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COHPUTER CONTROL OF SUCROSE CONCENTRATION IN A FERI'IENTOR WTIH CONTINUOUS FLO[,.I

J.P. Axelssonr p. Hagander

Departrrent of Autorn¿tie Contnolr LundLundr Sweden.
Institute of Technologyr

C.F, Mandeniusr E. l"lattiasson

Depertrnent of Pure and Applied Bioehemistnyr Lund Institute of rechnorogyrLundr Sweden.

AÞ=È¡gs!' Fermentation in a 3 I continuous flow reaetor with inr¡nobilized yeastcells is controlted. substråte eoneentration (sucrose) is cÞntinuously measuredwith an enzyrrre thermisto¡. The eontrol variable is Flownete thnough the reåctor.The penformance lirûiting faetor oF the systern is ê tinrêdelèy in the neasurernentsignal' A bilinean proceÊs medel is fonmulated ånd used for design of ð negulåtor.The regulaton consists of e Kalman filter with the bilineèr model and linean state
fgl!uaet<' Implementation i5 doñe on å PDPIr/03 eomputer. progrðús êFe written inPASCAL extended wj,th a reeltime kernel. This negulåtor iE cornpared with åeonventional PID-regulator. The regulators åre festeo using sirnulåtion endexperinents ane done on the neal proÃess. It is shown that the enzyrne therr¡igtorsignel permits a prÕper cornputer contrcll of the fer¡nentation.

[eygo¡ç[s, Continuous flow
tinredelayi bi linear model i

¡eactori immobilized
K¿lnran filter.

yeast ceIlsi enzymÊt therr¡istori

This paper degeribes how Ë¡ suerose Ëensor isused to reguléte the substrate concentnetion
in the fenrnentation of sucrose to ethanol. Amether¡atieêI proeeËs model is determined endused in a Kalman filter to cornpensåte for å
ffreðsurefû€rnt delaytirne. The regulator is im_plernented on a digital conrputer. The rnodel ingwork faei I it¿tes the regulator design ,Ãcor0pared with tuhing of å plD-regulator åtthe process (Mandeniusr õanielssonrMattiassonr 1?Bl ) .

The control oÇ fermentation processes j,s
beeonri ng rfore and ríot.e irnþortant , Êrgeontinuous proeesses erE developed. A highproduction rête ånd goÞd utilieation of ther.Ëlhr ríateriêl requi resr that Eubstrate åndproduet concentrations ðre maintained åtspeeific leveIs despite disturbences in forinstance substnate composition oF cellcondition.

1. INTRODUCTION

2. THE PROCESS

In this section the
model led and analysed
lir¡itationE of control

The set up usedr Fig. Z.l, consists of acontinuous sti¡ned tank reaetor with alginåte
!":9= eontaining yeast cells and pumps forinflow and outflow. The inflow pump ÍEcorrputer controlled using the signal frorn ¿nenzyilÊ thermistor sensor roeasuring the
sucros€r eoneentration.

A Deseriotion

The enzyme eapaeity in the reactor
€lxcersgr so that first onder kinetics
appl ied.

s+Ho
2

G+F

The dynamics is given by

d tsl

YCgt!. The yeast species used in the pnocess
is baker's yeastr ggggþa¡ogyggE__celevisiegr
obtained fnom Jåstbolagetr Swèà-n;----

KÅng!iqg. The hydrolysis of suerose (Ei) isbelieved to be en extracellular process. Thetransport time is ghort to the sites ofglycolysis i n the cel ls. The råte ofhydrolysis is often faster than theglyeolysisr so thene is e eonsiderable arnountof glucose (G) and fnuctose (F) in the
reecto r .

is in
cån bepnocess is describedr

. Focus is on the
of the procesEi. k +

-+{--
k_

Feed

Conputer

dt = k_rGl. tFl - k

of sueroge andcs to

rsl. tH ol+2

k .[H 0]+2

<2. t)

the

<2.2>

Excess
dynarni water simplifies

sFi9. 2.1. The experiøental set up

Sensor

d tsl
dts k



In =tetionanity the rete of ethanol fonmation
is prÕpontionål to the sucrose concentration
over ð t¡idE rañge. At high ethanol concen-
trationsr inhibition of cel I activity Õeëurs.
Howeverr the extnacel lulår hydrolysis ofgucrose is less in#lueneed, This results in
an inÕneêEíe ill cclrìcentrètion of the inter-
roediates fructose and glucose. Unden sueh
corrditiong å rÌeåsuFeûrent of sucnose coneent-
råtion is of less value for p¡"oeeËB contrÞI.

