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Clasgical contrdl system design is generally a -
‘trial-and-error process in whieh various méfhods of 'analysis
are~used'iteratively to de%ermineuthe design parameters of-

an "acceptabie* system. Acceptable performance is gene-

rally deflned in terms of time and frequency domaln crlterla. .h

,,;p&
such as rise tlme, settling tlme. peak overshoot, gain \

j.and phase” marglns. and bandw1dth Radlcilly different

'performance criteria must be satisfied, however. by “the

"complex multiple-input. multiple-output systems requlred to

" meet the dem ds of modern technology.; 'For example. the
design of a 2§;E3Uraft attltude cbntrol system that minl-:
3mizes fuel expenditure is not- amendable to solution by :7
‘classlcal methods.. A new and direct approach to these )

:complex systems, "called modern contral theory, has been.

'mage feasible by the deVelopment of the dlgital oomputer-

."(Kirk 1970) S T

- -~ - 'r .
* '-{, \ . .,';

In thls new and dlnect approagh. the control '
problem must fxrst be represented as a state 8pace model .
w1th a suztable performAnce index Galao ealled a°eost func-'
,'t;qq or,a proflt.func;iop) Iben,gthe eontrol problem is
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B rather new and“fast d@vegoplng fleld 1ts appllcatlone to

]

: acld fenmentatron end afeo w;th ﬁilutlon rate as aaoontrol

solved by opt1m1z1ng the performance 1ndex¢u51ng optxml-,r
zatlon technlques such as Pontryagin' s Max;mﬂ& Prlnclple o*va_
(Pontryagin et al 1962, Pan 1966, Sage 1970) andoBéllmanqg
Dﬁ.iamic pro'grammin;g (Bellman 1957. Kirk 1976). ‘Note that

the state spacc model is'a set of dlfferentlal or dlffe- .

c Q
&2

-rence equatlons whlch supposely descrlbe the charactérls-‘
tics of the‘ﬁwstem to be contrglled.oand can be found by ra" T
some approprlate system 1dent1f10at10n teéhnique (Leé l96h. -

bage and ltlsa. 197Ib) ahd the performance 1ndex is a R

mathematacal measure of the performance ofcthe control o ® }

system which is in turn a'mathematlcal functaon of°the_:é Q" e

model varlables. A ,': : L . o <ae"j' il
. Although modern control theory is cons;kered a - pos f
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. d D N -
fermentatlon have been recorded. D'Ans et usang dlfh%xon 5

rate as a control lnput. solved the geneval problems of

the optlmal control (D Ans et al 19771a) and of maximum L Peov e

harvestb(D Ans et aLﬁl971b; 1972) ut11121ng>the quod and e

QHaldane-Jonod equaflons for the°speclf1cimiérob1al growth

r&te. Takamatsueet al (19753 reegntly studred an’ amino ‘*‘vf‘f

o .0 N
3

1hput §olved the maximum harvést prob%e@ by modeling the : 'Z' 7ij
Sp801flc m;crdblal growth rate and the specif;c produet T B
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mathrmatlcal modél°fof microbial growth in a batoh férmen—
° [
tatlon process, because theospe01f1c mLcroblél growth rate

"does not often’denend on'the blomass concentratlon but .
rathfr dépends on factors such as substrato con@entratlon.
modlum temporaturo,~pH.‘etc.. The mOnod model and the

~ 0 M
yernulst-Prarl mod@l aro two rxamploa. From the tPChnlun

-}

derived, the numbcr of parametexs to b° estlmated‘ls reduced

c

to a constant, lnd%pendent Qf tho number . of batoh runs £rom-

whxch the data are used. Bascd on the‘nevelopcd‘technlque.

ah on-llne ;dent1f1Cdtlon schome is alsq derlvgd to update

° o

thr model as data from each new batch°are being recolved

o S
o °Q “ ° . .
. . N ) ‘e . s ©
bv ¢ ° < ~

F;nallg, °stochast1o model for a continuous fer-

'3 .
o

mentdtlon proceso is developgd %o takevﬁnto account measure—

e o

ment errors:and dlsturbancgé due to 1mperfecv mlxlng of blo—f
° Q a @ WU

reactor and of substrate fecdlng tank N ﬁroblem of regu-

K a o

lating rffluenﬁ concentratlﬁns 1s.aiso formﬁlated and solved A
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O o

using tho oopanatioﬁ Theorem (wonham 1968. Medltch 1969)

c
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°5u11ut10n ratn 1s con31dored as a,control 1nput
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@ 1 THEQRY OF GROWTH -IN BATC ) OUS FERMENTAT,ON PR ES S

* In this‘section, the - theory of growth in batch and

' continuous fermentation processee on which the contents of later ‘
P ’chapters will be°based will be briefly reviewed Other details
’ > | can . be found in the microbiOIOgicaJ literature éHerbert 1972)
. o - o . | | ) »
' C e COntinuous cultivation of micro-organisms was first
.. introduced by Monod (1950) and Novick and Szilard (1950). and.‘

has become an important tool in biotechnology. It consists®f
growing a microbial culture in a bioreactor, Pigure 1 1, with a

- a flow of fresh sdbstrate medium coming from a feeding tank at -
o - the rate P (volume/time) The culture with’ its micro organisms
‘: and metabolites is removed at the rate P and stored in a col-.

“lecting tank Simce the inflow and outflow rates are the same,

" the volume v occupied by . the eulture in the bioreactor is

o

o ‘ constant. JThe rate of growth of the micro-organiems is limited
| by various factors among which is the .supply of. nutrient eub- '
straté. This substrate»is then called the gromth-limiting 0
subatrate. When e cdntinuous fermentation procesa is Operated

at constant conditions :' constant flow rate, constant pH,_ s 7

T copstant temperature eto.. it is called a chemostat.

; ) j batch fermentation procees is a 1initing case of

the continuous rermentation proqess where the flow rate Fis

.zero. 'Thus, its operating time is limited because the originai

%

o T Y
2 ‘ . B
. ‘ '
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;nutrlent.substrate supplied to the‘bioredetor at the begin-
"—ning of the operation will become exhausted. microbial growth

f'therefOre will Blow down and ovontually otop.

' On'the other hand. in a oontinuous rermentation .
process. if mutation and oontamination do not occur. tha op-

eration ia very - eoonomicaf as the culture can be harVeated

) ,continuously for,a very. long pbriod of time

, Por purposes of~éon%rol or juo% of hnderetanding[

| a mathematical dosoriptlon or a fermentation proooso ioﬁheeded.

e

.It would be too oomplex and too difricult to take all the

biochemical phenomena 1nvolved into coﬁiideration. Furfhermore.

‘a rully detailed model may result in a oontrol problem, the .

solution or-which oan never be aolved mathematioally or can
.&
never be 1mp1qpentad. It ia; thereroro. often reaaonable ‘t0

attempt to-apply in e first instance as oimple.a mathematical

-5g mode1 as posaibla, ‘and then to check expeiimontully whother

it is suitdble for the formulated control problem.

]

For a prooeao whioh involves only one apecieo of _

"mioro-organism. one kind or produot ‘and one. typo ‘of substrate’
"and where perrect mixing or the bioreactor 1: aaaumed. a matho-
'matical model repreoenting tho proooaa can bo obtained by

qwriting the material balance. for ‘the mioro«organiam (bionasq).

the growth limiting subotrate and the roruod produot. 1f C(t).

./ 
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N

u(t) and P(t) rnpresont the bioma"‘( i. subﬁtratgiand'ppoduét
‘ copcrntratians. respfctivcly. in the bloreactor or at. the

outflow at time t, then;

= For afgiomass material balance:s . o oo
'Incrg%Eo = Inflow - Outflow + Net growth
vdslt =0 - Ru(e) 4 v[ﬂ_(t)‘-h(t{]u(_t')
where, ,
',Q(t) - Schific growth'rate at time t (l/time). ' L.
k(t) = Metabclism coefficient or sppcific death rate at timn
C (1/time). | o ‘ R
\e
C1f L= F/V = Dilution rate (1/time), t is time at, which the.
.operation starts and‘ is the biomasa concentfation at time
! : ‘e
t, then the difforontial equation reﬁresenting the biomass .
at tho outflow (or fn the bioreactor) sy 7 < ﬁ‘ﬂr ~i;
—ﬂ—l [/t(t) - K(t) - u]cm O P
’ . (I-l) v '
lnitial,conditiop; b(td) " bq. T - o © S
/ _ ) ’~ . .o - . ._'./ .'
- For d'eubstréte7matéfial baiancer*‘V; : . }
Inureasc = Inflow - outflow - uonsumption, N 4?
. "‘ : -
- e o
a8t = gy - Es(e) - vV(t)c(t) RS

(*)- Note that to represent biomnss concentrationfin this '
~text, C is used instead of the more commondy applied x in
‘biochemical literature. However, x here will be deaignatpd

- te reprnsant a state variable in later aectiona. .
® , ) ) [
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' /
/“‘"\e\,—.‘,/' o .
%ﬂ - D[sy - s(t)] - v(t)c(t) (1.2)
. Initial condition: 5(t) - 8, B
wher'e, ‘ ‘
Sp o Substrate concentration in the reeding tank,.
v(t) Specific substrate .consumption rate at time t (1/time),
S, Substrate conccfji:fion in the bioreactor at time t,
. o ¢ .- ‘ hd . L]
. . . e : " -
- For a product material balance: '
Increase = Ihfiow - Outflow + Formation
L vl . o FR(T) + VP(£)O(t)
or, . . S
diE) = Zopp(t) + p(t)e(t) o
.- BN (113)
Initial condition: P(t,) ~ P,
where, . ' . - S S ‘ .
P(t) = Specific product rormation rate at time t (l/time).
Po - Product ooncentration in the bioreactor at time t .
‘ Eqs. (1.1), (1.23) and'(l-B) form‘a mathemttical‘
:modei representing the prdééaa. ‘Note that -as therelis no
biomaas flowing into the bioreaotor, C nust be greater than )
‘ ”'zero‘ior the bioreaction ‘to exist . , . . s

'ﬂ
In evaluating each new fermentation process. the

m%taboldsm coexricxan; K{t); the specific growth rate A(t),

.




the specific substrate consunption fate'v(t) and the specific

'prodgct‘formetion rate e(t)'areonot known in advance and
depend on the natuee of the gicrobea. the medium tempereture.
the medium pH, the rate of oxygen supply (in aerobic fermen-
tation)uefc..A However. they can be estimated by various de- -

veloped estimation teehniques (Sage and Melsa 1971a, -1971b)."

. From experience. when agltation. aeration. tempera-
' ture and pPH are held fixed, the metabalism coefficient K(t) is
often very small as compared to the specific growth rate,ﬂ(t)
‘and therefore is either ignored or treated as a small constant.
. The specific growth rate 18 often.considered to’ rollow the -
Haldane-Monod equation.aEq. (1.4) (Haldane 1965. Andrews 1968.

‘D'Ans 1972).

M(t) = — B ' ©(1.4)
~ Kg+ S(t) ) '
o 1+ + 2
9 . S(t) Ki

-

Q-

| //where/¥ ,‘K nnd Ki are’positive numbers and are defihed as
the maximum specific growth rate, the saturatien coefficient
and the inhibition coefficient respectively.

If,the'microbial.groyth 15 not,inhibitef*my the
' oo g, \\‘

growth limitlng eubbtrate at high concentratlons, ‘then Ki~900

~

EQ- (1.5). ;
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In a number of experimental studies with axenic
cultures (Herbert et al 1956, Mafek and Fencl 1966). the Monod
equatipn was found to accurately predlct the steady states from
the.valués of the flow rate and the influent.subéfreteccon-f
centratioﬁ. This hes also been observed for ﬁeterogenous

'O

cultures with microbial populations of sewage origfn-(paudy Jr.

et al 1967, Ramanathan and Gaudy ° . 1969).

Q

. Furthermore,* Alba et al (1967) performed research
with continuoua culture-of Azotobacter vinelandii and £8und
that the Monod equation’ accurately predic;ed the transient
behaviour of the’process.‘gs'hfo D'Ans (1972) with a culsure

of. Escherichia col} g}', Botﬁ‘meaeyred.oell &ry weight by -

optical densitometry.

o

“On the other hand, Mateles gi_g; '
with Escherichia coll B, observed large-discrepancies between
Monod predictions and experimentor.data. Forvexampie, coﬁirar}

.to Monod prediotion, there'werE‘over;hoots in the variationsG

of bacterial and nitrogen concentrations. ‘Matelesog__g; '

(1965) measured biomass concentration baaed on the determination

‘of Kjeldahl. nitrogen removed from the medium, apparently due
to absorption by E.: goli B. -+ The amount of nitrogen removed

3

¢
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to establish the validity of the’ Haldane-uonod equation in

was assumed to'be a measure or'ﬁicrobidi growth.

However. Giliay and Bungay (1967). experlmenting X

© with the culture Saccharogx gerevisige grown on a nitrogen- -

1 I
limited synthetic medfum, found that Mateles' technique led’

. to serious discrepancies even for steady ptatg predictioqg

.

with the Monod equation. For varlous constant dilutian rates

they evaluated the corresponding microbial concentrations aﬂ:“.,o

/steady’states. based on tell numbers. dry weights and Kjeldahl
nitrOgen contents (Figure 1.2). At steadyvatate. results ‘
based on cell dry welghts ,and cell numbers agreed roughly with

~ the Monod pred}cxion. On the other hang, results‘obta;ned

from the K jeldahl nitrqgen showed an unexpected ovef?hoof

when' approaching theé wash-out dilution rate. Thus, it is |

o

likely that the validity of the Monod equation for continuous

cultivation dynamics may depend on’ the nature of micro-organiama -

studied, the medium and the methoda of detqrmining the micro-

bial concentrations. ‘ ) R
. . - - o]

Nevertheless, a survey of various experimental

results with some pure cultures made by Edwards (1970) ‘tend

-4
-

predicting steady states. ., . “

o . . e

o

Other common’ equations‘uaed in place of. the Haldane-
Monod equation for the speciric growth rate area

)
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f and King et al (197#)
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Y e M !
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= ° . i N ’
. 3 v
o =
. . . N
. .
-
-
-~ '3 3
5s

ey = LB %“ o
e 14 aC(t)
18 1]

Co ./«t')

T T

n 0

aS(t)+b R C(1.7)
ac(t)+ L ,(.i.a)f.y

- ~
- .o o3 e

‘ﬁqf (1 5) was proposed by Moser (1958). Eq. (1. 7) was referred
-® $o by Luedeklng and Plret (1959), Humphrey (1963). and Takamatsu

‘et al (1975)3 and Eq.. (1 8) 1s\¢he Verhulst-Pearl equation

(Mohler 1973) which were used by Moraine and Rogov1n (1966)

Y oo . e . ot
. » . A . .. " ~
‘ L. : o. ) 3 .
- W

o _-«\y f The speciflc substrate consumption rate V(t) is

e T e

‘often‘agproximated as:

e S \\_:,;.‘ o
V(f‘3 B T -

- L o . C. (1.9)
ﬁ—‘—:—%, ) . : A: . “: o, .

where. Y / is defined as the yield coefflcient of . biogsss

K]

" based on the substrate.¢;~-'

¢ -

E:

R The specifid/;roduct formation rate fkt) 1s qften '

formulated as;’ f_"

P(t) = YP/CH(t) e = " | (P 10)

-

e

~ s v

where YP/ is defined as the yield coefficient of the'product

-

formed based on the biomassbrf g "f“ﬁ D T

con

- >
. ' ' ‘ ’
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.

as follows: ) e T

by an underlined small letter. say a.

