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Abgtract—The PBL (Polybutadiene Latex) production process is atypical batch process. Changes of the reactor char-
acterigtics due to the accumulated scaling with the increase of batch cycles require adaptive tuning of the PID controller
being used. In this work we propose a tuning method for PID controllers based on the closed-loop identification and
the genetic algorithm (GA) and apply it to control the PBL process. An approximated process transfer function for
the PBL reactor is obtained from the closed-loop data by using a suitable closed-loop identification method. Tuning
is performed by GA optimization in which the objective function is given by ITAE for the setpoint change. The pro-
posed tuning method showed good control performance in actual operations.
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INTRODUCTION

Although many advanced control srategies have been devd oped
induding modd-based contral techniques [Chin et d., 2002; Arporm-
wichanop & d., 2002], the structuraly Smple proportiond-integral-
derivative (PID) controller is dill widdy used in indugtria control
sysems[Agrom and Hagglund, 1995]. The use of PID control d-
gorithms in various application fidds gems from the fact that the
P or PID controller sructure is Smple and its principle is easy to
undergtand; the performance of the PID contral is robugt and ac-
ceptable in awide range of applications. Tuning of PID contrallers
has attracted the concern of many researchers. If the target process
gpproximates to the first or second order modd, the tuning param-
eters can be obtained by the Ziegler-Nichals (Z-N), Cohen-Coon,
ITAE (Integrd of the Time-weighted Absolute Error) and IMC (In-
ternd Modd Control) methods [Seborg et d., 1989]. An andytica
derivetive formula that enables one to compute optimd tuning pa:
rametersfor the anti-derivative-kick PID contraller was derived based
on the well-known Levenberg-Marquardt optimization method [Sung
et d., 2002]. A design method for PID controllers was proposed
based on the direct synthesi's approach and specification of the de-
dred dosedHoop trandfer function for disturbances [Chen and Seborg,
2002].

So far, tuning of PID controllers has rdied mainly on open-loop
andyss. But usudly the open-loop test is prohibited in operating
plants, and disturbances and noises may cause unexpected control
errors during closed-loop operation. For these reasons closed-loop
identification has attracted much attention [Hof, 1997; Hjdmars-
N et d., 1996]. The trandfer function using the closedH oop identi-
fication was cdculated for the bioreactor controlled by a PID con-
troller [Pramod and Chidambaram, 2000]. In this calculation it was
assumed that the target process was the FOPTD (Firg-Order Plus
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Time-Delay) modd and noisesin the dosed- oop identification were
not consdered.

The PBL (Polybutadiene Latex) process conddered in the pres-
ent sudy isatypicd nonlinear batch process and is controlled by
PID controllers in cascade contral structure. As operation batches
proceed, dynamics of the process change and the control perfor-
mance getsworse. But PID controllers with fixed tuning parameters
are used during the whole operation cyde For thisreason, condgtent
product quality could not be achieved and the number of batches
in one operation cyce was limited only to 44-47. Increase of the
number of batchesin one operaion cyde while mantaining the prod-
uct quality as desired is imperative to enhance the economics of
the plant.

In the present Sudy, we propose a tuning method for PID con-
trollersand gpply the method to contral the PBL processin LG cham-
icals Co. located in Yeochun. In the tuning method proposed in the
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Fig. 1. Schematics of the PBL batch reactor.
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present work, we fird find the gpproximeted process modd after
each batch by a clased-oop identification method using operating
data and then compute optimum tuning parameters of PID control -
lers based on the GA (Genetic Algorithm) method.

PBL REACTOR
Fg. 1 shows the schematics of the PBL reactor considered in

the present sudy. Reaction begins with the injection of the reactant
(Acrylonitrile butadiene styrene). The heat generated during the reec-

Fig. 2. Block diagram of the PBL reactor control system.
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Fig. 3. Operation data of (a) 1¥ and (b) 35" batch.
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tion isremoved by the refrigerant (NH,) flowing indde the internd
tube. The reactor temperatureis controlled by adjusting the level of
the internd tube. As the operation batch is repested, the polymer
fouling is accumulated on the surface of the internd tube, causng
decrease of cooling efficiency and poor control performance.

The control ructure of the PBL reector isatypica cascade con-
trol system as shown in Fg. 2. The master controller (Gc,) deter-
mines the setpoint for the dave controller by comparing the pres-
ent reactor temperature with the setpoint, and the dave controller
(Gc,) regulaes the refrigerant leve of the interna tube to control
the reactor temperature. In Fig. 2, G,, represents the dynamic char-
acteridics of the levd of refrigerant (NH,) and G, represents the
dynamic characterigtics of the reactor temperature due to the change
of refrigerant level. In the actua operation, the same tuning param-
eters are used from the firgt batch to the lagt batch resulting in the
poor control performance due to the change of reector dynamics.
Fg. 3 showsthetypica operation data obtained at the 1st and 35th
batch operation. It is obvious from the figure that the control per-
formance s getting worse as the operation batch proceeds.