Ioceþ¡!ieaÈÅe!-ef-!¡e-yeåå!. The yeast cells
åre ir,írobi l ized by entraproent in Ea-alginate
beads with a diameter of i-S r¡rm. Theproductivity of the in¡mobilized yeast cells
is presFrved but gnowth is inhibited.
Diffusion through the bead is fast (Clreethar¡r
Bluntr Bucke¡ 1979).

Ibe_fegcÈof. The neaetonr Fiq,2.2.r with one
inlet and twÞ outlets hêB a volunre of 5 t.
The inlet is lt ern below the liquid surfacer
and the main outlet is at the surface. A
minor outlet supplying the sensor iË in the
rniddle of the tank åt 7 em depth. In the
reðctÕr. thene is a stirren rotating at about
l8O rev/roin. Mixing could be cor¡sidered åei
i rôrßed i åte .

Fi9.2.2. The reaeton filled with alginate
beads with and without Ëtirring.

Ibg__gfgygg_thgIí¡iålgf. The sucroE€r cÕncen-
tration is eontinuously rreåru¡-ed with ån
enzyßtê thermistor. This is e flow micro-
ealorinreter contåining an inrnrobi li:ed enzyíret
in this cåEìe inventaser ¡J-D-fruetofurånct-
sidase fEC,3.Z. !.26Jt which catalyses the
exotherr¡ic hydrolysiE of :;ucrose. The
produced heat is measured with therrnistors
pi.aeed in close proximity to the enzyÍre. The
thenlr¡igtons årel connected to a Wheatstone
bridgÊ. The c¿lorinreter is carefully thernro-
statedr ênd térrprråture ehèngëã LeEg than
O.OC,OI "C êne possible to detect. The tenrpe-
rðturF difference norrrrally ilreË¡surÊd in these
experinrents is of the nragnitude of Õ.Crl "C.The teehnique iE developed by Danielssonr
lfattiassonr Mosbach (t9Al),

Reference
probe

Somple probe
Heot sink

Thermislor

Column with
immobilìzed
i nvertose

Fiq. 2.3. The enzynre thertr¡istor without
insulation.

The senson is linear in the workinq rðnqet
which iE expanded thnough dilution 1:10 to
the nange (,.O1-O.C'SF molll. The dynamics is
characterized by a short rise tirrer ebout 1

n¡in and e lotrger fal l timer about 4 r¡in,
There is also a tirnedelay of 6,5 írin due to
the trånsport in the dilution systÉfir and in a
heét exchånger in the calorin¡eter. Thene is e
small driftr less thèn O.OCIC¡Z5 mol/*.h,
Nôrmålly the siqnal to noise ratio is about
30. A degassen is used to eliminate distur-
bånceg frorn bubÞIes in the flow, Ansther
Eource of distunbanees is the dilution
Eysten.

The gensor is well deseribed by

its

(2.4)y(t)

l/min

0,1s0

0.1 00

0.0s0

I
-(!ì(t-r l-ytt) I
td

ff
t="1 tt up

down

EUgpg. Three purrps êre used. Thëy åne alIpenistaltic, A muttiÊhannel precisiàn purop isused for the sÊnç'or ånd the dilutionarrangement, The outlÊt purrtr iB used in èspecial arrðngerûent to give a constant tanklevel, The i¡rflow is controlled with åvoltage controlled purrp. The capacity is inthe range (r-150 ¡¡l/min. Thene is a sevene
nonl inearity in the punrp eheractenigtics
around lO-4O m*"/ninr Fig ?.4. After calib_ration the punrp is ståble For weeks, punrp andtubing dyñérrics can be negleeted.

U

0 5 volt

Fiq.2.4. Charactenistics Õf the pump.



â-Esdc-L_sf ihp

âggqnptieng, Time
ér Fe neg leeted .
simplifications:

The sengoF falltime is
constðnt neglected.

constants leçs thàn 4 min
This implies the following

I /min

0rl 5

0.10

0.05

u

o Ereèkdown of sucnose is of first order.o Instantanous frixing.
o HÕJnogeneous reactor.
o Pe¡fect level eontrol.
o The Flow could be chånged imûlediåtÊIy.o The sensoF is characterized by itsdeådtifie only.

