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Abstract— Two types of digital control algorithm were experimentally examined for the control of yeast cell-mass
concentration in a CSTBR(continuous stirred tank bioreactor). One of them is a high gain proportional control resulted
from highly output weighted quadratic cost regulator. The other is a stochastic adaptive control named ELS-STR,
which is a minimum variance controller with an extended least-squares method as parameter identifier. On-line esti-
mation of the state variable, cell mass concentration, was carried out by measuring optical density of the fermentor
broth. From experimental results, it was known that the performances cf ELS-STR were better than that of conven-
tional PID controller in cell mass control case.

LA B Ha ol WE ol9lel FHo| UBsA dons iy

TR F& ANAE Aol o b

A NFIAE VYA FAY + 2o ARk 2eld A xai4) ATl hi sterility &
b2 5 Aol pldE eBURATl Bl A Ak oleisl wiEel AA B LA, e
Felot gk, melm W, Al §U, W, BEE DR, wEe A4 5o A Lol gt o] Folx

794



Admat AERgolelae] FAFE A Aol 795

oAZujorH e FA chemostat 3 turbidostat &2

o, F& o] g5 9l chemostat & 713
g Agel=} FollAl sk o]AME AlFE W 73
Aoz FAZTAEE AIzAHA e oz

ckdo] 917] wfFoll turbidostat ol =HEF 2k4lo] A

i i, Turbidostat & 31488 2 3sle] A

=g AHE ‘?rzl*]ﬂb B“‘—i"i 2‘—*'%01 %
T

o]
ajoll 2=Hql H ‘:5—7‘1011 —?}fﬂ "d:rL &l Zﬂ%ﬂl A
o}, 22|} ok FAlFES on-line 33 AAY
o 7| ke zu Al Alejol Qlowv® ofFE Axvt
wrln shalc 2],

o]2]&t turbidostat o] #3 7= oSt Ze] A
h=leieth, Uppal ${3]2 AF4ztel et CSTR 9l
54 wW3e 24 obdE limit cycles&
bifurcation &2 #H4d3sted HAAAte] kAl wisled]
Atstdct, Whaite 28 Gray[4]+ turbidostat ol 4]
of Ao Al gkl gk Aol A feed-forward Ao
g =9istgler], DiBiasio (5] CSTBR# &<t
g Aol tdt phase-plane 345 44|35}
A% feed-back A& #A|F2ct, Essajee o
Tanner[6]= 37127 CSTBR & AAMAbe] b4
o] u]z| & gkl thale] £Alslglx, DiBiasio 5[7]
2 2ob43t A A Aol A Bacterium L3 & 4% &5
ZApshe Aol A °¥?<45J_ turbidostat =& ¢
£ HlaEAle] 719 sllok sho] Aol
= e 9l JU}WE- AlejEo] A8t
A2 Aoldria slct, =J Agrawal
2} Lim[2, 8]¢ turbidostat 2] A RS HF3la
2 E43 kiAol gk 7| FE AlAEA, =9
d I:AOL/LH]—/ of £ =aig] H“F— R) 2HS- 2513
71"Exot 548S AofHFE AMRSHE modified
turbidostat & Alakskeich, 2} turbidostat ol
T ol AlzkA) o] odTEL T AojAE AHT #
o7 nAAFE ZAH AoluAlg Abgsidedl, ol
il o 2= Batsly LAl se] AAlel MEvied
He Alolalrlole B ofedd Aol glg Aoz I
o], Aejizele BHAME FA FEolt A&

O}L ru\

22

o

_’t'_, m[o

o
==

£

[e]

i

A

2a A2 3 Sol 2o} A8 (robust) Aol dx
Sof AMubslo]o} dhoha A7AE ],

oon (fLoof M

HoojFo A r,}];d AHjojukAlgl =1
ALg-shodeh, A o) xfulE F A Alouialn)
24%11104‘”410 turbldostatoﬂ Elsle] o] & Al

Eoled vl A, AlojgHe

o
=
2Asle] FAFEE A A7 Aoz sy
o}

2. o =

2-1, AKuUBHO| FAHH (stochastic) 2B
(: SISO-ARMAX 2%)
=5 kAR s gutg el u|sle] oA &
3] Rlal AT R A v dgeln 84
shed A|HEA 7R W E3l7] o) Fol ABEdLu]ok

A3kt .x—zgg_cg AS e AL ojEin

3 Zo ] SISO-ARMAX = (single input single
output stochastic auto-regressive moving aver-
age model with auxiliary input)Z YelllE ZHo]
oH9l.
A@"X,=q*B@)D,+C @) w: (1)
% Al@t)=14+aq'+aq*++ag™
B(q™')=b,+b,q '+b,q + - +bpq™™ be#0
Cl@ " =1+4+cq'+c,q*++c,q’
Elw %1t =0, ElwilFit=0

o714 d v A7k A< (integer time delay)°l X,
n, m, 1< 27t %74 (auto regressive), UH,

o] %3 # (moving average)® shift operator(=
q ) HE Yebid, 58 (X, s Xop o2 §
A5l sigma algebracltt, z2Elm X, Dy, ws=
77t FAlpest 3148, 22 Wi meks ehdch