CLOSED-LOOP IDENTIFICATION

The identification of plant modds has traditionaly been donein
the open-loop mode. The desire to minimize the production of the
off-gpec product during an open-loop identification test and to avoid
the ungable open-loop dynamics of certain systems has incressed
the need to devel op methodol ogies suitable for the system identifi-
cation.

Open-loop identification techniques are not directly goplicable
to closed-loop data due to corrdation between process input (i.e,
controller output) and unmeasured disturbances. Based on Predic-
tion Error Method (PEM), severd dosed-loop identification meth-
ods have been presented [Forssdll and Ljung, 1999]: Direct, Indirect,
Joint Input-Output, and Two-Step Methods.

However, these methods require a priori knowledge of the plant
order and time dday. And, theoretically, the identifiability can be
guaranteed under mild conditions. The newly developed so-cdled
open-loop subspace identification method has been proven to be a
better dternative to the traditiond parametric methods. This is espe-
cadly true for high-order multivarigble systems, for which it is very
difficult to find a useful parameterization among dl possible candi-
dates.

The subspace identification method hasits originin dassicd sate
gpace redization theory developed inthe 60's It uses powerful tools
such as Singular VVdue Decompasition (SVD) and QR factoriza
tion. No nonlinear search is performed, nor is a canonica parame-
terization used. There are many different dgorithmsin the subspace
identification field, such as NASID [Overschee and Moor, 1994],
MOESP [Verhaegen and Dewilde, 1992; Verhaegen, 1994] and CVA
[Larimore, 1990]. Recently, some researchersinvedtigated the sub-
gpace identification method which caculates the sate-gpace modd
(Eq. (1) from the dlosed-loop data [Ljung and McKevey, 1996].

X(t+1)=Ax(t)+Bu(t) +Ke(t) D
y()=Cx(t)+Du(t) +e(t) @
We can summarize the basic steps of the subspace identification
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asfollows.

1. Edimate gates x(K), k=0, 1, 2, ..., j—1 from measured process
inputs and outputs.

2. Edimate the system matrices (A, B, C, D, K) from the edli-
meated states by the following procedure:

i) Udng LS method, estimate A, B, C and D and resdud p,=K
[€0) &1) ... &f-2) and p;=[€(0) &(1) ... &—2) by

x(k+1) || A B | x(k) | 4| Ke(k) 3
y(K) C D u(k) e(k)
i) From theresidud, estimate K by

K=poilp0] @

In the above gteps, the gate can be determined by usng SVD.
The future outputs are given by Eq. (5) with future inputs and noises
being set to zero.

na . nb .
y(k +i) =Y CA'Hny(k —m) + ¥ CA'Huy(k —m)
m=1 m=1
+3 CA'"Bu(k +m 1) +Du(k +)
m=1
+3 CA'"Ke(k+m-1)+e(k +i),i=0,1, 2, ..., i ~1(9)
m=1

If the test deta sets are gathered from operH oop tests, we can goply
the LS method to Eq. (5). The solutions are unbiased since the pro-
Ccess inputs are uncorrdated with process noise terms. But, if the
processinput is afunction of the process noise asin the closed-loop
test, the solution for CA'H,, CAH,,, CA"™"B and D would be biased.
For this reason, gpplication of subspace identification methods for
the dosed-loop test gives biased edimation results regardless of
the accuracy of the next steps. Thisisthe main problem in the ap-
plication of the subspace identification method for the closed-loop
sysem.

We can assume D=0 snce mogt processes have d leest one dday
between the process output and the processinput. Then, Eq. (5) be-
comes

na . nb .
y(k +i) =Y CA'Hny(k —m) + ¥ CA'H,u(k —m)
m=1 =1
+ z CA' "Bu(k +m-1)
m=1
+3 CA'"Ke(k +m-1) +e(k+i),i=0, 1,2, ..., i =1(6)
m=1

If i=0, Eq. (6) becomes a high order ARX (Auto-Regressice with
exXogeneous) input modd as

y(k) =3 CHiy(k=m) +3 CHiu(k =m) +e(k) ©

It should be noted thet the process input u(k— 1) isafunction of the
pagt process outputs y(k—m), m=1, 2, ..., na for usud feedback
controllers and thet the process inputs u(k—m), m=1, 2, ..., nb are
uncorrdated with e(k). Therefore, if we goply the LS method to
the ARX modd given by Eq. (7), we can obtain unbiased eti-
matesof P, P, for CH, and CH,,.