M

0.20

0.1 5

60 mln

the largest tirne-

v.y

p r.ocesË nrod e I

<2.7 )

(2.e)

Egdg! . The assunrpt i ons roade
fo1 lowinq mÕdel ¡

lead to the

60miñ

Fiq. ?.(,

â¡c I ys i e_e f_!bg_[9det

Different aspeets of the(2.5)-(2.6) ère nclb¿ discussed.

Measured signal and model predic-
tion using an Otto-Sn¡ith regulator.

.B .u
in (2.5)

y(t)=S(t-t) (2,.6)
where d

S = Reactor EUeroEe eoncentråtion (mol/l).
u = Flow through the reacton (l/min).
k"= Reaction rðte eoeFficient (O,OAO l/ntin).
V = tJonking volunre of the reactor (S.O t).
S. = Feed

1n
guenoser concentration (O.S0 t¡ol/ k).

y(t) = I'leasurenrent signal,
t_ = Delay tirne for the sensor (6,5 nrin:).d

Typieal process pånèrneters ane given above inpèrentheEes ðnd wi l l be neferråd to åE (.t+) .Working point is denoted (So ruo ) and typicalvalues ane:
So = O.lS mot,zt
u o = O. O43 l,/mi n

9lClio¡CfiÈy. The stationary point is
êo 

-
k^v

Ð
1n

ds-- = - k .sdts
l^ I- -¡S.u + -VV

1+
U

t!nes r!sg!!o¡_a¡gqngl_lEl¿Ull .

x = ðx + bu
where

x != s - sor u := u - uo

-k 5
UO ¡n

t

r b=

IypiseÅ_!åesesnstÈ!t s_wit b_pè-rÈeEleIE_J!,1 .

space time in the reåctor t = Y =
Ve¡if¡eeliSn. The process rnodel is venifiedin different ways ènd seËtrs to describe thereactor wel I . Pararreters are estirnated withsirôplÊ experiil¡ents. The nrain pnoblem is thereactor volufrrÊr (V) r ehosen to be ttre totelreàctclr velur¡er i .e. the volur¡e of I iquid andbeads. The aecuracy of the dynarnics of thenodel (2.5)-(2.6) is tested by håving the
systerrr oscillate using high gain proportionèl
cohtrol r Fig. 2.S. Anclther check of ihe nrodelis given when using a regulaton based ÕnSmith prediction, Here the pnedietion errorgives ð gocld idea of the validity of ther¡odelr Fí9, 2.6.

rU
I

12O r¡in

35 roi ntiße constènt withyeast in thË reèctor

control authority

u=O l/rni n =)

u=O.15 t/'ïin =)

x =-O.OOSmol/t.rninn¡n
Í = O.OO7 mot/l.¡ttln

måx

+ cxu (2.?)

the same as in the linear case

UOk+-SV

Eå1åtee¡åse!i.g¡_e¡ec¡d_lEl¿cil-

x=ax+bu
whene

XrUrðrb ðre
c = -(1/V)

c

o2 Yß!

k.2 0

A=pcs!=--ef--Èbe__ÞÅ!inearily. The bi I i nearstnucture of equation <2.ãl is preserved
under change of the stationary point. Thecross term can be viewed ag a pole movingwith the input u:

60
u = 0 l/min =) ér -(t.O2O 7/mín

Fiq. 2.3. OEcillations with high gairr propon-
tional feedbackr í¡eðsurements and
sir¡ulations. Para¡¡etens (*) but
k =O. Cr14 l/mi n and r =7 .2 r¡in.ãd

u = O.15 t,/min =) a -O,O5O l/min
It could also be eonsldered as a gainr
vðries with the sucroeie coneentration.
eåsy to compensate for this byschedulingr ef section 4.

t hat
It is
gain



fbe-effesÈ of the timedel¿w The I imitations
thåt the timedelay imposer een be studied inthe frequency donrain. Laplace transformation
of the lineerised rysten (2.9) gives

Y(s) = G (s).lJ(s)
o

where
G (s)

o
b -Eted (2. ro)

9eqpli.¡s-ef _Èþe_gyEleü

It is naturel to study the sarnpled ,ïodel ofthe pnocess as å computer wili be used toimplenrent the regulaton. Here the pFocess
model (2.5)-(2.ó) is Båmpled with period hfor both measurerrent and control signals. Theeontrol våriãble usErs a zeno o|.der hold.