B8], o 7004 x%,]s] HFol Ooln] iAol
6%3] white noise 24 Clq™) w e A& A%l
Ao] Baialgl FEAo] ojsje] whlsE 2l 9
o3 52 F4a0h Clg)7h dedles ordshd,
27 A 2" o] Bl olsled g e HHUY
el 2AdEAL T 4 10

C@)Xus=e@)X,+8@"D, (2)
<}, 5(,+4=E Kool I =X 1o~ F @) wrra

HWAHAK KONGHAK Vol. 27, No. 6, December, 1989



796 3hod ¥ . o] 7
alg™)=G(@q™)
Bq")y=F") B (q“)
Cl@)=F@"-Alg")+q*Gl™") (A)

F@"=1+fq" ‘+---+fdv,q““‘

Gla =g, +gq'+-+g.q™™
od7|4 Glg et Flg e (2A)AE abE3shd of
<.

xoz falsh AHE, ol 34
o7 7+2 regression & yepd 4= 9lch
X 5= pr-abra (3)
El’, = [Xx."', Xk—n’+h Dk."'. Dk—ll—d—l.
_Xk+d+lv.“v _Xx+¢~1]
ékz (@ix. " @k, Bors "y Burs 6”"".61»]
n’=Max (n, )
. MEZH| Ao ¢1EF

2-2-1, tjx g PID #lo] duelE

dubd oz spEg Al ALgslw AojulHe A
o 7 Ao kAl 9] shfel PID bl o 24 tfR|E
AEE] 8 AL23le{y v] .2 #3855 rectangular =
trapezoidal w7 502 ol4lslsleiol e, posi-
tion Pejrcke oot zbo| velocity FelE WA
7 g el Fe11],

Dy=Dy K, b= Xt Ko+ 22 (X=X, ) = 55
7 °
O(u—zxk-l+xn_z)} (4)

o}7]4 K= elalaas vep®, 7% e A7 A
¥ ol u) B 75 vebdict, PID AMei7)el 25l
2lo} ARgubi e gislsly] e, Alade] Ageoln
3}1“51 Aol AHEE7|7E Golsixiat 23A] B
Lol Kot 7, 7, 282 Tod 79246H3 olulA
shtlo] gl-g #at ohia} AlojAl4ES
171 913 o ahet sl A A gy U‘H"Jfoﬂ
e e Az )
2-2-2, %74 #H$4°] (stochastic adaptive con-
trol) %.TLE]—';-
AEpHe] EEHL

2 self- tumng

e A%es

mlm 0\' r2 o

Alzo] Aol et wal7| 4
o3&

$22 o] H Aol PoiY 4 gl 24 A
e AEAAeld £dshe Re evige ol
o AgAePE Aol Y e U3
£ el @b ofe] sz A & oleh, g
oo el e WA Gl AL AT sl 2
Z

4 (recursive least squares parameter estima-

it asr MI27TH N6 19897 128

S4%-AH (minimum variance) o]
. A7 BT wEAEH
gstrl et gad ALAFYUE
ELS-STR(extended least squares self-
#-g-31d

v Eq ,';_/H.g_ v}

tuning regulator) WAlS o] ukie

A FYPAN FHAZAE ESfalod AelA e
© wHer A A<l Ale] otnejFe oS 2
[10].
e Bal Alo]
$I6:=XS xq (5)
ol 2
ékzék—1+Pk--l¢k—d[Xk—¢:—dé)¢—l] (6)
~Llp _ PasoradiaPrs
SV U A+ @l oPr2dxa
gk d=1, P_,=I/e, 122>0, 4,=86,

1714 A = forgetting factor 241 AEFAe]
45 oA 4o Aol uleddt Fojwd,
FeArEEAd 2 ARE atmtitlolth zEm
pump 4ol &7} ol

>

P, A2y

__,‘LH]HOO O/Li A o)

2 T HA
7| wgoll Mojat g ohga o] T4
IF Dy<0  THEN Da,=0 (7)
IF Dy>Dgpor THEN Da,=Dg,,
OTHERWISE Da,=D,

o{7]4 Dyi= ELS-STR AlojA]ol] 2fsled A4 Ao
& gtolnd, Da,t pump T3 2ol Hehsly-
AlZeole}, Fig, 12 ELS-STR Aloj#H4l4) closed-
loop A|oJA| Y BEAEE ekl Zeolch, 34 H$
Alojuralel thed =l 4814 (global convergence)el &
Aslewd oo 2758 b7 ok gei10].