-

L

by either a” small or capltalized letfer} say a, . A.a LN

the superscript P denotes transpose 0penator.

“.h pﬁw

1nst§pce. one”that wa% used fecently in amjno acld fermenc B

e /
tatxon industry (Takamatsu gg g 19

-in substrate concentrat;on,

- -

aS(t)z + bS(t) +. e

R o 2 . ®

r

-e

3

a -
<

It is often found that the pngﬂuct éoncentration

75) is a’ quadratlc equation

——

I g . . 2

-
e RN
- o - . -

2 $ . - ©

P(tL 3s more on iess proporfIbnal £0 ¢he biomass concentration

[ L=

. C(t) ‘ Therefore, for 81mp11flcation in many cases. only "Eg8.

&,

(1 I) and (1 2) are considered as the mathematieal equations )

: representlng a continuoﬂs process.

o a

hd

s 5 . °
P) K . . ¢ . T Co -
. - .

Kl

A matrix 1s an underlined

PO R

2 . ' 7 S

A vector is a matrlx with

g a

-3

A scalar is a matrmx with

N kY : B b) -
@ 3

o E
>

n

ﬂﬂHA is a shoft ndtation fér a quadratic ?53 where'

a -
<
<

1
1
o °
“ . & ,
5 ‘,o ' . . ° -] .
. ! Py 3 PR -

;' 3;‘~ . The maghematlcal notatiohs used injtng/thesie Ere

o5

'
- t °
A <
P

< <

. : > ©
< . ‘

© - °
2

and capltal;zéd letfer.

2 <@

-
<

one coiumn and is denoted

a

E - <
. ¢ < i v e
< o2 - - s

- <

one element aﬂﬂ is denoted

e 2o, A4

[3

Y
5" . - EI
E N _

ol "Cl%lL);=- x

L.

~

o

c} .

“"-:i.h,-'m,
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’If J\ is & fm x n)-ematri"x, ,a matrlx wuh m rpvgs

o ™

e

- ana n co,lumns“, and g Ls aj ?p oX ° cg)-maxri“x. then by the dgi‘inition

here.”,the derivat:.ve of. A»w1th respect “£0° B’ J.s:

e

o
4°
!
i

11 dbl

LL:‘_—"{—"""E‘
da, L

I
i

r_am' dalzi

j a.mi ‘b:.3 are’ thé ji J}—elemem‘tfr of ‘bhe matricés A*ahd 2

respeeti\rely %‘9, .o cels L :

.o A *

Note that d_/db hag, a special héme 4 th§ Jaaca'b;aiﬁ matrix of
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The thesis consists-of six chapter and five . -
° ° ° ' = ' ° e o " o v : ) ° ° 0
o oo s appendicasaasafolrpws:s o o . Lt . A} o
3 ‘ ° ’ ? ¢ ”, s - . o ° oL uy
L ) .: - ” D: . oo 9" “ ¢ ) > s
T &hapter I is an 1nfroduc¢ory chapter that includes

o

El

5 o

fsrmentation. a review of’ mlcroblal growth theory% and vector C

- o

and magrlm notations used incthe the51s. ‘; ‘; . ©
0 ’ 1: | In Chapter II. sﬁeady state efflu%nt concentrat1ons

e

. -are 60mputed Ior cases w1th and w1thou§ recycle. hased on the‘

e ? v

° 2 - 23

.. statp concentratlons,,opplmhm operatlng condltions including

P

temperafure. pH. dilution rate, 1nfluent substrate concen-

tration and recycle constants are determlned.

o - o

. .
a
-3

5 v ‘hapgfr III 1s a rev;ew of the most effective *

o

oOptllea¢10n techn1ques used in solv1ng a generar system - f

©

identrflcatlon problem by least squares. They include Hartley
?
?'s.MOdigfwé Gauss-Newtdh. Marquardtk Algorlthm and Bellman'

’Quas1linearizat10n. A batch fermentation of gg pgszdigg
v gul;ul °and a continuous fermentation of Morcggllgscgass;pes

-f‘are tnen partlcularly identzfled o L
o - s - GO
o .~
v -2 ° . <
5 ¢ [ [ ° . d
o 8 . u .
> . . ’ :
© o v -
o, ) .
. 2 © B o R 0
."‘ v o ¢ ’ i ° ? ¢ N

mathematlcai model derived in Chapter I“ From.these steady v

-



. ok 2 . ‘ . )
ing the batch process identification problem is then stated.

o
o
%

In Chapter iV, a general dynamic batch process

' identification problem is'formula€Ed.' Difficdltf in solv-

[}

“When the ﬁbder is-linéar'in its state vector, a tEChniQue to -

”overcome the difficulty is also derlved and tested w1th Simu-

1ated data and experlmental data from batch fenmentatlon of

o

puiiulan .. Based on this technique. an on-line identifi-

’cation schemc to update the model after receiving .data from

. ¢ 5 ® °
new batch runs ‘is proposed. ‘ cf {\' . d
. o S 3 Qo' te € ' ' ’ : "o
'f° .l A stochastlc model for a continuous fermentatlon
‘h—

<

procoss is developed in bhapter V. .1t takes into’ con51dera—

-] @t

-tion the measurement uncertalnty and the dlsturbances due to
> 1mperfect mixing of both the bloreactor and the substrate

,fceding ~tank. Based on the model, a stochastlc regulator

problem of effluent concentratlons is formulated and solved.

o

‘using the Separation Theorem. s o L C e

LI

. | Chapter VI is the concluding chapter.” I summa-

rizes and cqmments on the present research work and. suggests
futur® research: pTOJeCtS. )
.(. . o

>
v

e .

_ ~ The proof of the equivalence of the tiwo well- known
system 1dentificatlon t&@ﬁnlques: Gauss-Newton and Quasi— .

llnear;zatlonp-ls developed in-Appendix A.

. . , ° P
S -2 - & ’ p , \ 4

#Materials and methods required‘for;thE,9u1tivation

)
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fof’A. pullulans, the cxperimental data being used in chapter

" ITI, arc summarized in Appendix B.

In Appendix o, confidence intervals of parameters

and the bacfward rlimination technique uscd in Chapter II are

8 R

reviawed. N

Q

.

Appendix D contains proofs of the optimum linear’
rilter (halman filter) and of the scparation Theorem used in

chapter V.

~Finally, Appendix E"gives the Fortran iisting? of

some important computer programs used in thc thesis.

o .




OPTIMUM OPERATING CONDITIONS - o
° OR A CONTINUOUS i 0 OCESS N
- - WITH AND WITHOUT RECYCLE

<

The performance of a coﬁtinuous'fermentation process
depends on the operating conditions 6f the bioreacter. Based
‘on the knowledge of the process, an engineer must decide what
operating conditions will give the'best'perfofmaﬁce. The. pur--
pose of this chapter is to show. how such a decislon'can'be made
.when the performance is defined as the production rate of bio-
mass. A problem without‘recydlg:w}lllbe considered first,

fqiloygd,by,another with fecycle of both'biémass gnd.aupaﬁrgte.yr

e

I 1 Mg}h gggg M Qg;

' Prom Chapter 1, Othe mathematical qquations repre-.

senting a continuous fermentation proceae ar¢x
-

i

Fe) --[/‘t(t) - K - u]c:(t) o
. Initial condltion; u(to)- Qo - -

(2.1 _)'

b(t) = u[sI'- s(t)] - A(t)C(t)/Y
Initial condition: §(to)lf'8b -

4

(-Zn 2")




. i, Gy o :
1+ = + :

S(t Ky

Note that for notational simplicity a dct Operation w," haa

been used in place of "Q—“ and Y in place of YC/b

{ .
Fqs. (2.1) to (2.3) form a set of nonlinear dif-.

ferential equations which cannot be,soived analyt;cally by
1éla§éicallmethods. but can be solved graphically ot numeri;
cally using either ap analog computer or a digital computer-
with somv appropriate numerical 1ntegration .technique, viz..
kuler, Runge-Kutta (Haggerty 1972) In “most of modern digital
Acomputrrs used in industries or univeraitiea. ‘there are
”bullt-in' programs to solve sets. of dlffere;;%él equations
such as CSMP, MIMIC, IMAGE, etc.... For examplgi if csmp
(Continuous System Modeiing:Program) dn.éh‘IBﬁ-llﬁo compute:d\ '
is usod. then hqs. (2.1) ‘to. (2. .3) are represented as in
Pigure 2.1. If the values_ established tor a fermentation,
. | -1, Sp = 5¢ g/l.. = 1. hr’l, K = 0.
— : -

—-l.u - .03 g/, hi’“ &1, Y = .5, C, = +5 &/1 and S, =
[oF g/l. then the reaponaes of C(t), S(t) and.ﬂ(t)4prg ‘shown ;'7

process aré L = .333 hr

. on Pigures 2.2 to 2.4 (Note that these values are the same
as thdae used by Andrews K1968)) Pigure 2;2 ah&wa that
* blomass concentration 5(t) lncreaaed frou .5 g/l to

“reach" 1ts steady atate leV(l of 2.49° g/l in about 15 houra.,j

+

-

— e T
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‘From Figure 2.3, initially-.due to low biomass -in-the bio-

..Q‘,

N B b ]
reactor, the substrate concentration was increasing “then

e F

_ as microbes grew and consumed more substrate, the substrate

| concequaf;en decreased and after 15 hours ‘reached a steady -

ate level of 1. 5l~€/l Figute 2.4 shows that the specific

growth rate was 1n1t1a11y high and 1ncrea51ng due to low - 0
bIomass concentration; then because microbe population 1n—' i "

creased but the rate of. substrate supplxed was still. ‘the same.
k
~ the speclflc growth rate decreased and ﬁanally settled at *
< the level of .33 hr -1, _ e . "
* o ) N . ’ : b}

I ’ L] =] 0:

°° I.2 Steady State valuss. o ] . e
¢ ¢ : ‘e ; @ A ! o
: . o
The steady state value of ‘a function A(t), if it

a3 ’c: - R ‘ . < //' . ‘
. fe;isfs. is by definition the llmlt of A(t) when t goes to T L
”/ﬂlnflnI%y.,c T 2o L B ? ) ) R s -
. . . Agg = Steady state valge;ef%k(t)-? Lim. A(t) A
P R T ' B
3 . : -

e . c. ¢

) ﬂ;'Steady stat;.‘aﬁja/ﬁecomes A g & constant. that is. its;
D rate of chan fits derivative with respectftc t) is zero.
, In gegerﬁij/fiﬁis not easy to find Ag directly from its .
| defgbltlon because the analytical form qf A(t) is either com< -

plicated or unavai

< e L o B
//A/i// state value
. . » “~'A )

ever, it must be done with care since 1ocal maxima.

able. Thereforé. in p ce the steady . ;;: :
often found by Settlng the derivative equal to '

@ o

c




* uef

loeal minima and pOlnts of 1nflection may be. encountered whenh
: the derlvatlve is zero. ir o : .
‘g ) : :

Let the steady state values of C(t), b(t) anq,d(t)
be denoted by C and.dgs. then from Egs. (2.1). gg.z)i'

’aqnd (2.3), if they exlst{ they must satisfy the foilowing

equations} :

°

. A ]css=j_o AT 2

D(S; - S Mog ss/Y o . (2.5)

i
&’

5. | ' (2.6

- 88
Ki

*

. If Eq. . (2. 4) ‘holds, then either of the following must also .
holds S ' :
ot L @

Heg =K -D=o0- - .. R ua)

.
£
v @

. For ¢ "' 0, then ffom‘Eq k2 5)"w. = SI. These steady state
values are uﬂdésirable. the situation for which they exist is
'called 'wash-out" whexre all the biomass is being conatantly‘ f

: washed away and will occur ifvthe flow rate is set tge high.

i Eqs (2 6) and (2 8) giVe:/

-K-D=o0. . o<l

e
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. /tm ’ -e
o, M o i
Ssg +K (1 -5 +¢K)Sss + KiK§ = 0

o ’ - c

. .eK . . ) ) ) . /’r ""_’ - QK‘ o (',
3 __i ﬂm + < 'm . 2 SN ‘
bSS =2 (D "‘K--,"l)-—\/[D*'K‘-l) ‘AKI](Z.Q)

S

" For a rea;izabié-steady state , $$8

Sgq fount in Eq. (2.9) must be both resl and non-negative.

_must be meaningful, .i.e.,

" To achiéveithis. @he,folldwing cons}fainxs ﬁust bg_satigfied:

. . 3

w : K . : - .
(5“? = - 1)% - 48>0 . . _(2.10)
g ' i T L

m ‘L SR . - . .
gFgx - H =20 . S N (z,;l).

-l

' Cohbining'the two const:aints,together results‘in;“;-

- e

SN2 L — B .:.
B S I VN

s
K4 ° -

A W T '“"(iﬁé)
P

i.Fpom,Eés. (2.59 and. (2.8), tne‘éteahy'%tate value fgf.biomabs_

D %

. cohcehtratibn iss oo

(2.13)-
3,0L4ffpm the above equationglthe'f01lowihg constraint
;_ _sasisfied, L o '

—




S8y M8 20 . , ° et (2.14)
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In suﬁpary. there.efe’three different steady

2

‘ §tate pointsi . .
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et
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The first one is the wa§h~out p01nt. the second and thlra ones
were found by D’ Ans (1972), us1ng Lyapunov s 2nd method. t3 be
unstable and stable. respectively. Therefore. a chemogtat );uﬁ
should operate at the thard steady state point. (5355( UBSélw"%
ang- :the’ follow1ng constralnts must be 'satisfieds ., .~ o

S peLme PR (2:12)
R . 1 *MZ”KS/Ki. e '
L R L 42 15)
R P I 1" at ' B
- .‘_j___ ; h oy e m
Rl (ks \/‘m - D% - “*—]-* 07(2:26)
A o U o
, in.'iﬁ\?aqticoiar.‘5£~>dﬁ:,i,e-,'the specifik’
T I"fa,‘ ‘G"; : . N L




_ growth rate A(t) followé the mO?od(egugtLoﬁ. Eq. (2-%fi.=
I S IR

',H(t) ‘“gf%j_:_f- o . f . : _"”(2;17)

r ©
a .
=3

then. 1t follows from hqs. (2 1). (2. 2) and (2. 17) that there

Lls only dne stgady state point be81des the wash-out p01ntx 3

- & rd

. . @ @
9

"KS:(D+°K°) SR i .

ss A DK >+ .. - (2.18)
a e .0 m> * B . c‘.‘ ;"' . . ;a 5 ‘ L3 .
CYD(SL- S_.) = I L " .
. — L S§ 3 f. . ; .
s ° DK ' ~ ‘ _— (2.19)
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Sincé D; $ss and QS; must be non-negatlve. the follow1ng

cohstraints are meosed: , ‘ S
Do, Lo T (2.15)
S K D e T T (2.20)

’3"'3‘;2"0':” N ¢ 21)

I» -.. sSs . . . "- - . L ‘ . -

Note that Eqs. (2 205 and” (2’21) can be comblned together via

(2 18) to form just one consxrq;nt shownlln Eq. (2122)1
' ,,AgbI _— fﬂ( "‘)
DC;' _:"K_ i . ° ' c2022

® " e
La T e S .
°I.3,0g%imum Gpefgtigg ngditidns R

z For economical- reasons. it is. usually preferable

ER

B} to produce ‘as much,product and/or biomass as possiblb.A Sincef



sa

a

- product is. often treated as .a quaﬁtlty which is more or less

~and ending at timeotf; and the first and seoond‘terms_lh the

'right hand $ide.of the equation“are‘the amount of biomass: in

at the collecting tank respectively.