5 å

The timedelay results irì å
narginr which wi I I be ð nrðJon
the control of the prÕcess.

The sampled model is eðEier in two respects:
the timedelay ean be nepreEenÈÉd in statespace fonrn ånd the Bystern becomes linear
between sampling instantg.

loss of phase
di ffieulty in

The elosed
stable for

Re(6 (iü, )) =oo
and the critical

loop with feedback gain K is

b

Let one
let d
ment

st ate
states

repneEent S in the reêctor ênd
represent the delayrd rneesure-I signéls.

a
gain
I

b coB(o r )
od

the sr¡allest solution to
I=ot.---od èr

cos(r,¡ t ) )
od

is
K

(2. I 1)

(2. t2)

reduced
phase

to an

â x(t+lì) = a(u).x(t) + f(u).u(t)
y(t) = g(u).x(t)

where

K=e¡i t

whene o
o

(2.13)

tan(r¡ t )od

(u) O

1l]
t

l5

l'':
r=

d
The pananetens (*) 9iy6 K""it= 3.7,
For pract iea I stabi I ity X is
considerably. Fon K=1.8r thene is a
rnangin of 68". This eorresponds
overshoot of åbout 1O7..

nf ihs lìne¡¡ifv sf-!hE
t he purrp t

point at
in u would

u" = O.O43 +

EUrûp. The ehenecteristies of
Fí9. 2.4. r gives for the operàting
u=O.O35 ì./nínt that small changes
result in ¿n 18 fold change in gain. Thisgives drestie stability linritations on the
feedback gðin. Þ(3unds on K are obteined fnoût
Off-Axis eirele eriterion e.g. Narendna and
Taylor (1973). Pnaetical stabi I ity requi res
further restrictions on K as determined by
simulation.

t! I å(u)sg(u)=----le b(u)dsd-l y(u) J
¡)

where r =h.(d-l)+t
d

E=IO- 0 (u) 0 (u)l
d-1 d

-(k +g(u) = e S
h

U.-)
y (u)

s.¡n lr

J

-(t + 9 ).E
eSV ds

I(u) = ----y(u)d

h
I à(u)s
I e b(u)ds
)
f

u"=O,O35 + K Ècrit x o.4pract
After lreavy dÍsturbances on wlren a elrange of
operating potnt is wantedr the pu,rp will
saturater which should be corrsidê¡ed in thÈ
design of regulatons.

t/min

Eheåse-ef--EåOpfe--ilge¡vE!. It is convenient
to have td=d,h. However¡ gor¡etirnes thesarnpling rnust be synehronized to othersignå1s ånd the choice of h is restrieted.
TheneFore the genenêL case is treated.

Here a sample interval
minutes is used.

between 1 and s

Sarnpling introduceg a zero on the negetive
neal axeEr inside or outgide the unit eircle.
If h is chosen so that td=d.hr' then the zerovanishes and there is a pure timedelèy.
For the choice of hr rules of thurnb give 4-17
sårTlples per soì.ution tirre of the closed loopsystenrr i.e. lE-zO ¡¡¡in. In our cË¡E€r theperfonroanee of the system is determined by
how wel I the prediction of the .îeåEunedrÊnt
signal is done. A less ðccurête model needs ashorter sampling interval, A shorter samplinginterval iE ålso to prefer; if abnup{distunbences ane I ikely.

Kcrit æ2.2 K
p raet

x, o.7

U

1.2 K

k= 1.7

123L5vott

0.100

0.050

1t1.7

Fig. 2.7. Bourlds on t( obtåined' Off-Axis Ci¡cle criterior.l.

t¡efif,lefå¡g. To avoid aliasingr an analoguelowpass filten is used at the input to theeorîputer, The bandwidth must be chosen to
mexinruro halF of the sample frequeney. Lowpassfilters with bandwidth less than õ.t x, 

"""difficult to implerrent in analogue teehniquerso the filter is divided in one analogue andone digital pårt. The analogue filter is offirst order and h¿s a bandwitdth of o.l Hz.
Ih" .digital fi lter is å second ordenButterworth filter with the sample intervåI5 s. The bandwidth of the digitai Fitten caneasily be chosen according to the sårnpleintenval of the regulator.

fFoßr the



3. AIM I^¡ITH CONTROL

k - The rate eonstant varieE slowly dueS several faetors. A deereage ofeonstant by å Såetor 3-4 within ðdåys is norrnal, when nutrierltË
lach i rrg.