90 =3 Ry(k-m)+ 5 Pu(k -m) ®
VOK) YR HY o 9k 1+ 1)

y+1K)  y(k+2k+1) . g(kHk+ -1)
y(k+2K)  y(k+3k+1) .. 9(k+ +1k+ ~1)

y(k+j=1k) y(k+1k +1)...9(k +i +j =2k +j =1)

=[u, uzl{ i 8}{ VI} =U,5,V] ©
V3

The dements of the firg column in Eq. (9) can easly be obtained
from Eq. (8). Subsequent steps for Sate edimation and the system
meatrix estimation are exactly the same as those of subspace identi-
fication methods. These methods do not require knowledge on the
order and thetime delay of the process.

The PBL reactor conddered in the present study isatypica batch
process and the operHoop test isinadequiete to identify the process.
We employed a closed-loop subspace identification method which
is dmilar to that proposed by Ljung and McKdvey [1996]. This
method identifies the linear sate-gpace modd using high order ARX
modd.

To apply the linear system iderttification method to the PBL reec-
tor, we firg divide a single batch into severd sections according to
the injection time of initiators, changes of the reactant temperature
and changes of the setpoint profile, etc. Each section is assumed to
be linear. Theregion divided by the arrowsin Fg. 4 represents eech
Section to be modded. Theinitid Sate vauesfor each section should
be computed in advance. The linear Sate models obtained for each
section were eva uated through numerical Smulations.

The PID controllers being used in the PBL plant can be repre-
sented by

Ek)=Y (K)-R(K)

MV (k) :%,[E(k) ~E(k-1)+ dTTE(k)

+d2_|_{Y(k)+Y(k—2)—2Y(k—1)}} (10)
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Fig. 4. Simulation results of closed-loop response (35" batch).
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Results of closed-loop smuldions are shown in Fg. 4. As for
tuning perameters, values used in actud operations were used (the
madter controller: P=5%, 1=1,300 sec, D=0.2 ¢, for the dave con+
troller: P=200%, 1=3 sec, D=0.6 sec). Compared with plant opera:
tion datashown in Fg. 3, we can see the effectiveness of the model
obtained by the closed-loop identification method.

GENETIC TUNING OF PID CONTROLLERS

The gendtic dgorithm has atracted the atention of many research-
ersand found its application epecidly in optimization sudies. The
main advantage of the use of the genetic dgorithm in optimizations
liesinimproved possibility of finding the globa optimum [Goldber,
1989]. In the present sudy, the ITAE was chosen as the objective
function to achieve minima control errors. The optimization prob-
lem to determine optimd tuning parameters can be represented as

M,ir? ITAE = [ tie(t)|dt (1)

subject to Py, <P<P,
liow <1<, gper
DI0N<D<Duppa'

Tuning parameters (P, 1, D) for the PID controller are obtained by
the genetic optimization condgting of sdlection, mutation and cross-
over operations.

Optimization methods based on the gradient information such
as QP (Quadratic Programming) and SQP (Sequentid Quadretic
Programming) etc. often reach aloca minimum depending on the
choice of initid vaues [Choi and Manousouthekis, 2002]. The pos-
shility of reaching a locd minimum incresses if we confine the
output of the PID controller within a certain range (for example,
0:100%0) or if we useamodified PID contraller based on theintegra
anti-windup or anti-derivative-kick technique. For this reason the
GA (Genetic Algorithm) is our choice for the optimization. In the
solution of an optimization problem by usng the GA's the key deps
to be followed can be ummarized as:

1. A chromosoma representation of solution to the problem.

2. Cregtion of aninitid population of solutions.

3. Evduation of afunction thet plays the role of the environmert,
rating solution in terms of their “fitness’.

4. Choice of a st of operators used to manipulate the genetic
composition of the population.

5. Determination of parameter vaues used in GA (population
Sze, probabilities of applying genetic operators).

Details on the GA can be found dsewhere [Goldber, 1989]. Deter-
minaion of PID tuning parameters by GA can be summarized as
folows

Sep 1. Cretetheinitid population for tuning parameters (R 1, D).

Sep 2. Cdculate ITAE for step regponse using closed-loop con-
trol system about the approximated processmodd (Gy).

Sep 3. If the criterion is sAtidfied, sop computation. If not, go to
the next step.

Sep 4. Sdect the superior chromosomesthet havelow ITAE vdue

Sep 5. Credte the new populaion (P, 1, D) usng crossover/mu-

September, 2004

| Ceneration = 0

Initial population for K. r, r

¥

Caleulate ITAE for step response
lond disturbance using & .