“proportiohal to blomass. mathematically it is de31rable to

maximize ° o S L,
. ; - tf . :mA i . j & ‘ :
Jy o VC(tg)* P Fo(t)dt . (2.23)
. - to ' . - 4[ -~

-where (t_, tf)-is the operating'ﬁef%odiétarting at time t,

r

the.bioreactor ai time tf and the amount of biomass collected

. 2

-]
)

In general. the operating period is very long, so
that the above optzmal control problem (maximlzatlon of Jl

subject to Eqs. (2. 1) to (2 3)) can be approx1mate1y reduced

[

"to the following nonlinear programmlng problemz

©

M’x. Jdo, = bogg s . : ’ (2;29)
subjett tos - ‘ ' 2 .

(2.25)

, (2.26),
(2.12) |

e




L20 | : _ . (2.5)°

K N ' % A K
. ir, - . m 2 S
S -z lEEg - v -\,./<u.+x;.l> - ;| =0 (2.26)

- . Tﬁe maximization'ofiJZ'is often done with respect
to dilution rate D.and/or influent substrate concentration .
-31'4 However, if some b?her opfimum.operat;ng ;ondrtibné. say

témperature T and pH H are also sought, further constraints
" must be needed'ta deécribe theféelafio@shiﬁ between the ‘model

1

coefficiénts'(%ﬁf Kgo kyo K and Y) and these operating condi-
) tionsj(T:ah&'H)~Such gs"Eqs. (2.211 to (2.31), U

R I B ey
£,(0H) R L (2.28)
LT H) - (2.29)
f‘h(T..H'_)‘ e ' (2.30)

Eg(mH) ST € 252

'The stated nonlxnear programming problem can be
FPddily solved by varlous 1terative search techniques avai-_
lable in optlmzzatlon l1terature (Polak 1971. immelblau
1972, vooper and :teinberg 1970) -

2

It is noted that from mqa. (2 24) and (2,25). to maximize JZ‘

31 should be chosen as- large. as possib;e. that is infinitive.

< . e




However. for a bloredctlon to exist and to follow Fqs. (2.1) * -

%

to (2 1). the medlum uannot be too concentrated. i.eu; the%e

13

}S ‘an ypper limiming valqe that bI udnnot-excged.

' For the oase where ‘the speciflc growth nate M(t)
‘ followa the M nod equatlon. hq. (8 l?).'then the nonlinear
’ programmlng problam encounter?d 1s to mlnlmlze J2 defibéd | o c:>
. by‘rq. h) énd subject to Lgs. (;.18) (2 19)- (2:15), |

© 7 (2.22).dnd (252?).to (2-1l)- After simpllflcation. it bécomes.

w
<

- -
-

: R .- o, H)Dz[p - a (rliﬂ
e 3y = R [ e,

&
M

"‘sgb{ject' tos

P
P b

:alkT,H)'."fé(TnH)IQI‘+A:2ﬂ?oﬂ)} | N e

A ) '.fiié;ﬂ)é \ . :i ‘ - , ) . -4?
a,(T,H) —r v - B, (TWH) 0 (2.34)

R L £
aQ(T'H) r (T'd) ' 1 (P H) :_ - o . - (2.36)

b o o '; © T (=as)

f (T H)b ;

b ) - ‘;L*'f‘rr"ﬂ %’0 N

, »hvn P and H are- held flxed. the plot of" J2 versus D is shown

&

in Figure 2.5. «hpre (T, H).,u (1, H). Uq(T,H) and Uu(T H)

. P

are. th? roots of tha followxng equation. o i ;~ " .

ey
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dnd pH H are. hel&~fixed S '
.



—= 0 S I . 2.37)

or arter taking the derivétive and then simplifying.

(1) 0 : (2.38)
DT H), 0y (TVH) and D, (T, H) are the roots of Q. (2.%9),

0 = 2lagtTi) ¢ a (T H)] 0T ¢ {ag (i H)a, (TVH)
= a (1 H)|ag(T H) au(T.H)l}DI
- :a,(T,H)a%(T.H)é“(T.H) -0 ' S (2.39)

4 - . ‘» . . .
dilution"rate should be chosen as o Da(TyH). Thus, the non- .

_11nedl programming 18 furthar reduced to,

| ay (T R)DICE HI LD (1K) = m‘.u)]
hax- 3 - TOL(THY - ‘aﬂ‘r. TT o) - auﬁ—'ﬂ

T, H . ; C(2.40)

-

cannot’ be uomputed analytically. Therafcre.‘the-opilmum

temperaturv T anu thﬁ optimum pH. H " that maximile J, defined

by kq. \g.uo) uannot be found analytioally either, However..

.numvrical searuh te»hnlques on a digltal »omputer can be used

"oto find numerlual aolutiena for the optimum tgnparatura. p

y 3
ﬁs‘axvh technigue (vooper and atainbarg 1970) 13 suggea

and di xtian rdtv. P . H ‘and UR(P .H ). Thv exhauatlve
for

maximxa1n& J. with rvapﬂyt to F and H, dnd the Newton—Raphsun
: e L g .

P (T H) is a solution of rq. (2.39) énd‘genarall§ ;o

From Figuve 2.5, 1t is clear that for fixed T and t1, the optimum - -
b . / . ) \



séqruh technique (l'olak 1971) is suggeated for uomputinh

UL (T4H) when T and H are given.

Mést of the aSafah techniques which—ean be employed
to maximize 9 with fnspyct to T Qnd H such as Flafchar-voyell
and steepest Ascent (AOOpar and btainbapg XQ?Q) require éompu:
tation ~ox‘ the rirst partial derivatives of J, witﬁ .x‘mme"ct to
I and H and produce only a local ﬁ%ﬁ(ium or Jq. .Fth ¥q .
(3‘40);1the partial dekivativas~9f J, camnot be computed
'exaétLy.or analytically owing to the Tuct thatfu\(T.N) cannot
be-computed analytically. Also the approximations of the '
partlal‘dqr;vat1Va§ by riﬁl‘h difference method gonsumes qu;te
a bithr ¢omputer time. [t ia the reason  why the oxhaustive
search teg hnique was subgpstad MoTrQover, slnuv the dlmeusiun
ef.thw optimluntiun pxoblcm ‘t's only two, and thﬁ optlmum solu-
~ tion is uft»n known to be lylng in a oartain small rabion(l e..

i “.
1mtu f b= maa ﬂmkn « 0 Hmax mln x’ Hmin and Hmax

grﬁ known; and r ax " mln and Hmax mln érevnot really
1afgv),-thc exhaustive search technique does not require many
cvhluaticnS’of.J“at Various v:Iqu of T and H.

3, ’ .

" From the axhaustlva aaaruh toehnique. the tampara-
tuxv-pn 1v610n i3 gridded a3 ahown in Fihure *.b Por avgry

Cardd poln;. hvvc COrresponuys a téuporaturn and ‘a4 pH, und hence
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a value of J 3+¢ The optimum operating tempéréturé " and pH
.H' are the valhes of T and H which yield the highest’value }

of J?' and’ the optimum dilutionh .rate. " is caloulated as ' -

<
o .

‘)—;(T H ) ’ - : B
v v ) R \
. Note that in order to determine accurately tﬁe | ‘z
optimum‘tomporature and pH, the grid temperature interval and
the grid pH intorval should be significantly small That is, ir.
one may have’ to compu;o Ji,many timps. To reduce the hu@ber '\ .
of cdmputationé. the grid intervais:ére first selected to be -

¥
reasonably large. Rough T and H arQ then oomputed. A new

A

gri& is fo?med‘around the point (T H Y, but now. with émallef°

grid 1ntprvals.. Better r* and H are t en computed | This B

’search techwique (uOOpPr and bteinbers 1970). TE: N ton-




-

'an O(T H) is 1n1tially chosen. as au(T H)/Z.

" - The convergpnce value is then considered as D (Tsﬂﬂ

) .- - - s ' A °o P P '\/"' .
(2.39), to guarantee that ﬁj/;;/;ound 1n;::§a\Q£ Di(T H)

and Du(T.H): the ini
o¥ the Newton-R on technique) nust bé cloge’ to D (T H).
Fron'Figure,Zf;,' u(T.H)/Z should be eignif;cantly close»to
d should be chosen as the initial approximation.?
the Ney{on~3aphson‘technique{ the Value;ﬁf.D3(T;ﬂ) 1;~~:=
:oﬁnd as°fo%io&sc . |

Do (T H) = qO(T H) - €T, x))/--—m“‘---l

@

.: 1 ’ (z.ulj

<

w

wheFe f(TiH,0). 1is the left hand side-of ¥q. (2;39).

£(T,Hp) - D) - 2[a (™, a) + a, (T, H)]D? :
v {’%a.’(T H)a, (TH) =.a (T, 4 [ay(1H) + a2 N
col e s 2a,(T H)aB(T H)aa(l‘ H. T (2.42)

The value u (T H). found in Eq. (2. UI) 1is, then used
as ‘the new DiO(T‘H) for the next iteration.” This procedure is

repeated until. there 1s no significant difference in D: N(T H)

and L O(T H), that is until some test of convergence is met:-

o !

< - 173 .

There are many convergence tests that can be used

%
I“wo“"“) - Do (T H); m(] Do (T, n)l *

14 ? A

(bPe uhaptor ;II) . ,q (2. 43) repreSents a very popular test.

approximd%ion of D (T, H) (reqy ired o

4
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' - L]
- \ >
- .

* o .

say 10-4 The small erN

4 posxtlve ‘number,

“ com S ’

>

he Newton-Raphson technique is 1llystrated 1n Plgure 2.7.

tn litérature; the coeTficient K = fu(T H) is very.

. oftén négl'eoted. When thls is acceptable. the problem can be
further ‘-simplified. J2 defirmed" :m i-,q, (2. 32) 1s reduced to Ju.

L3

S al(T H)p[D - a (Tiiﬂ

-, ’

;eé.uu)

zl‘_ T -

when T and-H are held fxxed. ';he plot of Ju versus

. o Dis shown in Flgureﬂ?. 8 where u ('1‘ H) a.nd D6(T.H) are. the :

“e
B

roots of kq. (u U5). o o . o

<

Z(T.Hi]/hu(T u)} - .

- S (z 46) . e
; - . d AR
‘F;“’(“FH) - a‘(ﬁ‘: /a (r H)J’ T
R \ LI gl : V[u‘ ':' ';‘. ZJ)})]' . ‘t ' " .. g
T e ; T ) T (2.47)' S

1t is clear tnat/f;:/eertaln:fixsd T‘and D, . .-

S(To}{)‘
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i ;: tloned in bection 1:; and the temperature relationship preéented .
by T#plwala -and blnclaif. o “7i.fiul* r“'?QT;T*ﬂ“QLW'. e e
2% TOpiwala and binclalr found fhat the model ooef- .
U 1c:ents do not really depend on tﬁe operatlng'pH and aré

c ) ‘;3_5;.1 -:, ”J'{ fn(T)‘ . 2 ?o x 105 9090/RT ' —l) (2'52)’ . |

n

- R - ¢ ] . ?! ‘
L. o - ° . - . .. X '
o 7m5x.(q54, al(T.%) Dchﬂégpf(: ?; ;)az‘f “?] (2iu8) -
t ' TIH . ) 4 . . ) . ‘
R where‘D (T "H) is deflned by hq (2 46) - R
'Q . - % ’ : - . . \ . A ) ) )
IoLFE)‘enlgle e ) . e \ R 3 ' .: - ‘ ‘
- L Topiﬁaia'gndlsinél.' j(197l) bfeeented a ¥emperature

relatlonshlp for a cont uous fermentatxon Qroeess of Aerobacter

aerogegeg and stated that the relationshlp can be. used to 0p~

N tlmize prodqct on &, biomassl HoweVer they diq not lndlcate
< . . . - :
atlonshlp could be used. xs an example. aq]'*

<

b OQtlmum temperature and .an optimum dilution ngte amre determined _

fpr the fermentation of A gerogene u31ng the technlques men-;

-:'.'4 i‘ related ta the ppera&ing temperature by the following equatlonsa.i
=L ,f‘f,:’ ,_ ‘ﬁl_: T ”Tb::q ” g 7 S
1m a£(D) = 2 uj x 1010 '“ 1“239/’“1' (HrT 1) (2 u9)
3"?f' f:é;x”, _-Z(T)g 3 go x'ld~10 : 11800/RT e/t i ‘2.56)5 '
S 'k-ﬂ~ r31T> -0 (g/l) \‘“"’f' ‘ T;‘f C ey [




,\ (Herbert 1961, Ramathan ‘and . Gaudy

L4

'
b
[P ]

g

< q‘/]
_; . ,.:J ) . . N ‘ -
Y ?‘f5(?) = .5 (unitless) . ' . : ‘ 12.53) '
(‘cwhere,, , °' ‘ L . _" . v .

“R = The gas constant,- l 987 (oal/mole k) - - . .

.7 - Temperature in helv1n degree h) ¢

For - varlous~1nf1uent substrate concentration, °I'
a- summary of - results is shown on Table 2. 1 - From" the table, §

“it is noted that as the 1nfluent concentratlon SI 1ncreases.
-the optimum temperature should be decreased and the optimum R

dllutloﬁ rate shoulg be Ancreased to maintain the blomass pro— -

©

',fductmon at max;mum ’ Alsor the.ohanges in the optimum tempera-
jkture ATe very small and for, practrcal purpose. the,pptlmum
.temperature .can be taken as 36 S Furthermore, i% is more~ ‘///'

‘feconomical to operate at higher influent aubstrate concentra-

-J° tlon bI (1f bIAls douGIeﬂ:rJzzz D Cg is more than doubled)f
- ‘. " N 5 ' ' L /_‘ .
'For. a g;ven °I' say Sy 3 g/l. the plot of J Yersus

»
.

’ :T;?B;%hhwg_as Figure\z .9 and the’ plot of J2 versus D for\\\
T4 36.07% 1s\shown as Flgure 2. 10! o T N

Theoretical ang, eXperimenhal studies of the prob&ems_

!