The h,oFkÍng vo!.u¡¡re
fi xed.

of the Feècto¡. is

ËiigËËrå¡E:äirf ïås= ålË=Ë tË".,.
TABLE S.2.

In this sëetion is diEcusEed the possibility
with eont ¡ol to ûake ttre syste,ìt lesssensitive to parameter. variatior.ri èt steådyståte. T[re tank reacton eould ålso be thoughiof as part of a larger. systerìì. Then a ¡apidresporlse to setpoint ehångeE f roirr outer loopshas to be considered. possibilities åìtdI i¡nitations are discussed.

t I
up down

(r. lO r¡ol/t
o. 15

o.2()

5.7 min

t4

35 nri n

20

t4
9s¡s!!iy1!v_tg_Çbeuse=_!n_!¡ggsss_Eatg,¡etst=

The different parametens lrave ttte following
clìa Fðcte r i st i cs !

ïhese tin¡es should be corrpared with thetinredelay of the rreåsurêrrrent signal . A fei nlygood proeess rTrodel should be üsedr if festperfornrance is wanted, Certain changes ofoperating point take a long tirne due tolirnited control euthority, In these cåEes thrèccutåcy of the nrodel is not so critieal,

Fast changes of the environrnent is not ålwayswanted r beacause the rnieroorganis;fis rflË¡y correin a choek state. Here tro such phenonenË¡ wereobsenved. Another aspeet is how thesurrounding rysten reaets to large ehènges inflow¡ate. This hes to be 
"onríU*"*J in ånôverål I desig¡1.

to
the
fÊt,,
åre

u The flow ttrrougtr tlre
slowly due to dFift
espeeially neåF the
clr¡nacteristiesr Fig. 2

FeåÈtõr
i¡r the
ëdEe of

ehð rlges
purììp t

the
4

Itl

_ d log G(rl)
bi = ----------tr dlogP

where G(s) = --5!--s+a+l(b

TABLE 3.1

Abrupt changes are likely in the €iueloselconcelìtnåtiðÌr of the inco,ììir1g fëedr wlrena new bateh of :ubgt¡ate ente¡s.

Sensitivity to pðr.år.rreteF ehanges iseålëulåtèd for the ståti6¡tåny poitrt r with andwithout proportiorral tegulðtiÕn.
4. DESIGN OF DIFFERENT RECULATORS

In this seetion different negulators åredesignedr ènêlysed and tested. Tests årÊ í¡êdeusing simulation and experirnents on the neal
p roeegs.

ce¡ve¡tis¡al_EL!_Bcsuf, eÈe¡e

A¡afogge__!ID__¡eggtets¡, The possibilities
with- a stnaight forwand ånålogue pID
regulator is cleårly I inrited due tononlinearities of the purrp and tiûredelåy inthe nreasurement signål, ås seen in seetion 2.This wðs clear in eerlier work Õn theprocessr Mandeniug and co-workers (1?Sl).
Howeverr if only slow disturbances ë,.q in therate constant are considered and if ihere isno need for napid rèsponse to setpoint
changesr then the gain ean be kept low ånd åreasonable perfornrance is obtained with ananalogue PI-regulator.

Eeopcle¡¡sed-El!--¡eeclalgr. t,ith a eomputerit is easy to inrplement ð cðlib¡.ation curvefor. the pump ðnd thus elirrinate the gåinvariation. It is also Êråsy to impleírentintegraton anti reset windupr whieh isiroportant r si nce the pu/rrp wi t I be used overits whole ratrge and is likely to saturate,The feedbaek gein cen be increaEed ðtrd is now
I imitted by the tinredetay onlyr and theperfornranee of the sinrple pI-ràgulator is
inrproved.

