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“Rejection of Unknown Periodic Load Disturbances
in Continuous Steel Casting Process Using
Learning Repetitive Control Approach

Thomas J. Manayathara, Tsu-Chin Tsao, Joseph Bentsman. Member, IEEL, and Douglas Ross

Abhsiract—This paper describes the design and implementation
of a discrete-time repetitive controller for the continuous steel
casting process that is used for the rejection of periodic load
disturbances with an unknown period, A discrete, recursive
scheme is applied to identify the unknown disturbance period
and fo adaptively change the period setting of the repetitive
control algorithm. An experiment was conducted on a full-scale
industrial-grade water model. A comparison of the disturbance
rejection properties of the repetitive controlier with those of Pt
eontrol is presented. Results that indicate the case and effective-
ness of manual tening for the rejection of periodic disturbances
are then given. Finally, an on-line adaptation of the repetitive
controller for the rejection of a disturbance with an unknown
period is demonstrated,.

1. INTRODUCTION

N most process control applications. PID (proportional inte-
Igra] derivative) controllers perform reasonably well under
constant load conditions. Consistent regulation performance
is not achicved, however, when the process is subject to
fluctuating load disturbances: The Teatures of some continuous
steel casting setups result in a periodic component in the load
which is seen (o be a function of the line speed. In the presence
of this periodic component, conventional PI controllers have
been found to be incapable of maintaining the level of molten
steel in the mold within £5 mm. This high-amplitude, periodic
mold-level fluctuation has been observed to cause periodic
surface defects on the cast steel blooms {2]. A controiler
that applics the internal model principle [[] may be used fo
enhance regulation perforimance of the mold level, hecause the
incluston of the disturbance dynamics within the controller will
effectively cancel the disturbance in the output under feedback
control,

The discrete-time repetitive controller of Tomizuka e al
[6], which incorporates the internal model principie, is used
for cancellation of load disturbances whose period is known.
In the case that the period is not known precisely. the structure
of the repetitive controtler permits on-line tuning of its internal
frequency until it matches that of the disturbance for effective
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cancellation. Tsao and Qian [8] proposed a discrete-time
recursive scheme that identifies the period of a periodic signal
with resolution better than the signal sampling period.

In this paper, the control-oricnted model lor the mold level
of the continuous steel-casting process is developed. Using
this model, the synthesis of the repetitive controller is carried
out and implemented on a full-scale industrial-grade water
madel. The algorithm presented in {8] is used to identify the
disturbance frequency on-line and to incorporate it within the
comtroller. This scheme can be successfully implemented in
applications where upper and lower bounds on the period of
the disturbance signal are kaown a priori. A companison of
the disturbance rejection propertics of the repetitive controller
with those of PI conurol is presented. Results that indicate the
ease and cffcctiveness of manual tuning for the rejection of
periodic disturbances are then given.

The paper is organized as foilows. Section I describes the
continuous casting process and specific features that results
in periodic load disturbances in the mold level. The mold
level control system and modeling of the open-loop process
are described in Section T In Section IV, the design of
the discrete-time repetitive controller is presented and the
modifications that are made for its implementation in the
continuous casting process are described. Section V details
a recursive identificatton scheme that is used to estimate
the anknown period of periodic signals. This section also
describes the use of the identification scheme to make the
repetitive controller adapt to changes in disturbance frequency.
Experimental results that demonstrate the disturbance rejection
properties of the adaptive repetitive controller are presented in
Section VI.

II. PROBIEM STATEMENT

The main components ol the continuous casling machine
are shown in Fig. 1. Essentially, a casting machine consists of
the following: a liquid-metal reservoir and distribution system
referred to as tundish. a waler-cooled mold, secondary cooling
zones supported by containment rolls where extermal water
sprays cool the solidifying steel, and drive rolls that suppert
the solidificd plate.