' assoc1ated w1th blomass recyCIe havq'appeared in tQp literature

_.‘ 1969 and 1971) Inbthese',

1

. 4

papers, howevér. llttle hasebeen §aid about\the optimum opera—

-



®

Table 2.1 Optimum operating temperature T ’ Optimum dllutfbn

rate. D

steady state substrate concentratxon sss, steady

" state biomassfconcentratiqh Gss

production per volume pf the bioreactor J"

‘and maximum rate'of biomass -
* \ ‘

= U °gs s

ievels of the influent substrate concentrationsI for a con-

o

at various

tinuous fermentatlon of A aerogene u81ng the Topiwala-

‘sinclair model. ‘ o “
51 . vt b D?(T ) “ss “ss ;  D.“
| Co | wrh e |en {&/1/m0)
1 36.80. .708 024 i .033 _.021,
1.0 | 36.22 877 - ].089 | .40z 352
2.0 '32.‘1.2 901, 129 ! 828 | s7M6
3,0 [ 16.07 911 .160 1,258 | . 1,149
4.0 | 36.05 918 - -186 1i1.69'z ?1.553
5.0 1 36.03 w922 N\ <208 [2.126 | 1.961
110.0°.| 35.99 4933 45«@, 4,327 4.023




Figure 2.9 Flot or the ‘pﬁ"rforma.ncé index 3, defined by

'Equat'io,n‘(ér.'uo)'ver'su.s temperature T for a contir}qqus

fermentation.of A. ae’roggn‘es. using the Topiwaia-sinciair

mOd(’l. i . o . - .
PR - L . .
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' ting condifions; In this section, 4 more oomplete thepretical
'int?h{%gatlon concerning the optlmum Operating oonditions of
a eontinuous Iermentation process with reoyola of both bio~

mass and bubstratc as shoun in Pigure 2.11 will be considered.

11.1 Nathematical Nodel

Lt L o R
. ‘ :
R (<. 54)
SLit)
2 = U
£y = 7§T—y. (2.55)
vl \JT t ) -
;.SR(t) X
T 500 R
.4 . ' ‘ﬂ.[ ~1‘
. . ' }.‘.\.{
,\L\ - 1l ¢ N = -\éc . (2.57) :,
Ag = Lo x50 7 ° ‘.‘“ (‘.3:58) .
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Only thg third steady state point (b bjssl is’ the‘des1r-‘
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OF, Table Sl dne wili'rﬂaliivhthat:_

. : Coe
.

- wtth rncv~1v thv rate of produ tion of b{oma\s ha

hénn incrrasad alﬁost D timoes: \l:h 0 vnrqu* uvo Yo

? .

~. Wit reeyele one can opnratv the dilution rate at the
~ ~ e . » ’
Covalue far hrﬁarv\ than the maximum specific growth vate (i N
S hv'.‘%l vvrsu¢ fm S8 he '); whvrvu without recyaele

kh: dlution ratv must always be. smallvr than the maximum

rrct:tk hrouth rate as ~wwn 1§um ‘4. Lo Uy or (_.:,)

"

‘e - - * .‘lAu

:' ™ nmcludc thi\w.\‘h:\ptvr ﬁjNhou]d bp notpd that )

P

all 'of theatove dvrivatiﬁnq-wﬂr done WltHAfhﬁ acﬂumvtionﬁ-‘

«

that ihv‘hidrvaotor 1S vﬂrfﬂctlv mixéa. the olaririnr = 1deal

- LAand ihz waﬂvt a« wnll as the. mod\T“QOﬁff‘oienta Are known

- / ‘
Coxactiv, howvvrr. “in praatioc. the bior'actor hay nat ho

n&rf«étzv‘mignd. the clavifier

A%aly thére is ‘
- 18 loss of ma&:ii:is R
.omoly dlffleutt to lntainv

A and fk atl ‘nnatant 1rvcls narti&u}amiv dnrin& the transiant

b

Xannmot be
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,rr.oa (hamanthan ani “aﬁdy ‘ lofl) rurthprmcrn, it i1s,
.1' . in hxnﬁra,. }Mpoaaiblﬂ to f;na A, med¢1 ineludina its oo«f-
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- . ARe eaper m@uta; optkmum operating vdnditions are not necessary’
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41 the Ia:;t'wsvvornl y(.n s, much interoest has

Heen devoted to the study of modern uy‘atrsm thvory AN f
L n::svntial-inmn \xivnt of many modern systnm probloms is the
£ . 3

toquir ement to avcampllbh sy ‘tem identification or modolxnp
-F‘s_‘_‘_* s

A nvxlnrn hrrv"aydtﬂm identification ‘or modeling i thv
rrocess of d-tgrminlnb a diffnreﬁ&v‘or differential vquatiOn
(or the LO‘iilClﬁnt parmmvtors of such an cquation)-such that
it'decrrbos a rhysicgl process in pgcoguancv with“some pro-

* determined eriterion ( Sage ahd Nvlsgﬂlgzlb).

' ‘Thnr* arc mxnv aY %;(r&u which one frvquvntly TR T
v such as lfdot 3qu&x'u, maximum likolihood maximum & Qgsjo -

;gz;.'and mxnlpum' variancc. lHowever, hP most wolloknown
‘ Y A 3 . : :

1nu oim}llhi critorn is lecast squares (sage and helsa

‘lwfla; Gflb) .oazt squares was first uscd by Gauss (lﬂsz’ﬁ\\;,,/

and is th-'auhjv¢t of this chaptir. For other criteria one
¥ , - .. - .

|~

can consuly inx; hooks and survey papers such as those writ-

ten by Sage and Meolsa (19713. 197lb). Mnndvl (19/?). Rykhoif

4

1oed) and fmtrom and r‘y}shoﬁ (1971 K
g {7{/—~\\‘ . .- - ) 1 . .
~ L - Fir%tly. ‘the atat«mant 01 a gonvral syetgm iden—

T . tixi(aggon prohlﬁm by 1caat aqunrts will br mathvmatically

N ) :
- - . e {

wy R -

* e




£ ,
fofmulatvd.' Thén. the most efrn tive optimization technlques
‘used in”sol#ing'th( Ldantificatl n problom will be reviewed.
And finaily. as illustrative examples, a batch fermentatjion
of Aubcobasidium pullylans and a ontindQus fermentation of

MQ?ChOllalcrasstbs will p; identified:

1 STAIEMENT OF THE PRUBLEM .

. In general a dynamic syjtem can be represented ]

by the following state space model:

o

im ~ f(x(t)eu(t).a, t)

(3.1)
¥() « g(x(t)iu(t)ia,t) (1.2)
where, | ' "
. ult) = lnput vector at time t{l .
| ) x(t) = ufate vector at time t.'
- . jykt) = Ugtput vector at timé?t; '
- Ta = Unknown constant parqmet}r,vector fo.be 1qen-~

tified,

-

‘hnown wector function of

Y
"

(t)s u(t). g and '€, . .

£ = Kknown vector function of A(t), u(t), a and t.

e

- suppose the input vector and thn ohpﬁht-vhc%6f-can

bv mfaourcd during tho time interval (t t‘)' Let the mea-,

sured quantztira be dnnoted by ym(t) angd xm(t) respectively..

’ Thrn. from the criterlon of loast squareé the identification_'

Jwe
Aty v
o . ; -

s"“ ST {




matrix for a11 i. “Fqs- (1 5) and (‘ 0) rwmain thv Samv ‘k;, ?’

.-k

‘ ..

a

"For.a riven QJ x(t ) for all.

. ’ ' % PR
!‘
. . ”r
Q ,-V;‘ &
. J 4 ) * g .
. ‘ b - 2 ' . .
problem is to find ~ - . .
r' Q { :" [y .
¥ DU , . (3.3)
x(t ) 4 P )
so thut e . . 3
, by o T'. o - ﬂ. ' : ' fi
o o=} ( [y (t) - X(t)h dt . © (3.4). )
L ,jt -, ) V(t) ' . T i . i .*»
. v, 2.t : ’ A
. ) o : LT T ' B
--154unminimum.'SuijcthtdfthJifolldwiqg pﬁuatioqs: g "ii'; e
) = Lx(thoyylthiant) - (3S) f
RS ) P ¢‘“
Y(t) ~ u(é(t)dl(t).é.t) . ’ - ' (? 6)
.whor j(£f is a khown . symme tric, p031tivw definite. weightinr
ﬁntris Iunction. . E = ..' A c e ? f‘ 5 .
lf ddtd can” only be measurpd at dlscretp 1ns§5nts e
fi for i = 0,1,...,1 in the - 1nt€rVa1 (t f), whigh 15 oTtpn
. . 4
. the case, then kg. (7. ’+) is repla«,ed by Eq.. (3.7, " . <
: Z:uxm(t ) - x(ti ﬂ ST 4
O :4 . ’:. P . ';‘?"
. . - © N N . e . L . s . o ' ﬂ. £ "’/’};Q‘_
; whhr'.lr is d known. symmetrlc. posxtxvo deflnito w@lghting e
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. ‘.;ﬁ_ ¢ A . . . X B . 3 -
. '. S RN
R AR Loo e o
(Hagg@rty 1972 btafk 1970) which requirea values of um at
1‘various times 1n thé interval (t ti) - Per the valuea of /;
?5’_ - gm whibh do not.gnrrespond to time t, l’ veny titone must
-ﬁiﬁ find’ them by using some proper interpclation technique (yag-
' gerty 19?2. btark 1970) Llnear interpolation is often found
. "suff&CLently aegurate and. 18 based on the following equation:'

x(t ) for all 1 are assumed to be due to white Gaussian no%se

gm(t)

!m(ti\’

.w;‘

3

t - 23

til"ti

for ti « t &

-

ti+l

.

[,_mttm) - ity )f (_3-.8){‘«.;

¢

-

&

Note that if %he difrerences petween{xm(ti) and

-'with O-moan and (q‘zv1 )-vuriance and the rest or‘variables -

[t

J'

are asaumed to be deterministic. then the leaat squarea cri*f'

terion is. equivalent to ﬁhe maximuu.likelihood criterion .

(Fishar l932. 1925: Sage and Nelﬂa L97la) and ot ‘each element ,.'

’--ot 9. an approximate,conridence 1ntefval (nn 1nterva1 eatimate)

,can Qe computed and an qpprnximate P—teat for signiricance

' can be carried out (Appendix,ﬂg,

. .o

.

Q' B

+

.r

AN |
o

f_solﬁe the rolIowing equation;

-g;.':

-4

.
2 -

P

4 A

. ""_,,.:»13 9)

."_,

P e
Lt s

By classlcal calculua. tp mfnimite s. one,husﬁ’

rs

’7.,
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wt

‘s‘\\ . . - . <

~.

,’gz solved analytically in terms of 9. Therefdre ds/de qsnnot’ -«

. . — )
" in general be represented analytlcally in térms of . More- \\;\

‘_”pan be cOmputed using cla331cal appgoachas.
*‘-1 , . -

- g N N

Thus, 3 modern optlﬁizatlon technlque

’

employed to minimize § defined in ?q (? u) or (3 ?). subaect

4" . AN

to Fgs." (3:5) and (3.6)., e

] .- Bard (1970) has reported that the hodlfled Gauss- |
,Newton tvchnlques (Booth and Peters&ﬁ 1958. Harﬁ}ey igs1, A
Astrom gg_g; 1965) 1nclud1ng marquardt s modlflcation (Maf— ‘”h;:?;
quardt 1963) are the best among the" ex1st1ng 1terat1ve grad- .o
_ 1eﬁ% search technlques for solv1ng nonllnear 1east squares . ‘y
problpms. The follow1ng is a review of theSe tEchnlques as a
well as Bellman s Qua3111nearization technlque, a very po-
pular fbchnlque whlch is dlfferent 1n approach but  can be
shown o be equ;Valent to the Gauss—Newton technique in

Appendlx Ae Ty

Q' -
- . - . -
N . s 3 .. . ] : . N
4 1 . i ’
. . . . .
B PN L L . . . . g
= . o o -
> . . A . .
. o . - - L. - ) ! .
- - A Ny . X ‘\1“ L e
R . H . - . N
. ) . . . ‘s -

o ”  . The Gauss-Newton technlque 1s’an 1terative Search

- LS

P

,;// technlque.,xn whlch a sequence {Qk} is‘generated. The first ‘?iﬁ
R _yelement of the sequencg\g must be supPI\EQ. If the sequence '

'oonverges then thé converged value is a local minimum point

L1

';agg the.value,of S at the converged value 18 & local minimum :‘ A

L
)
]

T e,



]

- J— F Ry VRV S o—- \\

To ensure that.a global minimum is beIng\found. varlous :

- -
'\.startlpg pq;nts for e must be tried. If the startlng polnt
a ._90 is close to a’ mlnlmum p01nt, the Gauss-Newten techﬁlque :
. . ) ~
should give- very Tast convergence (quadratlc convergence). -
' otherw1se 1t~w1ll osc1llate op even diverge. . .
. . [ B ) . ) . ¢’
] From the Gauss—Newton technlque, at the beg;nnlng
. of the, (k+1) 1teration.'§k is kncwn and @ _, is ‘computed
«™ _:.- ‘.’. ) ',
 as. follows. s,defiped.in;ﬁq..(B.?) is expanded arqund~§k ‘
to'giv',ef . 4. : e e . . : -
. l , ., , > I rE . ‘ v .2" .. .. o ) " P . | : .
R S=%Z:p<t> -yt R
. \ . _ i=0 .. ;
L L L 7 I P e . . :
L dy(t; ) , SO
L - Z: —t] £x(t>-mtﬂ N <
' o 'l.=0 ‘ : , L 2
; Ay (t;dyp  Qu(t - ’
+ 45001 ) [+ [—5 (3:10)
“11-0 a¢* de -
‘ .
. o
. or, . . .
- : . . 9
- I H (t ) (t : dx(*[',:L ]ge S ‘(‘3 ll) :
R X - L 8 N 1)
N - 3§m P kLl. S

-
s

: whcre x(t ) and dx(t )/déT i 0 1,.. ,I from both Eqs
(3 lO) and (3 ll) are computpd at'g = Qk' and

.9‘%*5x - 'ﬁ’” s -e5‘<e63“‘



o the Taylor series expan31on ‘of 5. The bteepest‘MeSCent -

Note that the thlrd term in the nlght hand s;de

,: of bq. (3 10) is only a part of. the sécond orde;\gs\\s in |
technique is approx1mated by only the first two terms (Ilneafw\
ﬁ terms}. whergis the Newton-Raphson technlque would include
all second order, terms. ' PhegGauss-Newton technlqub requireé
only the terms contalnlng t;i'flrét derivatives of y(t;}
w1th respect to @ at @ = =8, - Phls is equlvalent to the 11- k

npar1zat10n of x(t ) arouna e = Gk as seén from Eq. (? i1).

