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Application of CDM to MIMO Systems: Control of Hot Rolling Mill

Young-Chol Kim and Myung-Joon Hur

Abstract: This paper deals with a design problem of a decentralized controller with a strongly connected two-input two-output mul-
tivariable system. To this end, we present a classical design approach which consists of two main steps: one is to decompose the mul-
tivariable plant into two single-input single-output systems by means of the Individual Channel Design (ICD) concept, the other is to
design controller of each channel by the Coefficient Diagram Method (CDM) so that it satisfies, especially, time domain specifica-
tions such as settling time, overshoot etc.. A design procedure was proposed and then was applied to a 2x2 hot rolling mill plant.

Simulation results showed that the proposed method has excellent control performances.

Keywords: individual channel design, coefficient diagram method, and multivariable system

L. Introduction

Most large-scale systems such as power plants, steel making
processes or aircraft manufacturing factories are multivariable
systems. Although many modern control approaches have
given us an elegant theory of both synthesis and analysis, it is
known that these approaches are not satisfactory and practical
for industrial applications.

The analysis and design of multivariable control systems
are based mainly on state-space methods such as H, theory
and LQG/LTR, which can be described, mathematically. How-
ever, there were not enough examples to convince us of their
practicality for industries. So, for practical purposes, the clas-
sical frequency domain design techniques, for example, In-
verse Nyquist Array technique [6] has been adopted. However,
it is sometimes not convenient to satisfy time domain specifi-
cations like settling time, overshoot, and rise time etc..

In this paper, we propose a new practical design method,
which is a combination of the CDM (Coefticient Diagram
Method)[5] and the ICD (Individual Channel Design) concept
[1]-[4]. A most popular case in the MIMO systems, a two-
input two-output (2x2) plant is considered. The objective is to
develop a method for designing a decentralized controller for a
2x2 plant under the time domain specification given above.

The 1CD is a classical method which decomposes a MIMO
(Multi-input Multi-output) system into a set of SISO systems.
We will show that the ICD allows a good decoupling compen-
sator design, which is quite different from the conventional
input decoupler.

The CDM is a very effective design method for a SISO
problem when the specification to be satisfied is imposed on
the time domain performance. The design procedure consists
of three steps. First, decomposing the given 2x2 plant into two
SISO plants by means of the ICD, the CDM is applied to each
channel to obtain the feedback controllers, in which they shall
result in both the stability of the overall system and the desired
transient behavior. In the final step, feed-forward compensa-
tors, whose input is the reference input of the opposite channel,
are designed. The improvement of the tracking performance

Manuscript received: Jan. 31, 2001, Accepted: Aug. 25, 2001.

Young-Chol Kim: School of Electrical and Electronics Engineering.
Chungbuk National University (yckim@cbucc.chungbuk.ac.kr)

Myvung-Jun Hur: School of Electrical and Elcctronics Engincering,
Soonchunhyang University (mjhurl@sch.ac.kr)

# This paper has been supported by the research abroad 2000 po-
gram of Soonchunhyang University.

via the this compensator is remarkable if the exact model is
known and does not make the closed-loop stability worse,
even though there may exist a mismatching problem between
model and plant.

As an example for application to show the usefulness of the
proposed method, we chose a simplified model of 2-input 2-
output Hot Rolling Mill plant, which is currently operating at a
steel processing company in Korea. The actual performance of
the existing controllers is very poor, and thus the company
wants to improve it without big changes in control configura-
tion. We will show how the newly designed controller works
through simulations.

II. Problem statements
We consider the following multivariable control system
which consists of decentralized feedback controllers, newly
proposed decoupling compensators, and internally coupled 2-
input 2-output plant as shown in Fig. 1.
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Fig. 1. Multivariable control system with new decoupling
Compensators.

The plant transfer function G(s) is

gn(s) g, (s
G(s) = )
S {igll(s) g::(s):{ (

In Fig.1, Aci(8), Bey(s), Bai(s), Aea(s), Beafs), Bao(s), are all
polynomials of decentralized controllers to be designed. Both
P5(s) and P y(s) are new decoupling compensators in the form
of rational function. Suppose that the design specifications are
transient responses such as overshoot and settling time.