Molten steel is trunsferred from a ladle into the tundish and
the molten metal flow rate from the tundish into the mold is
regulated. Cantrol of the mold level is done by hydraulically
activated sliding gates at the bottom of the tundish which may
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Fig, 1. Schematic of the continuous casling process,

DRIVE
ROLLE

be controlled in either manual or automatic mode. The quality
of sermi-finished stee] depends on regulation of the level of
molten steel 11 the mold and fluctuations in the mold level
result in deterioration of the quality of solidified steel [3].

In certain castung arrangements, the drive rolls introduce
a periodic disturbance inte the system. thereby adversely
affecting the regulation of level in the mold. If it} is the
line speed and p 1s the spacing between drive rolls, the
load disturbance period is approximately equal to p/l(t} s
The problem then consists of canceling the effect of this
disturbance on the mold level. In many installations, however,
the periodic disturbance 15 somewhat related to line speed but
is not exactly synchronized with the line speed. Therefore,
using line speed measurements to directly compensate for the
controller period would not be effective.

111, THE MoLD LEVEL CONTROL SYSTEM

The level of the molien metal in the meld is sensed by means
of thermocouples, radiation detectors, or eddy current meters.
On the basis of the sampled ievel signal, a digital controller
is used to generate the control signal. A corresponding analog
signal is then used to drive a hydraulic acwator consisting of
a servo amplifier connected to a hydraulic unit. The actuator
moves sliding gates situated just below the tndish nozzle 10
compensate for the deviation in the level from the set-point.

A, Modeling of the Open-Loop Process

The block diagram of the open-loop process is shown in
Fig. 2. The analog control signal serves as the input to the
hydraulic actuator. The output of the actuator can be related
to a corresponding displacement of the sliding gates of the

tundish valve. Gate characteristics determine the volumetric
" flow rate of liquid into the mold while the line speed governs
the volumetric flow rate out of the moid. The mold acts as a
pure integrator, the output of which is the liquid level that is
sensed and fed back to the controller. A detailed description
of the modeling procedure can be found in a report by Jolly
and Bentsman [3].

Constant hmespeed (misec) = = Perigdic disturbance {misec)
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Fig. 3. Discrete block diagram of ihe closed-loop continuous casting process.

Frequency response tests are conducted on the actuator and
sensor using an HP 3562 dynamic signal analyzer. The actuator
is found 1o be adequately modeled by a first-order transfer
function G,i{s] while the sensor may be represented by a
second-order transfer function G.(s). The transfer function
Gg4(s) of the gate inciudes a pure transport lag 7, and the
transfer function G (s) of the mold is a pure imegrator. Lel
K., be the mold area and w,, w1, and w, be the frequencies
of the actuator and sensor, respectively, In the s-domain. the
mold level y(¢) can be written as a function of the control
input u(#), the line speed [{t], and the disturbance d{f) as

K K Kqae™

Yisi= - ——U(s)

.(I(”-[S(S - “’.Sl_)(_'q - :"-"3'2){5 + ["‘;U)I
K,

‘Lisy+ Di {n
5'[\*5“"“"«1\(5"_‘-“&") ‘SJ b)] o

where K, K,. and K, are sensor, gate. and actuator gains,
respectively.

B. Mold Level Control Loop

The mold level has to be maintained at a constant value
and the corresponding feedback control loop in the discrete
domain is shown in Fig. 3. R(z) and E{z} represent the set-
point and error signal, respecuvely. The control signal U(z}
and the load disturbances L(z} and D{z) influence the mol
level as shown.

From the continuous transfer function in (1}, the plant
transfer function becomes

Bp(zWz™?  (bpo+ Bz ' + bprz ™% + bpgz3)2d
© Ap(zTl T4 apz=t +ame 2 +a53273 + apgz™t
and the load transfer function is
BL[L’".‘:] _ ?'?-‘_3_1 +TE-'_JZ_E+TL3Z_3 2
Apiz—1) - 14+diz7t +.doz=? 4+ daz™ -
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“The coefficients in (2) and the delay d are functions of the
sampling period, Be{z7')/Ac(271) denotes the controller
and Ar{Z7 !} denotes the dynamics of the sensor. Since the
SENSOT dynamlcs Is stable, the effect of D{z) in steady state is
the addition of a periodic disturbance signal to the output.