;. - set the,derivative'qf $Ldefined by Eq./(3,19)'with'A'
respect to 8 eQua%w;o;gggg;—tﬁen from Eq. (3;1'5,A . A
=0 ST *(3.13)
. : i
T ‘ ' g Lt ; . - -
or from kq. (3.10), - - 7 - T ‘
.- 1 : ~ = S
- dx(ti) T - a°
SR ;[ GT'] ¥l (t5) - x50
i: x(ti T‘ dx(ti RS
' J [ ] 1l an®0 - (3:1k)
' i=0 de " Qk $. ;;_:"f«fv-.i T
) o‘—,:: , .:G;,:gk‘
Let ‘ 'a """"‘_M;_.dr; . ‘o b
) ‘Q dx‘t,\) . o ]
oo S Z:[ : " {3.15) .7
. h " 0'_: i" JI’ Qk




’ (- | '
ay(t; ) S
- Z:[ ]y [xm(t ) - y(t, )], .. (3.16)
is , |
. L ENICEE S
¢ . ) 8 -
' ~thcn. 1f ﬂk 1s non31ngular. dq. (3. 1&) glVPs: T
'#Sé’ - -1 ’ . o (2.17)
. . =~k T H’k gk . : T \ AR
_éndﬁthe §§lue_of 8y,1 is compuied as:

-,

Notp that Hk and gk are the Hess1an matrlx of

.5 with - terms contalnlng second derivatives being’ 1gnored

-.and.the graalent voctor of s both with respect to [-] and at

;6 = ek : If contlnuous data aré\availablp that is Fq..(} 4)

. 18 used in placp of nq. (3. 7), then 1nstead of Egs. (3 15)

and (3. 16), h and gk will be deflned as;

tr -
. dx(t) : x(t) S,
B = |, [—5 ]T\_f(t)[ ]dt (3.19)
Ty ue ag” - o
° . ‘ &= 8
: dy(t) o » L
g Q.= =~ { [—= ]T-Y("')flfm(‘t?;' x(tiat| - (3.20)
e | §=8
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Ilcl élgorﬁ.tm . ‘ -", ) . ‘ e .
The follovn.ng is an algorlttﬁn using the’ Gauss-
v "

o ' ‘ 4 -
1. m lrutlal approx:.matlon e 1s suppllpd either by

+*

Nﬂwton tschm.que :

guessihg or by some approximate’ technique. Let k.= O..

2. Compute y(t;) for all i at @ = @_ from Egs. (3. 5)
and (,.6) usxng a numerical antegration tech.nique such as'
. suler or Rungs-hutta (r{aggerty 19?2) If the. 1ntegrat1on'

technquue usod requlres val\e\s of u a,t times between mpa—

4 ..surem@nts, then an’ 1nterpola ion technlque can be employed._ '

7. Computé dy (t5 )/de for all i at e 8, -. This can
b@ done/\by using a flm.te dlfference approx1mat10n as dns-

cribed by q. (3.21),

-

d}l(ti) ’ ' ' '- )
d(QSJ (9 ) [X(ti 3 - X(ti_) " ]
wﬁé;a S

(8)5 = The §™* element of vector o

(_e_k)ji = The 3“1 element of vector 9—):' : rJ'

‘X = A small posxtive constant. say 10\5\

: _ .

Aj.gk‘ =.A vector w1‘th 1ts j-: elaméﬂt equal to u(ek)j' while

thp rast of lts elpments are equal tc zéro.

.
r

ju, ,omput.e ﬁk and gk from hgs. (3 15) and (3. 16)

'
E 4

19!
.o



@

f5..,ompute thﬁ Gauss—NFwton step 59 from ,q (3.17)..*

: éﬂk,ompute Q 1 from aq.’(3r18).

k+

<

7; If_a %ﬁét of convergoncp mentlonpa in th@ neT; sec=

‘tion, section’ III is met thcn go to stéh 8 Ctherwi .olﬁt

ke (k& + 1) thenr go to step 2. B o

3. stop. « The converged value g, ., -is then a local mi=

nimdm'pOint {not neC@qsarily a.glpbal minihum poipt).

L S For a glven startlng point 8, thé‘Gauss—Newton

tcehnlqun does not necessarily praduce a converglng sequence

Aigk}. Thus for a practlcal computlng purpos . another stop--

[

" pinag test 1s needed. bay. in- step 7» add this sentence:‘

- stop after lﬁéiteratiqns.‘

.

TIT :crviEncxN_;z TESTS .

If convpryencé occurs, th@TSﬁquence {géi ﬁill-

’ gpt losrr and closrr to the convergpd valup. In gpnpral

"itiwlll take an inflnltn amount of tlma to raach thp COn—

ivwfﬂndnualue. rr'1*1:=r‘efo:t:'e, from a practlcal computation point~

. the saquence of thﬂ sum of squarps {o(é )} "',-"

‘a

of view, a convergenCe test is’ naeded. The two most fre-'

of thr paramctero¢ector gk} and test for convergenop of
-

'-j quﬁntly uscd tosts ar¢¢ test for convprgnnce of thn quupn ef
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III.1 fest Por Convergence OF {Qk?' _

) ' . = . T .:,‘.- “ ™~ .
. th . : ia

4 . At the end of the (k+1) = iteration, 8,118

' " M 3 :“-- ) ) -
acceptrd as a local falnimum ‘point only when;-

T - for all i - e
“whrre, o N D

¢

%y and ML ; rrsprclflrd p051tivrrsmall constants. say

107%and 10 lo, |

(eﬂ.)i and (9k+l)i = Phe 1?9 elements of vectors ﬁk and-

z§P+l rcspactlvaly

'lf-ﬂhould be noted that when'ﬁ is very saﬁéitivq""
to &, 1t is ncchSary to set ol and Mé sufficiently small

zo cnsurc a local minlmum,.the convergeduvalue of the sequpncr

{s(e )} is raally r@achoq.,

111. gt Por. ,onverge309 Of a(ﬁy)} o S

| ‘?or the test of canﬁrgonCe of the sequéhcé.*'
‘{a(e')}. 1t9ratlons Cﬁasn and Qk?l is accepted as a local - -

‘ minimum lent only whnnxli-

r%(ékfi) —‘u(_ek){ °‘1[s(5k’ «a(z] . (’3.‘2"3) "
,“,Qhére"«l:ahd;xz are dnfiged as berorﬁ (apcyion III 1)
s "::'.‘ ’ %- -.A‘ : ’ . : ot o - . 1‘ N T "~1,, .
‘, ..
. | -
& '



, )o N
It should be noted that Wh@n S is not sensitiv“'
to &, it is n@ccssary to s«t u& and xz sufflc{ently small

to éhsurh that a local mlnimum point . the convergpd value

of the C@qu‘ncp {G 18 also reached. - - oo o

H(-frfrrad to':-,q's.'* (*.22) and (; 23 ), this test
rrqé1rrs only one comparison as comparpa to many comparlsons
. .required by thc previcus test. Phﬁrﬂfort thls test takns  '

less cowputpr timr Hownver, in some instances. 1t may
‘ﬁroducc a falsr mlnimum as shown in Figbrs 3 1. In the |
figurf ‘u(e ) and 508, Q are apgroximatoly thc ‘same, that is
they satlsfy the convergence test dnscribed by kq. (2. 22).
‘hcwovcr b(9y+l) is a false minimum. ﬁbt a true minimum.
rhus, care must be’ exerclsed when thn test for coanrgancF

_of the quuﬁnn: { (gy } is bﬁing uspd.
Another convprg&nc‘ ‘test whioh one. somettﬁ"ﬁ
_ ﬂMploys is shown as iq. (3. 24). R ; _ R ‘

Yoyl -ks[ 1(!&,11’ Fy t/zw

..; -

-

, E'whprr «1 and . ué are defined as before. Hgkland ”Qk ltarn tfﬁifi;;'“
‘ unlldpan nonms of 9k and ﬁk+1 respect1Vely. Thie test may

L]

'also producp a falsp minimum A8 two different veé%ors may i

’ havn thr Samr norms.‘ o ;.,
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o ~ontour, locus of
' IR ' @' such that'
coh s 5(8) = constant
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“giégg 2 l Qraphical lllustration of a falsp minimum
producﬁd by thn tﬂst of convergenCP of {“(Qk } 4h a twoﬁ
dimpnsional spdca (Q EB _]), “ o jaf



.rhéwn 1d¢as in optlmlzation l;t»ratura-. Hartley s reduction

-1V hOUIFIED

ﬂhcn thr lhltlal approgimation go

from'a m;nlmum Joint, - ths Qauss-ﬁrwton scquence {gk‘ may

is far away.

divnrpf To modlfy thf Gauss-prton tachn1qun and to en-

»

large thp nrvlon of convrrgrncr th@yr oxlst two well-

" of- st#p~31zrs (Hartlpy 1961) and marquardt's incorporatlon

ithh thﬁ ut‘ﬂppst ufScfnt trchniun (harquardt 196 'omlth

Jrs and ghanno 1971) jHote that the nglQn of convargencﬁ

“ such that the sequencr {QF} will convnrg@

18 the locus of all.values of the¢ 1n1tial approximatlon 9

V.1 }'fartley;s-a-édbct;on of ptep~uizes

-

. . Hartloy found £hat nonbonvorganca of- the Gause—.

[

.. . . -~
\ﬂ-ﬂrwtonnwﬂqupncp { k} is often due to step—sist balng t00 -

g

~iégé?‘ rataintng the same @tﬁp-dlrpctians and reducing step-

sizeg in a prOpFr mannﬁr'would enlarge the reglon of con- .

vnryrncb.. According to Harﬁlﬂy. at th@ (k#l) lterdtibp.””

.1nstnad of ch0031ng 8. .- as in dq. (3 18), lot ‘ .
~k+1l. . :

” N - L]

4_§k+1"= 8, + 5551: S S -'.(3-25)

'whorA-ﬁ ia a real eonstdnt lying between zero and unity and °

'uurh that it mlnlmiz¢b u(e o+ @56 '}. That is,

.
. L : ! : .
[ . % -



(e, + F58,) . s(8 + 858,) T (3.26)
' ¢ B e oy E

~ ‘ <

*
An illustration 8t Hartley's modification versus .
the Gauss~Newton ‘technigque in a two dimensional space is

4

shown on-Pigures 3.2.

minimiz{ng 5(§K + §§§k) over g for eéch iteration
is,fim@ consuming, thus Hartley also -uggesterd a mpthQCto
annrobjmatﬂ g? uclnf a QJaQrdtl° interpolation: gassing‘q
ndrabold through three cmnts corresp‘onalng to (S:.O.- §=3

'&ﬂd,@*: 1 ana then selectlng an.opﬁlmumvp01nt. This'reéults{

in Bq. (7.27), T

S Y N N N N0 ] L
/(o0 - 28y ¥ 388,) + o(g ¥ a,_ekﬂ- (3.27).

‘ .

qu¢vrr.‘it is sometimes found that, as shown in Pigure 3.3,
6* computpd from =q. (3. 27) is a maxlmum p01nt rather a ml—'o
_nimum point gw1th rospect to the parabolay. ;n gonaral, to

slmplify calculatlon. one may Ju&t let @* = l,},,,... until

O

g(§y+efe)éb(e) ' ’ : .

Note. that Hartley's moﬁification is similar to
[

Athat of Booth and Bpterscn (1958). that is, retainlng the

stap-dlrcctions and adjustlng step—81zes. Neverthﬁless.

o’

the s workers allowed a step-size to be greater than that”

__ojhggﬁif possible. “mmj' R if‘° o " M' .
. ) .. s - . . " L \‘ .
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A R - . 1V.2 Marquardt’ , _
Yo U+ ¢ Descent Technigue =~~~ ... .
ST ~N . . marquardt (1963) found out that nonconvergence -
' ' of the uauss-Newton sequence tgk} is frequently due to step—"
3 dlrectlons.' In many practlcal problnms. he observed that
- ™ ' thF Gauss Newton steps ;§E‘almqst perpendlcular to the steps
AR dsrlved from the btegpest UeSCGnt techn;que (uooppr and '

| "-oteInberg 1970;. ‘an’ Itﬂratlve.mlnlmizat;on.téchnlqup whleh
- - . - (
CL prov1des a large reglon of convergence, but hésl' ‘a slow-,

- T ragr of convergencs. harqnar@t”s 1dea 1s to obtaln the best

) 1) . T of thp twc technlques by 1nterpolaxlng between thp steps .
CLT Q}j;gf"derlved by the two techhlques. e ;‘_{ R 'f'ﬁ

e ® i‘ ‘ S‘ & . i * * > * " . ‘ e : - . . '\”' "

« ". ) . "‘ . \ ) .

Tl e e e From the btespest Descent %PchleUP. @t the

Y e (k+l)th'1t¢ratlon, the- steqpest usscent step 59k is chosen .
JERS » .. . ~.A' ., ‘ - . o, , . 1. - "h.. bD ” . * )

.. "" L ‘,' la,s,: ‘ ., ‘ - A ‘ ,ﬂw_ "; L ., o : , . .‘- :.' . -. w.’. .
' »E " ) - R 1 . s “ - 2 .
‘- ! T8 =Ry ‘ .

. S0 ST . ' ]

P N C : ) ) s - ’ . e
. ‘on, R y ‘ % )

‘:' l: I * ‘ . : ! --“ . :?"4 h,-l»‘ -" s "‘ . ¢ 0 iy N -t A ! - .

= SURIC 1 VPR 0% § ity AR T (3.28)
T T A7) L S S S D ' . ;

- ~‘-"Af~ ".;‘f’ P ‘;fv." T -

S el ' 5 = .: - "
e e whsre L-ls an identlty matrlx, gk 1s the gradlent vector
;»f7j;g ?‘;L7 of 5 as defined by Lq (3 lé} or aq (3 20). and Ads’ some
AR = -~

gfdﬂ}gj*,': pOSltlve constant chospn w1th reSpect to factars suchgas

R convergence and rate of- descenﬁ.‘ .- .

' T K ," ’ - e J a - 4 . )
N ) o"!' bt " : “- I.‘,’" . t _ ‘ - o c ! . ’-
‘.y' ' "- ; " ’ .’ wos 2 . : N A " * P,
:"“‘ . » . “ .
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An mnterpolatlon betWeen the bteepest Uescent step defined

'« . by 15(:1 (? 28) and the Gauss—Newton step deflned by uq. (3:17)

is: L . ‘ ¢ 3 - o ' B

- ) -~ . . PN . . . . : " i . ) " ) <G
. , . . NN _ _ .

_— Selnterpolatlon =7 (ﬁk f A;) ‘gk ‘ s -(3‘222--

s

. ) wh}ch,approaches gq. (3.;7)'as A—> 0 and Eq.'(3:28)'as

. . 4 . ) . . ) & . .o -
AT . T e "
,'.L#- J_f -"Mafquardt'did not ﬁSP tHe”biact'fbfm of Eq (1 29) k
Instead .of addlnv a: p031t1ve constant right away to each
dlagonal lmnqnt of the matrix h -in Eq €3, 17) to form hq .