The CDM is basically the same as the model matching
method in the sense that for given a plant G(s) and chosen a
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target model T'(s), the problem is to find a controller so that
the overall transfer function matches 7(s). But, the CDM
can deal with lower order design problems, which do not sat-
isfy the solvability condition of Diophantine equation. In these
model matching approaches, two-parameter configuration is
mainly used because it has several advantages compared with
the other two degree of freedom configurations [8]. The objec-
tive in this paper is to extend the CDM for SISO to the MIMO
cases, specifically 2x2 systems. We are going to propose a
CDM design procedure of a 2x2 decentralized controller for
the MIMO system shown in Fig. 1. We will apply the decom-
position using the ICD. Through the procedure, the 2x2 overall
system can be expressed by exact two single loops. Then we
will address how to design each feedback controller although
the given plant is strongly connected. It will be shown that the
proposed decoupling compensator P, does not affect the
closed loop stability at all. Finally, the proposed method will
be examined in a looper control system.

I11. Preliminary results and design procedures

1. Channel decomposition

In this section, we will decompose the control system without
the decoupling compensators into 2 Channels based on the ICD
scheme. It results in the block diagrams shown in Fig. 2. Let
C(s) be the transfer function of the Channel 1 relating the out-
put v(s) to the reference input #((s), and let Cy(s) of Channel 2
be that of the output y+(s) to the reference input r»(s). The follow-
ing equations can be derived. For (i, /) {(1,2), [#j }

Cs)=k,(s)g, (1 —y(s)h (s) 2)
y(s) = i—%;—?—% (3)
k,(s) :j—i% 4)
h(s)= %iﬁ% (5)

d,(5)= B(,l e 2,0 (©)
D, (s) = Ba,(s)d, (s)r,(s) (N

It is noted that the magnitude of y(s) is a measure of the
loop signal interaction and /i(s) denotes the subsystem of
Channel i. For example, the large value of y(s) implies that
G(s) i1s a strongly interconnected system. The signal D,(s)
from r4(s) through some transfer functions is regarded as the
disturbance in Channel 1. It means that the interaction from
the opposite input can be modeled as an output disturbance by
means of the 1CD decomposition.

From Fig. 2, the closed-loop relations between the inputs
and outputs can be described as follows:

v ()Y =T () () + T, (), (s) (8)

3, (s)y =T (s () + 1o () (5) (9)
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Fig. 2. Decomposed channels of the control system without
decoupler.

where, for (i, ) € {(1,2)5 i f }

r (1—yh,
T”(s) = Ba, -l__é’__(_,’)_ (10}
Ac, (1 +k,g”(l~;/h/))

h
T, (_q):Ba/L g1,
Ac, g U+k g (1-n))

(11
2. Decentralized feedback controller design by the CDM

We now design decentralized feedback controllers using the
CDM. As shown in Fig. 2, we see that subsystem #> of Channel
1 is dependent on controller £, of Channel 2, and vice versa
for /1, of Channel 2. Hence, each channel cannot be designed
independently in principle, since the magnitude of y(s) is large

If the magnitude of y(s) is very small, it is feasible to design
those, independently, in a practical sense. For the purpose of solv-
ing the case where the plant is strongly coupled intemally, we
present some design guides as follows:

Assumption 1: The given plant is of minimum-phase and

the polar plots of |yjwh,(jw)| Yo for i=1.2 are not near the

point (1,0) in a complex plane.

Assumption 2: Let the closed-loop bandwidth of each

channel be @), @, respectively. Assume that o, <<wy,.

Remark 1: Assumption | implies that the bandwidth of

subsystem f1,(s), o, are approximately equal to w,;.

Remark 2: Assumption 2 implies that the gain crossover

frequency of an open loop transfer function of Channel 1,

@, 1s significantly less than that of Channel 2, @.,, That is,

<< [1].