I¥. DESIGN OF THE REPETITIVE CONTROLLER

If the frequency of the disturbance dynamics D(z) is
known, it should be included in the dynamics of the fesdback
controller to effectively cancel the disturbance n the output.
The discrete-time repetitive controller of Tomizuka er al. [6]
which is based on the internal model priaciple [1] includes the
dynamics of D(=) within the controller structure,

A. Discrete-Time Reperitive Controller

Cousider a periodic disturbance signal D(2} with a period
Ty seconds, [f AT is the sampling period in seconds, then
D(z) may be generated as the output of a feedback loop that
has (1 — 27"} as its characteristic polvnomial [6], where .V =
T/ AT. The intemal modet principie requires the denominator
Aciz™ of the controiler 0 include the dynamics of Diz}.

Consider an ax»mpmtically stable open-loop ptant repre-

sented by B{z7")z74/Alz71) where
— ¥ —1 —rd
Bzl =ty — bz s Bz
and:
;- i ~2 _ -
Az =lmaz7 a2  + -+ angz ™ (3)

If B~{z7!) contains the roots of the numerator B{>~!) which
are on or outside the unit circle, B{z7') = B~ (274187 (=1,
Tomizuka er al. [6] propose a repetitive controtler of the form

T

Beizm"
A

Rr —1\
(ah) = S(z-U(1 = 2=V (4}

i

It has been shown [6] that the repetitive controller (4) with

KT :—.'\"'+d—n.u__l(:—1:|[z—nu}3—[’ztl]
b Briz-1)

!

Bzt 55
‘:(— L
Sia-

where nu is the order of B~ (274, wiil result in an asymp-
totically stable closed-loop system provided

5_0<K,<‘2 }
C ('50|_L|bl|'_ |bno|, '

B. Development of the Controller Structure

The open-toop plant B(="1)z73/4(z=1) of (2) is unstable
due to the presence of an integrator (the mold). To implement
the repetitive controller (4), the open-loop piant must be
stabilized. This is done by using a proportional feedback
controtler with gain A,;. The repetitive controiler is then
impiemented for the stabilized plant which is given by

Biz=4z-
Al

K__,:Bplfz_]:lz_d
)+ K Blzmtz?

= it
AF':Z_ 6)

and enclosed within the dashed box in Fig. 4.
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Fig, 4. Block diagram of the stabilized closed-loop plant with repenitive
controller.

From (4) and Fig. 4, the repetitive conteol signal is given by

Nor- o .

) {-"_r'.ﬂ_pk_:'.: +
: S{-

Now define M{z7%) 2

N{z~' = Bz
law becomes

A(:_l"}[:_””B_fz]] and
Using (3) in (7), the repetitive control

r —MNrr
[red[‘:\' —Z Lrepliz}

Kr- ;L‘flr.:‘ﬁljg_:\y-i-d—i—nu \
: Elzyn, o1
" ( b ) N{z=1) (z). %)

The control signal that 15 sent to the actual plant is
D2y = KgUreplz) = Y2 19)
To increase robustness of the repetitive controller 1o mode|
uncertainty. (8) s modified by a zero-phase low-pass non-
causal flter
Qiz7' = 025 + 05270
A S
= Y0

The discrete-time repetitive control law of Tsuo and Tomizuka
[3] 1s then obtained as

= Q{q‘l}

e K\ M{a™h)
’c N b i\l.—(q_-_) - Ntid—ru

K.\ Mg} 1
rep 1
) |:u'k N4nf + ( b ) N (q J_} Bl N—dx nu——nf

[R——)

L[O}

fn view of (10, the controller implementation is causai,
provided N > d 4+ nu + nf. For low frequency penodic dis-
turbances, typical vaiues of sampling period for the continuous
casting process result in values of ¥ that are large enough {or
causal implementation.
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C. implemeniation of the Repetitive Contral Law

The actual control signal that is sent to the actuator is then
obtained from (9) and (10} as

we = K Qg™
i— Ten . I{f ‘l‘fflq—l -!.
: \_uk—_\-_.mr "\ ) Ny ei‘—,\'——n’+nu—n_.‘J
- Kaye. (1)

Fig. 3 shows the structure of the repetitive controi law as
it is implemented on a digital computer for control of the
COTUNUOUS CAsling process.