(34297, b (3 17) was scaled flrst and the addlng«was under-

: - ,tékpn. Note that ln numerlcal computatlons, scallng a matrlx
o 2 ] .
N or a. vector 1s a, f?equent practlce to avo;d 111 condltlon
'; which may happ@n due to cdmnut°r round—off Scallng Eq (3. l?) v
"glves? o | e . ~ ‘
’ 59;5' -ﬁ*a’ﬁ S " o ~(34-30) =
S whers ¥, g‘, and“ge" are related to gk. 2 a.nd &e through
| qs. (3.31)0 (332 and (3.33), 0 . T T E ’;‘
m;;)ij = (HR)IJ/B By u(Hk>“]* L ieon
e, ' % , B ', B .'.." 2 o: . )
. (g;;)l ..='f (gk)i/‘-(ﬁk‘)iij S SR &(?‘-32)
68y = e fn]t s ey
‘ ST e L ot A
thn scaipd harquardﬁ sth then 1s,‘ = R e 1:-2
‘ ‘ : T ';"' T e ' F.;”."
. . ég & (ﬁk */\l) T (3.34)
- S . ' ‘o' ' ' } . e "
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- .o L2t )
} ., < Q ) o -3
F‘lnally.¢ k 1 1s formed by addlng the unscaled Marquardt CT
R
step to Gk o S . .
o gk:fl = er + SQR e . ot K ] (3-3’5)
s . : T B ' ", ' o e
| harquardt (1963) also propOS@Ja mpthoc("to compute
- A I‘t is as follows-. e
- ) . - B - . <) ¢ . . “_Q_ . b Lo
o (o]
l et X be a constan“t greater th.an unlty,
S 2. Lét Ak denote the value of A from the— prev1ous 1ter- 6.
atlon (the kth 1terat10n) 1n1t1all!lnt A be a §ma11 ccmstant. s oq
Sa},_' lO l. ". C :‘. . . 'o ,.;“ J c - | | . .
. 3 comﬁute' the valuies of-o at'§ °€ i1l o and at> . .
o . ’ "i: . a . . ¢ N ©e ) l . L o‘ A =.Ak . " e ‘
s , . _n .o . . r . 5 v . . " < )
L ) =<§k+lJ - e Let-’thon: be QeJno.tnxje,d. by S{3,) and E()&k/b’) o
/ [ ‘A k/x L . '. “k ) .0 o ° 4 o . -, “ :
: S Lgrt bk be thp value of "o correspondlng to thea ko . .
v Lg e . R = ° o
« . Yter ation. uompare a()«k) a.né b()«k/b’) with ’;‘k, I - e
. ‘ o é . 99‘:;: e “ao °..’ 4
o © *"vt::’k:-: e (at)" Q(Avx/%) - Dkl 1et Ak*l = A,k/yl‘ arldo ., W . ' ‘ :- °
K bk‘l'l 9‘(/\1{/“%') © ‘ad .. e e v ;o -'a*e '
L e (b) o()\k/)fl a° bk #nd, b(o)\k bk' 191; )"k‘h,l - )\k 2
. R ‘o . . [Y P ) ' ”? ) ‘a °‘ ;
' ’ ‘°° ° - t e 5 e ‘e and bkfl = b(Ah). ? ‘Lo ‘ :a~ ’ ® ’0 Q)a ° o ? U.o.
5 - ¢ g 0 @
’:: T, e (c") .s(;xk/*r) A Sig a:?':g u(AK)) -7 o’k. ,1ncreasé X by e:’oc' o .a
g w0 =T ®ag
. 07 . ;t : success:we multapllcatzon by y uni:‘il: for jsome
%é_. ‘OV-'V,;; o & e sma}les; »mtegér n swc‘h. that .:(/\ Yn) sk' t"hér‘r 6;
;, 14 L .a ‘ : .. e, s , . o
ey e e T e let’\k&l = ’\?kx and »kahl = bMk"’ l PR v"' z
¢ . o ‘ g (“: ER c ° :d d o . ° 0‘ T 9 ) e B
- s, hd a El g ) Q . y ® ° 4 ;. ¢
e e R e ¢ gur o o e ’ o le it
oo - < e SR SN S o T S ORI,
- o . EP‘I b ] . .0 o :'¢ . €°° o.,. 'd :. ‘Q‘.‘ Lag .
s ; ~ : : : cy e o, b, R
w5 . . Cs o' o chﬂ; e o . . J— P ‘fn N - ]
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An 1llustratlon of Marquardt's modlflcatlon in,

a two dlmen31onal spgce T shown on Plvurp 3.4.

M .
Lg v

Note that harquardt's idea is tha same as

Levpnborg s (19#47 but somﬂwhat dlfferent in reasonlng.

o

o *

Marquardt let%s take only pObltlve values. Smlth

°Jr. ana ohanno have 1mproved marquardt s modlflcatlon by

6 .
allowinv A 8 to. take negat1VC valuns wh@never possible. For

" more detalls, see mith Jr. and ‘3hanno (lé?l)
. o,. q L. . N 0 »
V THE o U‘ASILINEAR;4§TLON, IESHNLQUE

R The Quaszl;nearlzatlon technlque was flrst defb—
lqped by Bellman (Bellmanoet al 1963), thp fhther of Dynamlc°
% °

Prognamm;ng BESldeb 1ts use-in solv1ng a nonllnear boun- .
dagy valua problem (Bellmaq and halaba 1965. Lee 1968).“t2;
Quaslllnearizgtlon technlque ‘can aLso be used 1n solv1ngha
ystem 1dent1f1catleﬁ problem (Bellmap et al 1953, &upp and-

‘uhllds 1969. bage and Melsa lﬁ?lb) and is the subaect ofo |

o - Lo % el
this® sec¢ion.'” o e , e s .
°, ? ' ’ (- I ceee @ G“’ . -» “,' . ' N : ' v - -'ou ' o ' a’ -
P f\~To use %he; ansrimngar1zatlon %echn1que, the state
-3

spaér model defined by Eq&. (3 1) and (3 2) must be put into
anothoroform Let »?f- e

o h N

- ﬁtﬂgw;z;;g o




kCauss-NeWton

kIuarquardt
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e

ﬁgk - N . |
. Steepest.UeSCent; T ,

P : e o & .7 . : ,' - ; , ’ :

Figure 3.4 Graphical illustratlon of - harquardt s mOdlfl-Lc

- eation versus thp otéepest Uesoent technigue and the<Gauss—'
o, . .
Néwton. technzgue in a two d1m9n51onal spaae.
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: | then Eqs. (3 5) and (3.6) become-, ,

‘ 37¥\-z(t) : Fltn RONY o
.;g(t) ;>§#(z<t).g (t),t),. S e 0.3

=

‘ F}om.hds; (3. ) and (3. 36). it shoula be noted that:

M - - PR \ 2 -
LY i , b ¢ . e . 3
. - \"'V -

From the uua51llnearlzat10n teChnlque. af the

. [ tory vk(tl for - all t, ‘ t‘g te is avallable (Initially the
wholeﬁtragectory (t) t, £ t.é tf or Just v, (t ')} must be
. ~.suppllad) Then if f# and g# are roplaced by thelr llnear
parts when ﬁxganded around wk(t).‘qu.‘(B 37) and (3. 38? |
", become: : . g ' e ' |

o -

I‘;f - v(t) f#(v (t). (t) t)

f%f#(vk(t) (t) tL
T(t)
;'ji %(t) = g#(xk(t).u (t) t) ': - I e

g (v, (4)0u (), 1)
T(t

'_.a

o ;

mebfhing qu. (3 q?) and (3 40) results in &q. (3 42):

#<_k<t), (t) £), L e
, azz?(t>

S&Jt)~[

v(t, Y- * | L (3.39)

’ bnvlnnlng of thc (k+1)-.1teratlop. an approximate trajec- '

J[’v(t) - v,k(t)} " (:%:uo)‘_
][v(t) - v (})] L (3.41)

,A]A_k(t) . (3a2)

84 -

o

-
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bfoVided; o D ' .
. ] : 4 A" . ‘_ ) »' . v ) ‘ - . ‘ .
TSy (t) = ¥(t) - v (t) N B 213.43)

-

The gen9r4l solution of the llnear dlffprentlal

(quatlen. Q. (3 u2>. can be put. 1nto the following form:

6vk(t) = ék(t)s (t ) ‘, e T (°3-M+)
lwherp fk(t) is. known as the stato transitlon matrix of. Fq
(3 42) and can be found from tq. “ (3. 45).
é(t) [%I’#( (t)au (t).t)_]i (t) e | ‘
Y O ko " (3.45)
;_gkft;) = ; = ;qegtity;matrix ;-‘. ? )
¢0m§ioing Egs. (2.41), ﬁ3593) and {3.44) resuits:ip;3
,x(f:) =-g’”(xk(t‘).gm(t):t) .
.- ag"’(z (t)ou (t) 0, o
e [ - 5 T —]% £ () k(t ) L (.u6)
.:.From Egs. (3{465 aﬁd-{j-?); the vglue’of S will
- thfn'bg: j S S L "°' | '
} Zf:ﬂ xm(t ) - gf(zk(t ). (ti) ti | h“l . ;
ag#(!(t)g ot o
e ”4,4-]i,g(ti)svk<t )ﬁ (3.47)
| g g -k(t ) o b 1 )



. \ P . K
. ,' - : -l
- - .
+ . . ~

uettlng the derlvatzve of S with rnspect to
4t v

5v(t ) to"zero giVPSx

IS

| @
) IE;,:kaIJEAg#‘ ¥y (500w (g ), ti

‘ ]Tv ’
. o i-
Al L= . : ; ka( T )

- v g
L {xm(t ) - g#(zk(ti)._m(t ), ti>

ég#(zk(t Yoty
AVT(t )

.

- or éftgr réarranging.

v () = - () hef R E W'Y

. ! < '
where, .- . Cos

H# . t i ) ggﬁ(vl (t:), (t ), ti ]Tv :
Tk -1=‘ it évT(t ) -,

~

o B L .

N NE s#(xk(ti Jous (£;)0t;)
T ey

R v
. { ;5 o Q£‘=‘Tzf: ik( i)[ z

o

O ' ’ .' u .-"#‘."

) ; - T '
, i_]ik(t )Svk(t )} 0 (3.48)

—'——L t]ik(ti 4‘ . (3 50')



I

.+ For thé case where cohtinudus data are available

and usra.athen lnsttad af Eqb. (j 50) anu (3. 51) g# and gﬁ

N

will be delnPd as Ain hqs (7.52) and (3.5%),

) 23 ;”( (t),u u )ﬁ ) ]
uy’ éb Yy t ' t t ,,
i - ik [ o ]Ivm
"y éxk(t) '
a i “ . »

gt (¥ (t)- at)it) .
(=7 ]‘E Teyue ’ (3.52)
- av (t) . T

. f . 8
of - 'i'” [Aa(lk(t}'"(t) t)J’Pvm;) S
B . vito o é_k(t) .o B h o
} [xmft) ;lg#cgk(f)rgm(t).ii}dt : ,;:’ “ ‘-755?52

§1,(t,) found in Eq. (3.49)%s a stepin w(tg), -
thF result of. which will bpcomr the néew. approximatm value

f  of. v(t 9 at thP (k+1)th iteration.

| Vk+1(t ) = vk( );+~3xkcto) y R O A
lases oo
'}; . Th‘ fOllOWinﬂ is an dlgorithm for tho Quasilinear-*

izatlon t«chniqup, .Q ‘f..{ I B :"“ 2P N

’ 1. An_initialAgpprbiimétidn gﬁ(t&} is supplied e;thé;:' »\



- ﬂqu’ivalent. :

dby gunsaing or by some appro§gmate techniqua. Let k. = O

2. ﬂompute~x(ti) fOr aIl i at v(t ) = vk(t ) from Eqs.
(3.37) and (3. 36) uslng d numeri¢al integration tPChﬂiun

~such as Eulrr or Runge-Kutta (Haggerty 1972). - 1f the intes

7gration technlquﬁ usrd requircs values of U, at times bet--

Lo,

uween mtasurements, thcn an interpolatlon technlque, say. o

,A*.thc lincar lntorpolation (b 1970) can’ be employed.
L (ti) for all i rrom EQ. (3.45) by~a\gu~..f'

. I Lompute
mtrical intcgration technique as mentioned in atep 2. _;
y, Lompute ﬂi and gﬁ from EqB. (3 50) and (3. SI)‘-vH

5. Lompute vk*l(t ) from Eqs. (3 51) and,(3 49 ). A;f -

6. If one: of the tests. for conV(rance mantioned in

urctlon III is met. then go to atﬁp 7. OthPrWiBe 1ei|k

“ * (k"'l)o ‘then go to step 2. R : _4&

D5 ..

- -

?. ytop The convcrged valur Ny 1(t ) is fhen a mini- e

',mum point (not neceasarily a global minimum point)

) cnlarge tho region of" conve:gence, a modificar ’

,tipn ofqﬁhr wuaailinear1zation technique was prOpoaed by
“Ramakrr et gl (1967) However. this~modification is just a -

rxwrltten form of Hartley 8 modified Gauas-Newton technique.

bhcause. as shown in Appendix A.-thc Quaailinearization

“tcchniqur and the Gauas-waton technique are mathematically



~VI:*"APPQIQAIIOﬂS .o

As illustrative examples the simplified form of
'Hartley s modification mentioned at the end of bection III 1
(tho stepsize is cut into half until there is a reduction ‘in
value of the sum of . squares 3) is uscd to find mathematical
«,modrlb doscribing microbial growth in a batch fcrmentation of

- .

reoba ’ syl 2 and a continuous fermentation of -
Ldium Dy |

- horghella crassiges . , ..

.-—3’.' Y
’ . . '

YI.k zggéglg 1 gwigh 55193 fegmggjatiog!oatazt*
S , .. T
N By definition, tho specific-érowth taté&d{tf is
the ratio of the rate of change of biomass cOncentration C(t)«
and tht biomass concentration Ctt). T L - o
OS> B R ¢ )
-,The speciric growth rate ie a function of the total micro-'~
bial environment.' The environment can usually be considered '
- -as the medium temperature. the oxygen available for microbial |
metaboliam (1n aorobio fermentation). the’ degree of mixing.‘
the medium pH. the biomass concentration. the product concen- =
:tration and the - substrate concentration. If the medium tem-
'perature, the aeration ‘and the agitation are held rixed. then )
"the speciric growth rate is reduced to. a functlon or the last :‘

- feur environmental raotors. B S _'. S

ALt . r[cu;) 5(£), P(4), u(t)] e 3t

where 8(t). P(t) and H(t) are defined as. subatrate concen-'

. ‘
-y . . . ! N Y




‘o

\
really affect the dynamic behaviour of the process.

ALY ]

(.} -

- ~

’ fration. product coi:jgpfétion and pH of the culture at

time t respectively .