Under the above conditions, we give briet guidelines for CDM
design as follows.

1) 1t is noted from eq. (5) that if the gain of the controller
ki(s) is large, then the subsystem /;(s) approaches unity.

2) If the design specifications satisfy Assumption 2(or Remark
2), then the above 1 means that the controller &,(s) of Channel 1
can be designed without regard to k»(s) of Channel 2 because /,(s)
approaches unity.

These properties allow us to adopt the CDM as a tool for
designing the multivariable control systems since some prop-
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erties in a given frequency domain can be interpreted as some
other properties in a time domain heuristically, even though it
may not be true mathematically.

(3) The bandwidth of T(s) is generally related to the speed

of response. The lager the bandwidth, the faster the response is.

Thus, Assumption 2 and Remark 2 imply that the time domain
response of Channel 1 is slower than Channel 2, and vice
versa.

(4) Based on the concepts above, if the response of Channel
2 requires to be significantly faster than that of Channel 1, the
controller &(s) can be designed almost independently of k»(s)
of Channel 2 because 4,(s) approaches unity.

Once the controller £,(s) of Channel 1 is designed, /,(s) in
Channel 2 must be known accordingly. Therefore, kx(s) of
Channel 2 can be obtained by CDM.

3. Design of new decoupling compensators

Since conventional input decouplers compensate the loop
signal interactions inside the feedback loops, the stability and
the performance of the overall control system may be highly
sensitive to model uncertainty. Thus, we propose new decoup-
ling compensators, Pi,(s) and P, (s), by exchanging signal
transmission paths like Fig. 1. Since these P|2(s) and P (s) are
excited by signals from outside of the feedback loops, they
will not affect the overall stability. On the other hand, the
overall performance will be affected. This will be proven in
the following theorem.

Theorem 1: Suppose that P),(s) and P, (s) are proper stable
rational functions. Then the feedback system in Fig.1 is totally
stable if the following characteristic polynomial A(s) is
Hurwitz.

A(s)= A (s) A (s)det[] +G(s)C(s)] (12)

where, A, (s)and A_(s) are characteristic polynomials of
G(s) and C(s), respectively and

B (s)
A(‘|(S) N g”(S) gl:(s)
0 _B_(_ﬂ , G(S)—[gzy(s) gz:(s):I
4, (5)

C(s)=

(13)

Proof: [t is easy to see that the overall system in Fig.l can
be written as follows.

V() =[1 +G()C)] G(IP(s) r(s) (14)

where, p(s)=[y,() ¥, ()", r($)=[r(s) /],

10 P, (s)
P(s)= L)u ) 0 :I .

Since P, (s) are assumed to be stable, letting r,(s) = P(s)r(s),
(14) can be rewritten by

W) =[T+G()C]™" G(s)r.(s) (15)
The eq. (15) is equivalent to the standard muitivariable feed-

back system without feedforward term. Therefore, remainder
part of proof is completed by Chen [9].
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Fig. 3. Decomposed channels with decoupling compensators.

Now, we are going to propose a design method for the de-
coupling compensators P(s) and P,(s). The overall system
including decoupling compensators in Fig.1 can be also de-
composed into 2 Channels as shown in Fig. 3, in which the loop
interactions have been transformed by equivalent disturbances of
each channel. The relations of inputs r(s) of Channel i to out-
puts yi(s) of Channel j, for i# are as follows:

yi(8) = (Ba, ()P, (5)C,(s) + Ba, (s)d,(s))r,(s) (16)
vy (s)=(Ba,(s)P.(s)C,(s)+ Ba,(s)d,(s)r (s) (17)

If P12(s) and Py (s) are selected such that (16) and (17) be-
come zero, then two channels will be disconnected completely.
Therefore, we have

N )

P, (s)= C.0) (18)
AG

P.(s)= C.0) (19)

According to Theorem 1, these decouplers should be stable. If
the right hand sides of (18) and (19) do not satisfy the stability,
then they may be designed, as like filter so as to have the simi-
lar frequency magnitudes as those of P;5(s) and P(s).

