looper angle and
tension is shown in Fig. 12. The improvement in
tension fluctuations due to the optimal multivariable
control is evident in Fig. 12. The tension fluctuation
in the looper non-interactive control is 83 9, of those
of the conventional control. The tension fluctuation
in the looper optimal multivariable control is 45 9,
of those of the conventional control. In addition, the
tension fluctuation in the looper optimal multivari-
able control is 24 9, of those of the conventional con-
trol. This is nearly the same as for the non-inter-
active control.

VII. Conclusion

Investigation of an integral-type optimal regulator
for the optimal multivariable control and subsequent
application to a production mill have proved that the
present control system is advantageous over the con-
ventional method and the non-interactive method in
terms of tension control accuracy and looper angle
control accuracy.

The results can be summarized as follows:

(1) The looper optimal multivariable control sys-
tem based on an optimal regulator theory has been
developed.

(2) The looper optimal multivariable control is
effective in increasing the stability of tension and
looper angle. In turn, the response time of automatic
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Fig. 12. Standard deviation of tension and looper angle.

gage control can be improved.

(3) As a result of the evaluation of various state
feedback terms through simulation and of effects on
pole position, it is found that the contributing terms
to simplification of the control system are to selected
only. This allows a programmable controller to be
employed for the optimal multivariable control.
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