V. CONTROLLER TUNING FOR THE CANCELLATION OF
THE DISTUREANCES WITH AN UNKNOWN FREQUENCY

For effective canceling of the load disturbance, the actual
disturbance frequency is required 10 be known. If w4 15 the
frequency of the load disturbance in Hz, then the number of
delays /N 10 be introduced in the control law {11) 15 given by
N = 1/AaTw,

Implementing the repetitive control Jaw (11) requires de-
laved values of the repetitive control signal 1™ and the emor
er. 1f wy 15 not precisely known, the vaive of Nusedin(1l}is
made to be a tuning parameter during on-line implementation.
Tuning &V is equivalent to changing the set of delayed control
and error values {tug_yins. €~ Nopdtnusny that 1s used
in the control law. The value of N that results in the most
reduction of disturbance in mold level 1s then chosen. thereby
setting the dynamics of the repetitive controlier close to that of
the actual disturbance. Note that the structure of the repetitive
control scheme ensures closed-loop stability for any fixed
value of V.

A. Recursive Identification of Signal Period

If wy is not precisely known, the period identification
algorithm proposed by Tsao and Qian [8] is used to estimate
the period of the load disturbance. Even if the load disturbance
cannot be measured directly, assumption that the system
dynamics is time-invariant will ensure that the effect of the

disturbance in the feedback loop will be seen in ther control
signal. Therefore the control signal will have the same period
as that of the disturbance.

Consider a periodic signal u{t) that is not idenucally zere
with period 77, The identification algorithm 1s based on the
gradient minimization of a quadranc energy function

"

Jimy= / [w{s} — u{s — )% ds {12}
t~Tnnx

baf—

where Tmax > 7. For the following gradient adaptation
aigonithms:

1y Continuous fteration:

dr aJ|rit)] o] 13)
_——= Y T = 0.
’T i ar J 0 (13l
1y Discrete heration:
CaJ|rit)]

Fii =1V =7(t]—h il = (14

ar

Tsao and Nemani [7] have shown that there exists +. &.
h = ( such that if l7qg — n7"' < o, then 7 — n7" as
{ — oc where m s an integer.

The cost function J{7) is periodic and has Jocal minima at
integer multiples of the base period 7. For the jterations (131,
(14} to converge to 7", the initial condition Ty must hie within
the concave region containing 77,

Since discrete values of the control signal wy in (11) are
known, these data are used in the discrete iteration scheme
(14) 1o determine the period of u, and consequently that of
the load disturbance. Let 7 be the known upper bound of the
signal period and consider a time peried Tonax where Thpax >
If AT is the sampling period, then let T = LAT.
T = [AT. and 7 =
{up:~(L +7+2) < k < —1} and define 7! as the integer
part of the real number 1. Then the two adjacent integers of
nare |n) ard tni + 1. The partial derivatives of Jin (147 al
these integer points are

il

. . Lew
G0 | AT —~ .
J\—-;FJ"_” == Z liLL_i\- — uk—i_’.']zll
' F=T4
) Uk — |+ uk——;?‘?J—l
2
and
§Ji[n) + VAT] | o=
e Z (Wi — Ui— ) -1
97 F=m+1

Uil — Mk-ty]-2
5 .

The partial derivative of J at the noninteger point 1 is
obtained by a linear interpolation at its two adjacent integer
points as

(nAT Jilnl AT
9JnaT) . 9J(nlAT)

L.

gr - ar
_aJ |n] = 11AT ;
' ar N

n—|nl) (13

nAT. Consider a known set of data
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and the discrete iteration scheme (14) for the period as a
function of n becomes

. - . . E \
nit +1) =t - w2027
. \ aT
where
h
v (16)
avi (16)

In real-time implementation, the iteration peniod need not
coincide with the sampling period since the iteration scheme
operaies in the background on a fixed set of sampled data.