IV. Control of hot rolling mill

In this section, the proposed decentralized control scheme
will be examined. As an illustrative example, we consider a
Hot Rolling Mill control system. This system is sometimes
called a Looper System since the loopers in the systems play
important roles to sustain and/or regulate the tension of the
strip, which passes through each roll stands. Fig. 4 shows a
block diagram of a simplified model of an actual looper sys-
tem, which consists of two PI controllers and conventional
input decouplers. Wherein &, kp,. k. ki are the gain parame-
ters of PI controllers, and ¢y, ¢z, €31, ¢2y are parameters of
input decouplers. s, e, g, £, t,, k., k, are the parameters of Mill
Motor and Looper Motor, and ¢, f, are parameters of
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ASR(Automatic Speed Regulator) and ACR{Automatic Cur-
rent Regulator) respectively. The plant to be controlled con-
sists of Mill Motor, Looper Motor, ASR and ACR.

v .
* 4, k Z .7

L » ¢ - -
T # A Ty 4 beos Mill Motor
Torque o

A ASR 1,

5 G

L7 Cn

N kv

+y +4 1 (A 3

&, o L N L Y
o Ta Les o " 3 S Looper Motor

Fig. 4. The Looper System need to be improved.

Since the plant model is an approximately linearized one,
there may exist significant model uncertainties and/or parame-
ter perturbations in the model. Therefore, it is desirable that the
controllers and the decoupling compensators to be designed are
necessarily easy to tune with the addition of having robustness.
Hence, the orders of the controllers and the compensators shall
be as low as possible. The CDM is effective in this aspect.

Let the output y, be the Mill Motor torque t, and let y» be
the Looper Motor angle 8. A steel company provided all the
data of this model. The step responses with the existing con-
troller of Fig. 4 reveal large overshoots and long settling times
as shown in Fig. 5. Even though we tried to improve the per-
formance by adjusting controller gains up to +20% from their
nominal values, the results were similar to the previous one.
The actual performance of real looper system with these con-
trollers is very poot, and thus the company wants to improve it
without big changes in control configuration.

Mill Motor

Loaper Motor

0 50 100 150 200

Time[sec]

Fig. 5. Step responses of the existing Looper System in Fig. 4.

1. Design specifications

The settling times of the Mill Motor speed is 0.3 ~ 0.5 sec,
and that of the Looper Motor angle is 45 ~ 60 sec as shown in
Fig. 5. These facts suggest that the Mill Motor response is
significantly faster than the Looper Motor response. So, letting

the Mill Motor be Channel 1, and the Looper Motor be Chan-
nel 2, we can design each channel almost independently,
which is already stated in Remark 5.

In this paper, we assume that the desired design specifica-
tions are as follows:
Subject to plant parameter perturbations of +20% ,

1) settling time of Channel 1 is less than 0.3 sec,

2) settling time of Channel 2 is less than 50 sec,

3) overshoots should be less than 20%.
In addition, it is required that the controller be easily reduced the
steady state errors due to plant uncertainty.
2. Swapping and channel decomposition

The plant in Fig. 4 is given by the following 2x2 G(s);

-4.31(s+0.7541)

= 20

BT (57249694 (s + 9591 7)(s 1 5.6639) %Y
17.2
= 20b
8 = (57 24.9698) (5 +9.5017)(s 2 5.6639) O
11.525

, = 20
82 = (7750.0012)(519.5489)(s 1 5.6799) 20
“ 0.8492 200,

= 7 5(s +50.0212)(s + 9.5489)(s + 5.6799)

From (3), calculating the magnitude of y(s), which is a
measure of the loop signal interaction, we have

7(8) o= 4 1)

The negative sign of y means that the interaction effect is
minus, and the value 4 (>> 1) means that the interaction effect
is considerably large. Thus, this system needs swapping,
which means to exchange the control variables to other con-
trolled variables in the same system as shown in Fig. 6. That is
the swapped plant is written by

G”EG!:O lj|:}:g\\ g&:j!{o l}zi:g\z gn:| (22)
10 g, g» |1 0 gn &

Bg <
K I
rl(s) - Bal +>V . A)q - gn(s) +>‘ > 1,(s)
+
- &
s g]z(S)
l ++‘
n(s}y » Ba S 4 2l T = (s)
Bg -

Fig. 6. Swapped multivariable control system.