Clemerationt—
Selection

¥

Crossover & Muoiohion

¥

Caleulme ITAE for step response
load disturbance using o .

oo

Fig. 5. Flow diagram of GA tuning of the PID controller.

tetion.
Sep 6. Compute the ITAE vaue for the dosed-loop contral sys-
tem based onthe results of gep 5 and goto sep 3.

The schemétic diagram showing the GA tuning for the PID con-
trollerisgivenin Fg. 5.

RESULTS AND DISCUSSIONS

In the present work only the tuning of the parameters of the master
controller is consdered. The process modd is identified based on
the operation data of 35" batch for illustration. The operation data
of any other batch can be used and identification and tuning after
each batch would be mogt desirable. The computation timeis2 min-
utes on a platform basad on the Pentium 5, which is quite acoept-
able for onHine gpplication congdering the cleaning and charging
timeof 20 minutes. OrHline identification and tuning after each batch
is planned in the plant. Fig. 6 shows the results of closed-loop sSim-
ulaions with the PID parameters of the magter controller being tuned
by GA tuning method described above. We can see the improved
control performance compared with the results shown in Fig. 4. Re-
member that the control parameters used in Fig. 4 are those being
used in actud operations without GA tuning.

There are 11 reectorsin the PBL plant congdered in the present
study, and only two reactors among them (they are denoted as reec-
tor A and reactor B heresfter) were sdected for the test gpplication.
Table 1 shows the tuning parameters of the magter controller. The
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3 column shows the controller parameters being used in actud op-
gaions The 4", 5" and 6" column show the values of tuning pa-
rameters obtained from the clased-loop identification and GA opti-
mization based on the operation data of 1%, 26" and 35" batch, re-
spectively. Vaues in the 7" column are the average vaues of the
previous three columns and are usad in the 10" batch of the reactor
A and 16" batch of the reactor B. Inconsstent values of P, | and D
indicate that the master controller should be tuned after each batch.

Hg. 7 shows results of operaions of the reector A. Fg. 7(8) shows
the resuilts of operation at the 9" batch with the parameters without
tuning, i.e., the parameters used in the 1% baich are il being used.
Fig. 7(b) shows the resuilts of operation a 10" batch with the pa-
rameters tuned by the closed-loop identification and GA optimiza-
tion method (see Table1). As can be seen, oscillaions are sup-
pressed and the movement of the valve is more gabilized. For com-
parison, the parameters used in the 9" batch were used again in the
11" batch (Fig. 7(c)). From Fig. 7, we can see dear improvement
of the control performance with the use of GA tuning method.

Fg. 8 showsresults of operations of the reector B. Fig. 8(a) and
(©) show the results of operation a 15" and 17" batches, respec-
tively, without tuning, i.e,, the parameters used in the 1% batch are
il being used. By tuning the parameters based on the closed-loop
identification and GA method as before, we could achieve better

Table 1. Tuning parametersfor the master controller

control performance (Fig. 8(b)).
CONCLUSIONS

Closed-loop identification and GA optimization were used to
tune the parameters of the PID controller used in the PBL (Poly-
butadiene Latex) reactor. The one cycde of operation conggts of 44-
47 batches. We firg identify the modd of the PBL reactor by the
dosedH oop identification followed by the determingtion of PID pa
rameters using the GA optimization method. The process modd is
identified based on the sngle batch operation data for illugtration.
The operation data of any batch can be used and identification and
tuning after each batch would be mogt desirable. The computetion
timeis 2 minutes on the platform based on the Pentium 5, which is
quite acoeptable for on-line gpplication considering the deaning and
charging time of 20 minutes. On+line identification and tuning after
each batch is planned in the plant. The propased tuning method show-
ed good control performancein actud operations.
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NOMENCLATURE

A, B, C, D : n-dimensional system matrixs

CVA : canonica variate analysis

e : white noise

GA : geneticalgorithm

G. :transfer function of the controller

G, :transfer function of the process

G. :transfer function of the approximated process

ITAE: integra of the time-weighted absolute error

K matrix of kaman gain

Kc  :controller gain

Ko :Ultimaegan

MOESP : multivariable output-error state space identification

N4SID : numericd dgorithmsfor subspace Sate space systemiden+
tification

PID : proportional-integral-derivative controller

R  :referencesigna

Section Values used in operations Optimum values Parameters applied
RE A 1% batch 26" batch 35" batch 10" batch*
P (%) 5.0 6.5 55 5.9 6.0
| (sec) 1300 3219 3197 3048 3200
D (sec) 0.2 17 0.7 11 12
RE B 1% batch 20" batch 43" batch 16" batch*
P (%) 5.0 8.9 4.7 3.6 6.8
| (sec) 1300 2105 2980 2010 2550
D (sec) 0.2 0.8 15 1.0 12

*: reactor to which corresponding parameters were applied.

Korean J. Chem. Eng.(Val. 21, No. 5)
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