L {IDul s} {|X.l}& 3% (bounded)slofok
g}, (8)

ok

2. 1, m, ne A% (upper bound)} d e A
23] ¢ °P°l¢ HPD}
3. [C (z“ % ]L positive real(or strictly

passive) |ofo} g},
4, B(z')& B2 o= <k (asymptotically sta-
ble) =l ofok g},
o|Z7 Black-Box A¥TA Ao 2 A|2dg
A APHAE Aofoll ukedshy, zdz71e] A
oA 27]dA e dej4dol] o3le] Alx
&8 S5 gl7] df-Foll Alojol| Ealo] wAlEly] 4T},
ufebr] Ho} bl Aleidhy] Helde AP F



A4 myt QgAY TAF

CSTBR | X, Noise filtering . %,
[—| process Xay'=Mean of {X/} at k time
If Xap>X, 7+0.1,

Xp=Xp_1+0.1
Otherwise X, =Xa,

Parameter estimator

Recursive extended least-squares Eq'n (8)
CSTBR Model: SISO-ARMAX Model Eq’'n (4)

{ I 9/, (System parameter) l

TDak Stochastic minimum variance controller

Eq’n (7) with
actual control action constraint Eq'n (9)

Fig. 1. Block diagram of stochastic adaptive con-
trol of cell mass concentration in CSTBR.
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Fig. 2. Schematic diagram of the microcomputer-
controlled yeast culture system,

1. Computer 2. A/D converter
3. D/A converter 4. Disk driver
5. Monitor 6. Printer
7. Pump controller 8. Medium reservoir
9. Air filter 10. Peristaltic pump
11. Bioreactor 12. Spectrophotometer
13. Photo-detector cell 14. Bubble trap
15. pH electrode 16. Thermocouple
17. Stirrer 18. Air pump
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Fig. 3. Cell mass concentration control with velocity form of digital PID controller [K,=—25 (Jg-b,
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Table 1. Initial choices and converged values of
parameters for three experiments using

ELS-STR
n=m=I= 1 2
Deviation step-up step-down step-down
Initial P, 100 100 1000
choices g3 0.1, all 0.1,all 0, except 8:=0.1
A 0.99 0.99 0.99
Convergeda, 1.061 1.0295 0.803
values a, - - 0.271
Bo -0.105 -0.1123 -0.0961
£1 -88x10-3 -0.0575 -0.0839
B - — -0.0158
¢, 0.0455 -0.1219 -8.34x10-3
[ — - -0.0969
Open-loop p; 1.0155 1.154 1.1308
poles p; — — -0.3194
& zy 0.0838 1.953 -0.5982
zZeros  zy - o -0.2748

-1 1 1 i 1 Il 1 I 1 d-0.1
0 2 4 6 8 9

Time (hr) R
Fig. 8. Parameter trajectories of 4, for stochas-
tic adaptive controller, the case of Figure
6 (ELSSTR: n=m=il=2, d=1, P_,=
1000, §,;,=0. except §,,=0.1, A =0.99),
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Fig. 9. Parameter trajectories of é,-* for stochas-
tic adaptive controller (ELS-STR),
a) The case of Figure 5 (n=m=1=1)
b) The case of Figure 6 (n=m=/=2)
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Fig. 10. Trajectories of system covariance matrix
P;, of stochastic adaptive controller
(ELS-STR; case of n=m=I[=1).
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Table 2. Brief comparisons of the four control
algorithms

PID ELS-STR
PID-mode only P-mode

n=m=1 n=m=1I1=2

No. of design 4 3 6 9
parameters

Figure

Output
variance

Fig. 3
0.2537

Fig. 4
0.0786

Fig. 5
0.0503

Fig. 6
0.0128

Input 1.868 1.348 0.630 0.709

variance
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NOMENCLATURE
d : integer time delay
D : dilution rate [hr'!]
Da, : control action signal
e, : control error function [kg-m™]
J, : objective function
k  : descrete-time instance
K. : proportional gain of PID control [m-kg™'-hr™]
{ : the order of moving average polynomial of
ARMAX model
m : the order of input polynomial of ARMAX
model
n  : the order of auto-regressive polynomial of AR-
MAX model
P, : covariance matrix of data vector at ELS-STR
g : shift operator in ARMAX model
t : time index
T, : sampling time [hr]
v : deviation variable of input
Xa, : arithmetic averaged signal
X : cell mass concentration [kg-m™]

Xi.q : the optimal d-step ahead prediction of X,
Xs, : set point of X, [kg-m™]
z : deviation variable of output

Greek Letters

. arbitrary positive constant

: unknown parameter vector of ELS-STR

. forgetting factor

: specific growth rate [hr™]

: covariance of Gaussian white noise

. derivative time constant of PID control [hr]

: integral time constant of PID control [hr]

: regression data vector of ELS-STR

: Gaussian white noise

: sigma algebra generated by {X,_,,---, X}

: Hamiltonian

: the minimum cost of the process for the time
interval t < r=<t, with initial state z,

QR > > nm

‘—Iqu&j:

»
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