Equations relating to the swapped system are

8,(8)g,,(5)

23
£,(5)g,(5) (23a)

7.(8)=
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C,(s) =g -y, (), (s) (23b)
ky(5)g,,(s)

Iy, (8) = — == 23¢

O K (g ) (23]

C,, (8)= g, ()1 =y, ()h, () (23d)

hy, ()= M (23¢)

1+ k(s)g,,(s)

3. The design of feedback controllers for each channel

Since the response of Channel { is faster than that of Chan-
nel 2, we let the subsystem /#,(s) of Channel 1 be approxi-
mately equal to 1. Then Channel 2 will be

C,(s)=g, (Y =y, (5) = g, () —y,(s)
. 039682 (24)
T sT 4258

Using CDM, a feedback controller for Channel 2 was de-
signed as in (25) and (26). Fig. 7 shows the coefficient dia-
gram of Channel 2, on which the real line curve indicates co-
efficients of the resulting characteristic polynomial of channel
2, that is, O,(s)= 0.333s5" +8.4995" +4.1755 +0.3968 . The
detail design procedure refers to [5,10].

Ac,(5)=0.33335 +0.1667 (25)
Be,(s)=1, Bu,(s)=1 (26)
mn?
o | B S |
o o 4175
s G - .
.4 0.3968
! fp = 0157
B b B RTEE
) 5.19
1w’ L e i
5,16 r
10.522 -
{1 I SO [ S "4 ¥
1,93 "‘—IJ‘
m"‘[w R R e ci-o.om
B H 1,92
n° H

5 - 1 [}
Chrder |

Fig. 7. Coefficient diagram for channel 2 design.

Next, we design a feedback controller for Channel 1. Since
ks(s) has been determined by (25) and (26), C, (s)in (23b)
can be obtained by

Cm(s) = gll(s)(l - 7H(S)h:n('\'))
_ 10.95 +1.407 27
T s 4653557 +822.557 + 27935 + 264.6

Also using CDM, a feedback controller for Channel 1 is de-
signed as in (28) and (29).

Ac,(s)=0.001086s5 + 0.0001401 (28)

Be, (5)=0.1799s + 0.9737 29)

Fig. 8 shows the coefficient diagram for this step. Fig. 9
shows the closed-loop step response of Channel 1, whose
settling time is 1.2 sec with no overshoot. This does not satisty
the required specification of 0.3sec. It seems that this unsatis-
factory result is caused by the case where Channel 1 transfer
function has zero. In designing a fixed low-order controller for
a high-order plant, if the plant has zeros which often cause
poor damping, it may be sometimes difficult to satisfy the
settling time requirement and non-overshoot requirement si-
multaneously when only feedback controller Ac(s), Be(s) is
occupied. Nevertheless, this obstacle can be overcome by
introducing a pre-filter Ba(s). That is, in the case that the
closed-loop response has an unsatisfactory settling time and
has no overshoot, we can design Ba(s) such that additional
values of zero increase the response speed. In this sense, we

have got
g
0.39s + 1
Ba,(s)=— (30)
0.085 + 1
10t T T T : - ——q 10038
| o 9773.4
AR S S :
10° ) o : 264.6
@ ;
i 165.35
L SO SN S SN S |
LS
-1 | ; ; ; : [y
" AT S S B S B
, ‘ ' ; £1+0.01
10°
10
4 3 ]

Cirder i

Fig. 8. Coefficient diagram for channel 1 design.

Amplitude

Time{sec]

Fig. 9. Closed-loop step response of channel 1.