8. Learning Repetitive Control

[n practice, the control signal that is generated by i11) con-
tains high frequency components that result from sensor noise.
These components are removed by passing the signal through
a second-order low-pass flter with a cutoff frequency greater
than the maximum frequency of the periodic disturbance.
L'sing a set of fiitered values of the control signal. the iteration
scheme {16} can be implemented in the backzround until the
convergence of m{¢) is obtained. Depending on magnitudes of
the signal u., the value of the gain A’ is set to ensure that i)
converges to the local minimum 7 corresponding to the base
pericd . On-line impiementation of the learning repetitive
controller is done by first having a waiting peried during which
transients in the ill-tuned control signal are allowed to die
out. Filtered values of the control signal numbering not less
than { L + % + 2} are then collected after which the estimation
routtne {i6) 1s carried out. After the new pericd s obtained,
the contraller is automatically tuned to the correct period of the
disturbance. [f the estimated period of the disturbance is not
an integer multiple of the sampling period, the closest integer
value of the local minimum 77 is used to tune the controller,
although the sampling period could have been adjusted to
render integer peniod, as in [8].

V], EXPERIMENTAL RESULTS

All expenments described n this paper are conducted on a
full-scale industrial grade model that s identical in all respects
to a generic continuous steel casting arrangement save for the
fact that water is used as the medium instead of molten steel,
The line speed (foad} is emulated by a withdrawal pump that
removes water from the mold. Periodic load disturbances are
emulated by making the withdrawal pump track sinusoidal
signals with frequenctes close to that observed in the actual
steel casting process. Data collection is done using an analog
devices RTI 3153 A/D board and the repetiuve controller is
implemented on an IBM PC 386 compatibte. Landau {4}
suggests two—nine samples per rise time of the plant swep
response. Since the rise time of the plant was determined io
be approximately 2 s, sampling period of 300 ms is used.

in all expenments, the contintous model used in deriving
the repetitive cantrol law is of the form Geop{s) = K/ sis 4
s + wyo) The Alter Q{271 with nf = 10 13
used in all cases to enhance robust stabitiey. K, = 0.25 i
used to stabilize the open-loop plant and the repetitive control

ot = N

[ = i =

f Q.13 i
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Fig. 6. Regulation of mald level: PI and repetitive control: Model 1.

gain A, is set ut 1.0, The control signal is rate limited for the
first 200 sampling intervals under repetitive contral to prevent
excessive rransients that result from incorrect nitial conditions
in implementing the control law (11

A. Comparison Benveen Pl and Repetitive Control

Two separate models of the open-loop process are used in
the repetitive conieoller design. Approximate parameters of
the continuous model are obtained from frequency response
tests conducted on the actuater and sensor using an HP
3362 dvnamics signal analyzer. In both inswnces, controller
parameters are derived using the cormesponding stabilized
discrete modeis. If the actual period of the disturbance is
not an integer muldple of the sampling period. the controtler
frequency that 15 used corresponds to the closest integer value
af &. For example. if the actual disturbance period Ty is 20 s
{wig = 0.05 Hz), the tinite resolution of sampling peried AT =
0.3 s restricts .V o be 67, corresponding to a controller peniod
of 20.1 s,

Fig 6 shows the mold level. toad disturbance, and control
signal under both Pland repetitive controt when the parameters
of the open-loop model are A = |, w, = 0.3 Hz, wy =
1.0 Hz, and w.2 == 0.136 Hz. A tuned Pf controiler s used
far the Arst 500 samples (2.3 min) aftee which the repetitive
controitec is used for the next 2000 samples. Pl control is used
again for the last 500 samples. It is obvious that the repetitive
contraller rejects the pertodic load disturbance much beter
than PI controi.