LA

Note that\Eq. (3.56) can aiso be used when the .
operating conditions edium temperature.faeratioh'ind

agifation) are varied within certain ranges which do not

.~

Eq. €3.56) is e;panded.iﬁ%o a power series t;

givey - . ‘ o

+

A6 = g+ XqC08) + [BE] 2 ¢ e b [C(8)]™ 4 ...
L4 550 ey [s(e] 2 e i OB S0 4 e
oy r PO+ [P 2 e L ey [P(8)]" 4

*5gr SHE) ¢ S 2 ¢ g [ ¢

Ce T ey

4

To simplify the model. it is reasonable to take into. account

’ only all linear terms of the power series, and perhaps some

higher order terma'whlch are suspected -to have significant

effect on microbial growth. These terms will then be fitted

and tested for their significance through an- F-test (Appandix

_c) .If only the linear terms are considere& then.’
/p(t) =ay+a C(t) + a, (t) + au(t) + as(t) - (3.58) - -

'or combining Eqs. (3. 58) and (3 §5).

| 22%%1‘-’1’:- c(t)[a + a C(t) ¥ as8(t) + a,P(t) +.a H(t)]
. - (3‘*‘-599

*

<

eb

-



where a's areoparameters depending on-the operating condi‘tions.
‘ - Seven batches of Aureobagi dium pullulans 2552
: ha?e/peen grown and data have been celleécted as described

%pfﬁppendix'B, These data will now be used to identify the

0,

x@arameters.ai. az. .Q.. a5 Since there are seven batch o
runs involved, the sum of squares to be minimized 1s:_'. IC .
. - ﬁ »oc b‘
(. | s - g E E [cJ(tf_) - CJ(tj)]z . e (3.60) . .
where } . ’

]

R bubsorlpt to denote from the (iil)-— measurement.
J = Superscript to denote frop the Jth batchok,n
" Ij'{ 1 Number of measurements in the jth bateh, g o

tj . Time at the (i+1)th measurement in the j ﬁatbh,

2 )
Caa b=
i 1t

Measured biomass congentration it the j batch,

Model biomass concentration in the j batch which o E

Q
[
it

is found from the following equationz o

Q%EI_J - Cj(t)[gl § a.Cdt) +a SJ(t) + atu(t)

b : ,
+ a5H (tﬂ .. (3.61)

]

9

with s m' P and Hm being measured substrate concentration,

measured product concentration and measured pH respectively

-
2

since initial conditions ror each batch,must also,o




o R P
O <z 9%
1] & - y 9@ .
;
G “ . *
.be identifled {Chapter Iv), the sum of squares S w111 be
minimlzed with respect to 8 where . o .
.. @ =°[ai”... ag Cl(tg) .o “7(t7)]T . j‘ (3.62)
v . Based on the elmplifled form of Hartley s modifl-

catlon and the backward eIimination technique (Appendix Cle

, a'computer program. listed as Program I in Appendix E, was

written in the FORTRAN language and. run on thﬁ univer51ty s
ttme-sher%ng computeroDEL-PUP-lo.' with 3:95%fcqnf£\3hce

. le;ei. %he marhematicai model describing the'mierobiai growth
1ni¢he batch fermentationoof A pul;glans was found to be as:

'4e

(0]

) Q%%&i = C(% [} 0243 .00#5) + ( 0014 t .OOOS)S(t)

_+_
T e = (pos8 e .ools)P(ti] o (3.63) .

'yith'the minimum gur of equeres § = .289; the estimated stan-
_v°darg devietion T = .09 and~the estimated initial'condifions
¢l (t, ) = (-0757 ¢ .0236). Cq(t )= (.1820 £ .0k21), &%)
(. 0847 t .0283), c (t ). = ( 1268 + .0302), 65(t5)-= (.1918

04367, uq(té - (1086 .0367L aﬁd'67(t7 (:1363 & .0330).
- o Note that . C(t), S(t) and P(t) ard all in g/100m€

+*
123

¢

The model blomass concentratlons obtained from-Eq
(3. 6?) together w1th the measured biomass concentrations for
- a batch, say batch ##, are Shown,in Figure 3 5 Fram'the -
result in Eq. (3,63)p one can draw a concluslon that under.
:tne set ogerating.cong;tionSs. i - 5

]
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L oo 8
. ) s . L .. .
- The medium pH does: not have any 31gniflcant effect on f? °
' the specific growth’ rate, i L G /_; Q
Tty | T - The blOmaSS concentratlon does. not ‘have any 51gn1f1cant
e ~effect on the $pp01fic growth rate, aj,/g | T
‘ "~ m‘ R ,:;- The product concentratlon/hé(/a.heg;ti;% effééfﬁon o
) the speclflc growth ratg. That is, tpe hlgher the proﬁuct JEI
N ‘ con tratlon. the™ lower is the speciflc %rowth rate - (a.%o 0 .
o ) .0058).'_7 i . N 1 5 : S e ;”n”h ;% § fgvé .fk,‘ "o
s S - The substrate concentratlon>bas a pos;tive effect.on_’*ﬂ«;’
Jthe SpeCIfic growth rate. That 15. fhe hfgher %he substrateo i;"“
concentratlon, the,higher is the»Speciflc growth nate (a B .
';;.” ;‘; ; { . Tablech 1 shows the itérative results°produced by }?iﬂ <

R %he algorlthm based on.a modlflcation oﬁ the Gauss-ﬂewton _cg.‘é

:; teqpnlque when 2 and ag were' set 4o zero (wg;e.not fltteﬂ) ,“

K 7 Thejparameters al,daj and a4 inltially took the va;yes of ﬁ ; LT
e .,.0930, 0016 ahd ~.0066" and converged to .@243..001& ﬁnd ";;;';;jff
T Ugg‘i 0058 ln four«xteritlons. .The test for convergenpe was béSe; N

S on b {3 23) with ;1 100 ? and i -‘10‘529 ujf‘i,*f“a‘3;?feg'1é;§
B ] | U;y;;;},“: The Monod model and tQQ Verhulst;Péarl mbdel weté .
qy‘ﬁf% o als; %rieé. waever. the rgsults uging these models were izi‘“

DS ';~found to beainferior to. ¢hat obta;nedépy Eq (3.63):' The EO
S e anod model ﬁbz "E,ZD"E, nﬁwfgu, T T .

o .- . a "t ‘.
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s(t)-
(%) m*r::“ﬁ“

3 qu’

By &he" Lea)st sqvares t*echnlqu‘e. the @result fqﬁnd 1s:
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T‘he Monod mogiel 1s no'g favorable Because the estimat,eﬁ satu~

o

...,,«railow’ coef:f‘iciefxt §ss takes a. negat;g,ve %alue awhieh 1s m@cc&p-
1:21’ble°l ua.lscz 11: shcm];d: Be notgq “xhat tne mmlnmm sum of squarqs
‘ia rér %réaef;er (z 011 yersus .289) o

kaJ, . . . u",b: '_o:_% °

’\& o o

¢ The Veg‘h&alst-?earl model

o ' <' o
‘© 9.2 . °.

ﬂfié Y &1 03'20(17’)
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The Verhulst*Pearl model is better Ehan the~uonod model

“30




. X : S
Qe 9 ' ) ° < ae ° 6 o R d ‘1 s’ b
u * 5 ‘o © - -~ F
° ?:r P & - ) » ’ o‘:r4 ] ) ¢ © ¢
. Lo c,‘ oe ~. : ¢ ‘ S . o o e
a & - A ¢ - ° i )
o . 9y 6(S 525 “vef?sus .= 2. Oll) Se However. it still produvces
e higher mlnimumo sum of- SQli&I‘Eﬁ’ when cdmpared to, thé model°‘
. Ce presented by Eq. (3. 63) and therefore would not be preferred.
ooo ; o o .
: o VI 2 xamgloe 2 (wi;sh con‘t&uous g gentggion %.atg) s
3 8§ - " 4
P e e From Chaptep 11, for a contlnuous fermentation
OO' pz:peess gOVemed by the Monod logistic 1aw. the mathematica1°
‘ oo equations representing the grOcess area ._ to ' ° .
el F AgS(E) | A
: : C e G( ) W K -0D C(t) L L-(B. 8)" .
R A f%b(t)c(tz N .
C (e = a[s. - 5(1;)] e (3.69)
S T . R EICARS S S, o
° . AN N V' ’ O‘? o “ --‘ © ' T . ¢ s , e“ e
E ° 6.' e e If measﬁrements on the procefs are taken at dlscrete b
o o ‘tlmes t for 1 = 0 1.‘.4.1. ;.nd Ciy and 5, deno‘ae meagured° ef-
' oy fluent biomass concentrats.on and sﬁbstrgte concentra‘amn. °
"‘;c:{ . -® then ‘from thc least Bqua:res crzterion the Qrocess is 1denti- '
e f1°ed by mnim:.nng . Porel Tt e, T " S
“ca" _ "‘c\ '.o'b' u‘. .a . .. . - ": “ 'S 2 ° - i ) : 0. o ‘ |
S .. sad {l[c (3y)- v<ti>] » [s (tn (83 z] } (3:70) -
’ . o o o - e [
.* °O " Yover '0., Where V, and V ‘are some a.pproprlate positive wéight-
. ing "tonstants and” . . © Lo T
3 a 03 ér 4 . 1 .. . o “ b"ﬁ .
o [ 0 v ' . > T " ’
L e ff{m *’s X .Y C(to)nm b(td)] o (»3.71)
. e, .7 7, Based on the s:.mpiified form of Hax;ley s modifica- :
a D ! e o’ ¢ o
o Y o ng . 97 o® ]



- 2 . R - o L e ° ) [\

tlon, a computer ﬁfogram. llsted as Program YIII in Appendn<

s

E, was written to" compute. 6 and their 95%-confidence intervals

’(Appgndlx ¢) for a given set of continuous,data. -t ' ’

a . ‘ 5 - “a 5

An ekperiment on a cqntinpous fegmentation of

o

.Morchella crassige was carried out and data has ‘been collected

<

B ' V 4‘
oo " (LeDuy I975) From these "data where the influent substrate -
(tota& carbohydrhte) concentratlon SI 5 g/£ and the dilution

rate D = .1 hr l;etﬁe.result found is; o ’
R ‘ e . o )

o 6, = My = 100 ';u.'861’., | 04
. : §, = Kg = .142.% 2456 . ., "
"8, =R =..005 + .B68 |
. 8, =Y = .478 2 k.b16 ° o
8, = 8(1y) = 1537 & . 249 . ,
8 = 8(t) = 1.803 ¢ .233 .
- and § =13.42 ¢ e
The vafLes chosen fog \S! and Vz %éré the disperéions'(thé-v-
- .inverses of the varlances) of measdred biomass and substrate
‘concentnatlons which!umre bstimated by Leduy (1975) ag 17. 54.
i ,: and 47.62, reSpectively.~ The model and measured effluent
Q; B . concentrat;ons'are shown in Flgures 3 6 ‘and 3.7. | ’ n
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I lEIBQQQQIlQ!

There has been a tendency at’ the induatry level
to’'replace largs-scale batch operations by continuous processes
primarily for:cost reduction reaaons.- However' due to’ the'
naturp of many proceasﬁa and.the materiala involved. many arP'
O still ‘carried out in batches. In batch proceeaing. the oper-
o ating timb for each batchi is short. finished products dre

'available for collectien only at the end of each batch Opera-'
o tion and a varlety’ of producta are often produeed depending -
on apetating con@itions~for that’particular‘batch. Whereas
in confinuuué'ﬁroééasing. the operéting time 18 long, finished
products are prcduced continuously and are otten controlled 4
to be as uniformly as poasible. In fnrmentation;. .68 mentioned.
* in Lhapter I, a proceas is considered to be run in batch ir

v

the 1nflow rate and the outflcw rate are zero. otherwiae it
r

18 a continuous procesa. Th& dirrerence between a batch pro-

.

dess and a continuous procesa 15 ahown on Figure &, 1.~

‘;”ilil" . ' The duration of operatlon of. a single batch is"/
ahort. giving either an 1nadequate numbar of meaaurementa or
an 1nadequate variety or data ror purpoaen of prooeaa identi-.

fication.'.Therefore it ia neceaaary to use dutg fron nany

-

NS



Batch #1 -~ ' Batch #2 Batch #3 Time

-r

Input
. or ' S ’
~:  Output

v

_'Tlme'

3

‘zgggrg‘a.iu~Dirferencevbétwean'a batch process and a conti—_-

-nuous process.




" batch runs and this results in the estimation of a very large
number of parameters as estimation of the initiﬁ) conditions

for each batéh are also requirgd.

wifh a genefal n‘t'i-h order state 5pace model of the form as
deéqribéd by Equationg (3.1) and (3.2). Suppose measurements

on Tﬁ? 4nput vecfbr'g and on the output vector y, denoted by

m

) meﬂt"in thP j batCh for 1 L J Opl'-o-'Ij a.nd J - l ZJOI‘O'B’

chnn the least squares criterlOn isa

Min. o = 2f: 2:: (tj) - yded RS
n. 5= 1 xm X " v} o

subject toy - ‘ .
) - f(xj(t) ud(t),a.t) - . (4.2}
J(t) - g<x3<t> gjct>.g.t) o o e(s.3)
j-lﬁ"°'oﬁ c ’ ‘ T e ‘
wheére
1 - Subsbript to denote“from the (1+1)tp‘measurement.
j g,uupprscript to denote from the j batch. o .
I"(s

- and xm.iare évailable at time t{ for the (i+i)trk measure-

TNumbﬂr of measurements in the j batch minus one,mff
:Total number‘nf batch data used. S ’ K

Known symmetric.'ﬁositive definite weighting matrix,

-

‘Mathematically, consider a dynamic batch process

J

LY

o

<




10

- [gT‘ETgl(té)}TE L. E{g?(tg)}T]T | by

.
c o ) - ' "

o -

Let N and n be the dimension.of the process’ para-
‘meter vector a and that of the state Vector x(t) respectively,
then @ is a vector of (N+ nB) elements. 'TQus to minimize S

over 8 is very time-consuming or even propibitive'if B-is
H . . ’ . - -
large. - © ‘ '

4

-
'S . 1

To reduce the number of parameters to be estimated,

a

_Woodside and Xuyen (1973), while attempting to develop a bath-
‘temperature model in'a°steico-Lurgi-Republic National (SL;RN)
steelmaking process, have tried to estimate the inifia} con-

ditions from a.static model, using data available between

-

"batch93¢  ; o ’

j(tj)sg(zj b)+33,3 - | L (k.5)

-

thrEO

~ Gy

.h = KnOWn vector function,

\ .

j- Data vector dVdildbl? botween the (4- 1) ¢;
.the 3% batrh._, S . | )

EJ Rando- error. vector in the static model,

b= (M.x 1) parametnr vector in the ntatic mdﬂel.