Uge-e!-Þ:pert. The uËe of the derivåtive part
6#' ð PlD-regulator is oFten of lirnited valueand it needs cðreful tuning, Hene thÉderivative time should be in the order ofrninutesr which rrotivåteE eomputeninrplenentation. The tirnedelay limits thevalue of the D-part r but a centainimprÕveírent is obtðined,

K = the gain in the feedback.

gC¡S¡!åvf !y_!g_pa rarne!eereuiial ÈãFãrr'efeFE-T*t-- ¡_ehanges

p k u s
ln

S K=O

K=t
K=4

-4.70
-o,20
-o. 065

o.7ö
o.zct
o. 065

1,40
o,41
cr.t3

P

Êhensc-ef-Ec!pei¡l
Often a rapid change of openating point iswanted. Ideallyr for this type oe systernrnraxirral f lowrate (or no f lowl is used unti Ithe desi red coneentretion is obtained andthen the flowrate is set to å corresponding
stationary v¿lue, gueh a strategy iÉ cêlledbang-bang cont nol .

Frorn the sampled nrodel (Z.l3l r the shortesttin¡e for ehenge of operating point ean becalculåted, Congider a ehange tÁS frorn S".
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s"+a5 (b/a).ulr

= - ln I

aL (s,l )
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(3-2) Rggultgr see Fig.4.t. and Fig.4.Z.
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Fis. 4.2

fhe control signal is

^1u(t)=-L.x(t)+-
G

Tlre eloEed loop systerìr

Qbefse-ef--pgteg. The poles fon the processèrld fon tlre t(alrnarr f ilter èt e chosetrirldeperìderltly. For the Kalr¡rarr f i lten a tradeoff is dorre between serlsitivity to noise andfaEt convergenee. It is a good ideå to havetlre Kalm¿rr filter to conveFge a little fåsteFthan the pr.oeess. Ttre -pot*"oniiguråtion
choserlr for bottl the Kal,uair f i lter End thepr.ocesst is two eontnol poles ðhd tlìe l.est oftlre poles ¿ne left at the onigirì. tnÀ cont¡oIpoles ane placed eonrespondirrg to ! = t)-TtJ7in continuous ti,he ter¡lì5.

Experirnents stìoþt tlrat it is possible to speedup the elosed loop syster.rr å fåetor of four.
Calculatiorr of tlre coefficients for theKal¡nan filter ðr1d for tlre linear. ståtefeedbaek is done in appendix 1. Note that theregulaton is essy to tune.

o.
o. 50 mtn t00 rso t

Fiq. 4.1. PI-regulator orr tfre neal proeess.
K=1.O år1d Ti=18. pr.ocess pèt.a_
metens (*) but kS=O.OgO 1/,nin.

M
o. t6

o.t PID PI

o

v

to0 rso t

PID

Lineàr ståte feed-
fi lter estimate.

Tlre elroice of itrtegrator
appendix !.

is wel 1

loop can
stàt ionå Fy
i nteg rato n
èl.FoF is
Eood idea

ti¡ne is analysed itr

Iglgg¡gtgr. If tlre l(elrnan f i lteptunedr tlren tlre gain in tlre closedbe eorl€idet åbIy ir.tcneåsed end theerror t educed. Tlre dema¡rd fon èr1to eornpensate for. the stationar.y
tlren reduced. Al l the sa¡ner it, s åto include åtr intêgnètor.

o.

The diffe¡enee betweerl meåsuFed y(.t) and ynefis integrated. Ttte timedelåy in thetlìeasu¡.emer1t Sigtral rriay CAUse SOrile trOUble.Thérefore the integrator time slrould be longcorllpèl'ed witlr the tirrredelay. If the otodel intlre l(almen filter were aÈsolutely ðceur.åte,tlre differenee beth,eeñ estimated- y(t) åndyref' should be integrated. It is iltr"ty tobe .a . stðtionapy eFrot in ttle KåImår1 f i lterarrd tlrenefone it is better to use thertreasured y(t).

9!e!e_f eCdÞåck_f rq,n_È_t(q!,Iån_f !f !Ê!
Reeonstruction of states of the process f r.ornIrêrastul.efne'lt signèls i5 usuål ly done witlr åKalman fÍlter. Tlris method õàn, in thediscFete ti¡¡e e¿¡se, also be ðppt ied toneeonstruet aetuål states fFom ti,nedelayed
rheaÊiu t efnent signa Is.

Here the proeess r'nodel ('l.13) is used fon theKalrnan f i lten. pe¡for"¡nance is aesÍgried fon alitre¿r Ftoeess. This pl,ocess is slightlynonl i rrea n. Tõ be able to hèrld le i" *qãsetpoint elrangesr the nonlinearity should beaceourlted for in the filter.. This is dorle byletting Èr F and 0 vary wittl u, åccordirlg to(2.13). The coefçicie,lts K år1d L ean be keptconstant or 'tåy also vary witlr ur to keep theelosed loop peFforrhånee urlaltet ed ås theclper.ating point chènges.