4. The design of new decoupling compensators
From eq. (18) and (19), the new decoupling compensators
are determined by
56.82s% +2551s% +32710s +111300

P.(s)=- - = 31)
(%) $T+99.657 +754.75+1326 (

1.186s" +60.185" + 44 74
P, (s)= 3 3 (32)
sT+254957 +12.25+0.9481

Substituting all these compensators above into Fig. 1, we
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see that the resulting step responses satisfy the specification
elegantly as shown in Fig. 10.

Mill Motor

Looper Motor

o] 50 1 (;0 150 200
Time|sec!

Fig. 10. Step responses of multivariable control system with

decoupling compensators.

5. Examinations of robustness and ease of tuning

To examine the robustness of our decentralized multivari-
able control system we assurne that there are perturbations of
+20% in all of the plant parameters ( t,, t,, s, €, g, f. 14, ki, ky, ).
In such cases, Fig. 11 represents the worst case step responses.
where we can find that Channel 1 maintains the robustness but
in Channel 2, the steady state error of about *+25% occurs.

Since the plant perturbation is reflected by the constant
steady-state error of Channel 2 with no overshoot, from (11)
we have

¥a(e) =Ty, (0) ry () +T,,(0) 1y () . (33)

Although the individual controller in CDM is designed so
that 7,(0)=1 i=12at a nominal model. this will not hold
due to parameter perturbations. Then the steady state error of
channel 2 is expressed by

€y, =y, () =1, () ={1-T,,(0) }r,(ee) + T,,(0) 1, () . (34)

We see that the zero steady state error can not be obtained
in case where even 7T, (0)=1, i=12 hold. It is one of feed-
back effect that T (0)is insensitive to the model changes as
long as feedback gain is sufficient large. This means that
T,(0)=1, i=12. Therefore, the steady state error can be
reduced remarkably if we make 7,(0}=0. It will be good
choice that if feedback controllers are fixed because they re-
late to the closed loop stability. On the other hand, the purpose
can be achieved by only slightly modifying P> (s) in (31).
Replacing the lowest parameter of the numerator of (31) by
11130048, we have (35).

8395+ (83.97+ f8)

P o(s)=— 36
2 (5) 0.3846s + 1 (36)

2.5
8
3
>
s
0 5 I — 1 1
0 1 2 3 4
Time|[sec]|
30 T T T
5 2Oy
=2 T
=
S 10 11 N S
[=
2
=]
2
10 e " 1
0 50 100 150 200

Time|sec|

Fig. 11. The worst case response scenario with perturbations
of £20% (Solid:+20%,Dotted:-20%).

The new decoupling compensator in (36) gives rise to al-
most the same responses as that in (31) with f=16.03 in +20%
perturbation case and p=-16.47 in -20% case.

2.5 T
2F -« o e ma e T P
O 1B L. - - s e 5
= (’ i
— i
S Tl e e e
0.5 ) - - - - - - - - - e S - i
0 i
0 1 2 3 4 5
Time|sec]
25 (— —— —
|
L R - *
3 /
TOAsE o }
5 10/ - - - . l
ou 7
< ‘
> 5 f —————— -
- ¢
of - - - -
N ‘ | i
V] 50 100 150 200
Time|sec)

Fig. 12. Recovered responses by tuning f§ of Pj2(s) (Solid:+
20%,Dotted:-20%).

V. Concluding remarks
A new design approach of a decentralized controller for a
MIMO system has been presented. As in a most popular case,
a two-input two-output plant was considered. The design ob-
jective that has been emphasized is to find a satisfactory con-
troller to time repose specifications, such as settling time,
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overshoot, rise time, steady state errors etc. To this end, the
CDM and the ICD concepts have been extended. The pro-
posed method was examined by applying to a simplified
model of an actual 2x2 Hot Rolling Mill plant, which is in use
at a steel process company in Korea. Through some simula-
tions, we have demonstrated that this approach may be very
useful in designing controllers that should meet the time do-
main specifications.
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