Mold level, load disturbance, and the control signai when
the parameters of the open-loop model are K = I, w, = 0.75
Hz. .w,; = 1.25 Hz, and wy2 = 0.2 Hz are shown in Fig. 7.
The repetitive controller is seen to exhibit superior regulation
in the presence of periodic load disturbance.

B. Performance Under Varying Load Profiles

All subseguent tests are carried out with the same model
parameters used in Fig. 7. Under normal operating condiions.
the line speed (load) wiil vary to some degree. The load
profile was varied to include different magnitudes of pea-
ndic disturbance. but with fixed frequency. In addition. the
regulation of the repetitive controller under a constant load
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(no periodic disturbance} is also analyzed. and the resulis are
shown in Fig. 8. The repetitive controlier effectively provides
asymplotic disturbance rejection and regulates the mold level
within £0.0035 m of the set-point.

C. Manual Tuning of the Repetitive Controller

Fig. 9 shows performance of the repetitive controller when
the controjler frequency is tuned manuaily. The controller
frequency matches that of the disturbance (0.05 Hz) for the first
500 samples. and set-point regulation is seen to be very good.
wy is then changed to 0.06 Hz and the due to the {reguency
mismatch, the effect of disturbance 15 seen in the mold level.
After 1500 samples. the controller frequency is manualtly tuned
to match that of the disturbance which s then canceled within
300 samples.

D. Learning Repetitive Control

Tests are conducted on the continucus casting process
using the learning repetitive control scheme by varying the
frequency of the load disturbance. Filtered values of the control
signal are used to identfy the disturbance period. Typical
values of disturbance frequency in the casting process lie
between 0.03-0.07 Hz and the Bunerworth filter used for
period identification is designed with a cutoff frequency of
0.2 Hz. In Fig. 10. PI control is used for the first 500 samples
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Fig. iC. Reguiation of mold level under learming repetitive control.

before the repetitive controller with frequency equal 1o 0.04 Hz
is turned on. Since the actual disturbance frequency is 0.04 Hz
for the first 1500 sampies, the periodic disturbance 1s not seen
in the output. The disturbance frequency is increased 1o 0.03
Hz after 1500 samples and the effect of the disturbance is seen
in mold level due to frequency mismatch. Filtered values of
the control signal between 1750 and 2350 samples (600 steps)
are then used to estimate the period of the control mgnal and
the corresponding value of A 1s used in the controller after
2750 samples.

For convenience. the sampiing rate for period 1dentification
is taken ta be the same as the controlter sampling rate. although
they need not be equal. Fig. 11 shows the delay Noas a
function of the iteration step during the tuning phase. The gain
A' in the estimation scheme is set to 10000 and V converges
to the correct value within 200 terations. The controller is
automatically tuned to the disturbance frequency after 2750
samples by resetting the controller delay 10 67 and as seen in
Fig. 10, regulation of the mold level is improved.

VII. CONCLUSIONS

A discrete model of the continuous steel casting process
is developed. On its basis, a discrete-time repetitive con-
troi atgorithm that rejects periodic load disturbances in the
process output is derived. The low frequency, high-amplitude
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disturbance is known to generate significant surface defects
periodicaily spaced on the slabs. When frequency of the load
disturbance is known. experimental results that demonstrate
good disturbance rejection properties of the controller are
presented. Experimental resuits indicare that the repetitive
controller may be manually tuned to account for disturbances
with unknown period. When the peried of the disturbance
is not preciselv known, a discrete-time recursive scheme
is used for identification of the period. Automatic on-line
turting of the controiler shows good convergence of the period
estimation algorithm resulting in the ability of a repetitive
control scheme to effectively regufate moid level under a
periedic disturbance of unknown perod. Experimental results
on a water model show that PI control s not effective in
rejecting such disturbances while the repetitive control with
adaptively tuned period is able to substantially reduce the
mold level fluctuatton. Initial implementation at an industrial
steel-caster has been carrted out as well with promising results.
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