Ee=cl!e-el-!hg-¡eal_pr-gcesE. The r.ègulåtor istested i11 two wèys. Fi ¡st À =.rr"""distur.barrce is given to tfre reaeto¡ åndseeorrdly clrange of operåting point is tested.The distu¡barrce i¡ introdueed by quÍchIypouritrg wêter into the reåeto¡. This is trot EveFy likely disturbance in Ë¡n industFiå1pr.Ëcess but it gives a good idea of thebelìàvinF of the systern. EspÃeially the l(èlrìlåù1filter ean be studied. 9"" fig. ä.S. Chðr1gesof operating point are shown i.Ã fig. 4.4.
Pararr¡eters of the r.egulator. is speci f ièd by!

Two different pID-regulator's tes_ted in si¡lulation on the proeess
i.n Fig. 4.1. Regulaton p""à*"t"i=
K=1.O and Ti=19 as èbove andK=l.4¡ Ti=2O and Td=S. Thepet fot ùtancë is sl ightly irnpnovedby the D-på¡.t. -

lr = 3.25 min

P (z){-I.L

,å-t(ElP t:z)

d=2
3-o.¿=2+o.zsu

o
3

z
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(4.3)
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min

^^, <t+t l=+x (t)+ru {t)+t(ty(t)-g. I rt: : (4.1)

t; [-;"'-:;"1[i::]l - []
1

G.

60min

Response to a heavy disturbarrce
wi tlr negu Iator ort arrd regu laton
9ff. Convengenee of the KElmanf i lter is studied i.n the bottorr¡diagrarr. Process parametens (*) butks=ll .o15 1/¡rri.n.

(:t +tl
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^t) = x(t)-x(t)
= G¿in irr tlre closed loop

wlre re

Fi9.4.3
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Fiq.4.4. Ctrarrge of openeting point. The
process panar[eters as in Fig.
Note ttrat ¡nost of ttre eo¡rtrol
perforrled before ðl1y elrarrge
¡treasurertrent signål is l.ecotdÊd.

ceops¡ec!ie!_f et_Eit¿!eêrÁ!y

Si¡r¡ulation of tlre proeess in Fig.
4.1. using the sàrne PI-negulaton.
He¡e is seeìì wlr¿t wou Id have
lrappened i f tlre sensoF ttad no
dytrarnies. Notiee the diffeFencè
when goirrg to the Iower set-point.
The regulator based on ttre l(¿l¡nan
f i Iter is not thst Ëerlsi.tive to
serlsor dynarnicsr althouglr it eould
be a good ideð to j.nelude it.

o.os

Fiq, 4.5.

S(t) = -k .S(t) + v(t)
s

This design is cÞnvenient.
point. The perfonnrêneÉ of the
be sensitive to er¡onE in
that €lven for low eel IconsiderèbIy lower thðn S.

1n

but has a weak
regulåtor ríight

to handle the bilineanity is(2.5). 6ainsealing of u(t) Fnom
linear Eysteßr that eould be

standard ways (Gutrnanr l.tßl ) ,
seðIing

s. - s(t)1n
v(t) (4. l1)

5. IHPLEIIËNTATION

The negulators åne implemented on a eomputer
PDPI l,/O3. Prograrns åre written in PASCAL
extended with ð reålti/ne kernel. The kennel
incoperates fåcilitieE for n¡utual exelusion
and synchnonizingr which is neeegsa¡y whrn
concunrent activitieE åre handled. See
Elnrqvist and Hattson <tSAz).

The conrputer. is used not only for regulation
but also For logging and testsignal
genenetion. Aids For tuning the regulator is
also ineluded. Here is a list of faeilities
includFd:

o Digitål filtering of measurement sig-
nal. A EElcond order Butterworth filten
is used. See preFiltering section ?.

o Cålibrètion of input ðnd output signå1.
Li.near intenpolation is used between
årbitranily spaeed ealibration points.

o Identification of the tirne constant for
the procesEj. Least square method is
uged.

Õ Computation of vðrious rrgu¡åtor pðna-
íreters fnonr given pÌ.oeÉsg parameters
and speeiFieation of the closed loop
systern.

Õ Regu 1åt ion.
õ Logging Éf dðtå.
o Testsignal genenation.
o Extensive opE,Fëtor Éomunicðtion.

The Frogrån is divided in five coneurrent
ðetivities:

o Filteritrg and calibration of rûeðsure-
ntent signå1. Earnpletirne 5 s.

o Process cÞntîolr sarrpletime I to j r¡in,
o Logging of dðtð. Arbitrary såmpletirne.

Often synchronized with the regulator.
o Testsignal generator. Arbitrary sanrple-

tirne.
o Operator eoromunication. Waiting on

intenrrupt €rorn openator eonsole.

At last but not le¿st irnportantr åll
pånaß,eters år€r nead from a nurnber of diffe-
rent files at start up of the prognarn.

gðinscèling.
ðct ivity S (t )
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The Kalman filte¡ ean be expanded to ineludea ståte for 'sErnsor dynêrric;. This wi I t beirrrportant i f the FêtÊ constènt of theprÞcsess is increased, The system n¡atnices¡dill therl be
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ehanges oF t
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To åccount fon the diFference in rise andfalltiøre oF the gensonr the cÕrnespondingelementE should be changed in ,Þ- It isirnportant thåt the these Ãh"r,ge= arå done atthe right rnoment. This is ""=ily Joi* *ter, 
"change of openåting point is câmrnanded ðndthe slope is known. tJith this àid overshÕotswhen going to a lower operating point can beel imi nated .



This case study slrows that corûputer controlgives substanti¿l advantages cornpaned toèrlalogue PID-eontrol fclr a typical continuous
Fenrnelrtation pFocess. A simple,nat]ìe,ììetieal
¡hodel of the prõcess dynamics is of gleaÈ
helpr when corììpelìsètirlg for a tinredelay inthe. ¡'neasu rement signa I . The co,Dputer Fequ i re-
rr¡ents ¿ne smal I if the conìputrF is used onlyfor negulation. A more sophisticåted progl.Ërrïr
systeûì is necessar.y foF efficierrt opeFåtclFcornmunicàtíon during stant upr tuning åndexpenirnent docurnentat ion.
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APPEND¡X 1

Ca¡cuIåtions of the cÕefficients in the KaInðn filte¡ånd i,n the Iinear Etåte feedback aFe dorle. Note thåtthe calculðtions a¡e ¡ecutsi,ve a.ld eân eåsily beinìpleùented for onIine turìing.

Eè!È9n_f!I!g-f. Tlìe coefficints ðFe given by

tI - @.D I I I K = C--E (41.1)

wlre re
K = tt kn ... nrtt filter coeffieiehts
C = tl cl ... 

".lT coefficients of observe¡
cha¡åcteFistie polynomièt

èhg = e time conFtånt of the Frocess
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l.-= a diagðnal ùðtrix o€ dimension n+l with eleùent€ In except for the bottom position Nhich is O.

Note thåt if r = h.d then I- = I ànd (A1.1) isdaeasily solved¡

k=c+e' k =e te.k. -r i=n-1r..r1 (A1.2)n I i n+l-i ' i+t -

titegf_Êgêgc_feedÞce!. The coefficients ère given by

o

Y
(41.3)

L = t¡l .

A = tl è1

1l
n

lntroduce.a new stðte x

x (t+h) = x (t) +
n+l n+l

St¿te feedbaek f¡où x.

statefeedbaek coeff i,cients

nl eoe€Ficients of desired
process chå¡aqteristie polynorìièI

APPENDIX 2

llre ehoice o€ i,nteqråtor tine is ènålysed

+-fL

1

-yI
o

,*lfon th" integrèto¡

Cy -- ytt)JreÌ (42. t )

*n*1 9it"t tlre systeù ùat¡ix +'

n+l
(42.2)

(42.3)

-t
ChåråcteriEtic polynoûìi€l p

t' Froñ F
*-I'L

P (}\) = (À-1).P (^) + yt
+-fL ' n+1

The ståte feedback coefficients å¡e noH giveñ by

t)

r=1.
lf

r=1.
iy

fål+ q + 1l '

[a + yl ]i J-1

t, = i.!å2+ Ít1-el

i = 3'..rn+l

Note tlrat l
n+1

eån be interpreted as -!-.
T,

I

(A2.4 )