3 K

unknown and to ba estimatpd

'iBy aasnylngitﬁatogjftg)F.-xigfg)’- xj(tg3 ahd.fe’for,ail 3

. .
o% - =R
I3



-

“

]

and‘i'are'independent;random vectors which have Gaussian

4

distributlons ?ith mean vectors 0 and covarianoe?ﬁatrices

2_}_\;r.and ngn respoctively, and that the rest of th@ vari-
)

able are drtermlnlstlc, thoy derived an approximate max-

<

imum llkolihood pstimator which results in the. following

'

A’-
nonlinear program@ing problem; 0 @ )
“‘\;) - . ) - . -
Min. Syx = :{mgIRJl + “:,zm(t‘j S c -
a,b,v - o S
A | - g(xJ(ti) gm(tj) a.t) | 'w2 -u‘}

R o )T

° - ﬂJ = .Q o

v S .
¢ ( 6) Ca

subjéct to‘Fqs} (4. 2), 4.3) and (u 5). and where the matrix
RJ is deflned by Eq. (#.7) ¢ -

;.° dg j(tJ j(tJ) g,t‘])c

—————;“
b=k dxj('c(Zl ]—m .
T (j(t‘]) Juj).. ) |
-=[ég - j j‘_JL* ‘:i_}T +R, - (4.7)
: dx (t ‘ . )
and lgjl iS'the de&erminant of the hat&ix gg. | . .

z v [}

.~ The: dimension M.+ N + 1) of the new Optimization problem is

far smaller than that of the orlginal optimizatfqn problem.
(N + nB}. it the number of batohes B is large. ﬂoweyen there

] ) c



' - .
-are. somo drawbacks in their approach.- Firstly. it requlres

the collectiqn of extra data. data between batches. wﬁich
>} - N L , .
may be costly. 6$ﬂbondly, the maximum llkelihood-estimator,

(-4

° .. fis only approximate: it 19 based on the assumption that the

statlc model h fits the inLtlal cOndltion vectors xj(tj) for
. all j quite well so that only the linear terms of the McLaurln
series ,of & wlth-reSpect to g is good enough 'to approximate
g.'Whlch may also be costly as it takes time and extra study
°  to find a suitable vector functlon h; And finally. minimi-
zng bMLEpdefined by Eq. (4.6) is stlll very time-consuming
axticularly when the dimension ( of the output vector' y is
hlgh. As can’ be seen from Eq. (h.5),v1n order to,caleulate
the value of bMLF at. certain nominal values of a b and T

S
o . * one must find the determinant and the inverse of the (l p 4 L)

)

matrlx Rj. §—(13 + 1) times,
. . “Jlg

v -
e

‘ In this chapter, a better approach to overcome -
the dlfficulty in estimating a large numbgr of- parameters '
is presented. This approach is exact, does not require'

extra data or extra modeling as in the Woodside—Xuyen approach

a

The only requxremEnt is that the state. Space model represent-
, - - ing a'batch pregess-is lineax 1n_its state Yectpr. ,;t eltf
miﬁateS'the initial conditions by repiacing them by tﬁeir
pstimates which are functions of the process parameters by

, ) ) ﬁ: ;t11121ng the Superpositian Principle (Distefano et al




s
[

,,,\

1967. Sage and Melsa 197lb) and the idea ”Elimination of
.Lanear Parameters in Nonlinear Begre551on"'whlch ‘was 1n1-1ﬁ

-  tiated by Walling (19.68) and refmed by Lawto.n and Sylvestre
_(1971) | |

<.

* ¥ The number of parameters to ‘be estimated from this
. new aﬁpreach is’a constant equal to the number of- the processf
PR “parameters and 1ndependent of “the . number thbatOheS B Trom

which data are used. Thus it also Suggests the possibillty .

P
v B P

s of an approxzmate on-line 1dentiflcatlon scheme to update the -

< model as data from each new batoh are being receaved.,-One L
' :a such scheme 1s deVeloped here. B | -

-

~ | PR & * should be noted that the model descrlblng the

F

OH\‘ if bath-temperature in the SL-RN steelmaking process 1s linear a;
';;f—_ and s0.is the modeL:de crxblng the mlcrobial growth in a
.‘ T 'batch fermentatlon process because the spec1f1c growth rate 9
. '/ﬂt}. whlch 1s defined ag the'-'lative rate of change of -
'biomass concentratlon C(t). ; : .
Cn N ﬂ(t) = ’T‘“‘g%%Il ' (8)

- .o .
neral does not depend on the blomass concentration but

rather depends on factors such as substrate concentrathn. .i

~

L medium temperature and pH, " The Monogd and- Haldane-Monod
equations are two typical examples.‘ Henoe the approaeh is

directly applicable for use in fermentor model identification.

»
@
@
i’ . .
H
N ..
. .
-
o
"o -
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e g

It should e noted that from thé- viet;:jféf of .
1dent1f;cat;bn. a cont;nuousoprpcess thrE°data 3 some per-_‘

;;g 1ods are m1881ng or are not recerded caq be treéxed as a baxcn

';'k« KO'QJ

- pr0cess as shown 1n FLgure 4. 2 andatherefore the approach can

v

C bF em‘lbyed if 1ts state space model 1s~lfnear.c

o, “

. _p' < ) © “‘—‘ <. ,':-.2 B T . - .“,»..-5‘ <
11 ELIMINATIOFI CQF INI'I‘IA‘L'~ ooﬁam;orqg "
, s : ' ;

3

o
v s

f; When the‘model represent;ng a batch process is -

lrhoar in- 1tsﬂstate vector, Equatlons (4 2) énd (#.3) can be

put 1nto the following llnear formz,

-0 .
.o -

*gjfi).:rzciﬂ< t),2 t)xJ(t> ; f(gm(f)-a.t)

- ]

o

1‘2--O|B P - '. :: ‘

2

J(t) = Glud(t), a.t)xa(t) +£(u3(t) B
,.‘ . 'J”E: |

. . 2
) 5 [} ) = - —_— °

where’ E Gw f‘and g are known matrix.and vector functidns T
o N A4 °.

>,respect1vgly Thus to 1ﬁent1fy a linear dynamic batch proceSs

0

-

is equlvalént %o to minlmize S” deflned by Eq k. 1) with res~

Lt pect to 8 defined by - Eq (4 h) subfbct to Fqs.,(u 9) and (4 107"‘j,
e . L . . - ;

. Slnca Eq (4 9) is a iinear dlfferential equation

-

in thp state vector xJ(t). the Superppgitaon Prlneiple can

‘bc applléd énd the solufion can “be put into “the following

[}
- M 3 a o . - . & . i B L3
form1 I ’ © e e PR N

k4

T 5 'ne

e

e

f 'ﬁ,;igt) ”*’(é-t)x“(tj) . vJ(a t)




'Figu;e 4:2a Centinudus prbcess ‘wi

]

th dat

"missing Qr not recoyded.

o L’ b i
1t can te treated as a batch°process.
. 12 & ? "_
R
. 1 4’ ‘: .7 . -:,1 " -
S ..
:' ) IR . e : o
g . a
.o '- i ”F‘ ’ L
R . -

a at SOme periodS*
?o: purposes of identificatlnn.

@
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v
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. , . .o ‘-:"u oo © o . "Iel.L i
2 - 5 ? @ = W a.” -
& 2 e 0 o . R o © o ° o ° s G-
£ :oo , . . ' ) ‘ E S o. R _°° | < :
ceg 0 Where iJ(a. )‘is tHe State %ranéition matrix ‘of" the linear
¢ 2
Sy . dlff?rentlal equatlon, Eq-. (4c40), and can e computed«from
T Fq(u 12), o, el L o
e T f’a(a.t) a Z(,uj(t). t)é’a(é,t) °
SR : S R . L e (4:12) "
2 ° ° §Jia.t3) *; Identity”matrix ' S °
o cq}).kn 2 s N @ 0' °
a ¢ ¢ T ey
+ and Wa(a,t) As the,partlcuiar solutlon of the llnear dlffer-‘,% .
,t ? .
‘Aentlal equa%lon and can ‘be COmguted from hq. (h 13)'h "
- 13(§ t) = F(ul (f>.aat)13(a.t) K3 f(uj(t)ia.t) (4 13) Lo
. \ _1J(§,tg) =;g = Null'yeptor e . a
Bt ;o ' » bubstitut;on of xJit) foundbln qu (is. ll) into Eq..
(u 100 results 1nz L L - ;°f i - . -wO,”‘
SR 2 c o, B
Coe e (%) G(uj(t).a,t)éa(a.t)xJ(tJ) _ e e
ST e ‘12 + ccum(t) a.f)Wj(a.t) + g(gm(t) a.t) (u.lq)u e
o o In Eq. {K.14), J(t) is linéar in the initial con-

o D'o ' dltlon vector°x3{%3). therefpre without losing any’ degree of

. . x°' “accuracyﬁ xJ(tj) tan be replaced by its estimate xj(a.tj) by
o uelng the WalllnguLawton—bylvestre idea (Walling 1968 LawtOn .
and Sylvestre 1971) j(a.tj) is the value of xj(t}) that |
>_ i_ ; . mlnlmlz%s S when,a is held fixed and can be found drrectly

' ( (not 1teratiVbly) because 5 is quadratic in xj(tj) as seen

e from Eqss (4.]) and (4. 1k). Setting the derivative of S with

i

respect to xj(tJ) to ‘Zero giVes: > ’ )
-
hd 2 ) X1 " N
° ¢ e [ °
- < %, ¢ ¢ !
{ : . . .
° °
« I -] . 2 L] N
N 14

¥ % o @ ° 2 o »
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b4
m{ = Zolflm“ )F- 2 ’”vx

1=

.
° o

since jk:(t}ig)' is independent Qbffz‘]Gtg) for k # 3. ¢

e

j S
s ’ . 2
.-.——.g_.__-. H J - J j
de(tJ){ llxg(»ti) Y ('ti’{,va

from° ‘Fg. C4J14), "

RETRTINE

)ij(a tj }Tvi‘[ 5(t3)

5)W<a.t3) - g(eujctj) g.tj)]

(‘* 19)°




Y

In' summary, the problem is reduced to:

Cde

n-. E;;,nxg(tg) --x%(g,tg)"ig : o (4.20)

xj(g.tg) =,Q(ggéig)tg.tg)ij(g.tg)ﬁj(g}tg) + g(gg(ig).g.tg)

+ g(gggtg),g.ig)ij(g.tg) U (e.31)

ij(g.tg) is defined in Eq. (4,12)' e . -

¥3(a,t]) 15 defined in Eq..(4.13), and

1>

J(a,t)) is defined in Eqs. (4.17), (4.18) and (4.19).

‘II.l’Q}gorithm

# N ‘ . ‘ Q

Since S definod,iq;Eq;‘(b.zo).ia a minimum sum of
‘squares, tbrmioimizeJS'with'néspect to a, a modificdtion'of o
the Gausé;Newton tecﬂhique shoold be‘dsed as stated'by B&rd ‘
(1970). The following is an algorithm to. minimize S based on - -
the s;mpllfied form of Hartley 8 modification which was re- .

viewed in Chapter III.

Ed

‘ .

1° An 1nitia1 approx1mation a 1is supplied either by

Zo.
guessing or by some approximate technique. Let k = 0.

.'uompute ij(ak tJ) and Vj(ak.tj) for all j and i from

 Egs. (4.12) and (4.13).




s

A" - 3. uompute xj(ak.tg) for all j from Fqs (4.17), (4.18) °
L and (4.19). _ -
T Compute xj(ak.tg) for all J and i from Eq. (4.21). o
5. compute axj(ak tJ)/aak for all jand i. It is of;en )
="f0und more convenient to compute ;xj(ak.tj)/bak by using a
A flnite dlfference approximationaas described 1n Section I11.1°
|  0f Chapter III. - . ‘ : e

6 Lompute the Gauss—Newton step §a, from the following

‘equatlon:

r '52% = - g;lgk~ o . . : B (4.22)
~where, _
| }i Ij 3Y (gk.ti)] 3Y (5s.ti .
: ! 0[_ N i ] (4.23)

B 19 : -
z::‘ y'(a, .t

k 75 E OEL'—;L—L]TVj[Xm(tJ) - -YJ(Ek"ti)J {Be2h)
vE . 2 ' : . :

7. Let .
am—l =Bt € gﬁk | o (ke25)
whereoﬁ = 1,} {.... until °(5k+l) b(ak) o h
8. If° |
 Sla,) - Sta) & g {s(a) + %) ) L (wa26)

“4

" . where oy and X« are some small pbsitdve constants, say, 10

" and 10719, then go to stép 9. OUtherwise let ke-—--(k + 1) and ™'




;.then g0 to step 2. '5,  N ' .

9. Stop. The converged value ak+l is then a, minimum point.‘

o “Note that the-converégd valge is only’a loocal mir
nimum poiﬁt.'to ensure that asglobal minimUE'ﬁoini i;»fouﬁd ;
j.it'is neceébaryato try several different values Tor the. initial_"
»épbroximation &, Also, since the technique does not guarantee

the ‘convergence of the sequence (gk}if ag

is far away trom a

min@mum point;‘twd other. stdpping teéts.aré needed: stop ;rter.

:séy. 15 itera;ions and stop !fter cutting half the GauSSPNewton
sfpp 88y, o say{‘lﬁ times and still fail” to produge a smaller

sum of squares ;.Y-

11.2 Applications

The following are twq examples, oneJwith simulated

data and the other with experimental data.

. EzaMQle |

. The model is qrbitgarily'chqaen aa{}
) = wpudexd() + sty T (4.27)
* vl = N -

There are 5 batches of -data used and there ‘are 10 méaauromenta
in each batch Therefore the sum of squares to .be minimized
s




5 = 5~2f: zf:',yj(tj) -vah]? T (ue29)
© 3.1 1o [_m _i RS j ‘ ,
| N . ¢ . . .' N
'LThw'foilowing values arv chosen;
a = ['ai‘ . a?]'l,"g"[—.—f, ';)., ][' -
: tf - (.o .
.1 (tj) - [ (tJ) - Gﬁm(tjf]T

et = [0 ZQijl) (5. + qf,)]"

i

i

- Value of gm(t) over: the timu interval (t.J g*l)ﬁ
xj(tg) = 5. % qj ’ -
ydady = vl chtJ)

. qj. qfl and qu = Handomly chosen 1ntagera from 0 to lO
ej(tf) = Independent random variable having Gaussian ‘

.. "distribution’ with Zero-@ean anq Tg-variapcpz

" For this example ¥ = 0.

Th?'rééults wi th aﬁd without the use of.the-Supéré
position Priqjiple and the WHlllng Lawton-bylventre idea (with
| and withaut elimination of thv 1ﬁitia1 conditions) are given
in Pable 4.1. Note that to have a fair start ror purpoaga of
comparigon, the 1nitial approxlmationb of the lnitlal conditions
L J(tj) } =1, ?.....5 required when 1dentification is dpnﬁ wi~ -
.thout mliminating the 1nitial conditions are taken as J(ao,tg)'

o AR 1.,.;..5 whare the 1n1t1a1 approximution of 813 a, ;
. [-.% 1. oj | '

.0“ S ' - Prom Table 4.1, as ékpﬂcted, the cisb with elfmi- °



> Table 4.1 HKffect of elimination of the initial conditions

- Using simulated data..

Q0

’

With elimination| without elimination

‘of the initial of the initial

-conditions conditions

S S! #2 & | 8

. \ ¥ b
Tnitial values | -0.4000 [ 1.6000 | -0.4000 | 1.6000
sonverged vulucs| -0.5000 | 2.0000 | =0.5000 | 2.0000
Truc valuis -0.5000 | 2.0000 | -0.5000 | .2.0000
Number of —
fterations 4 4

ey time on a ] o
PLP-1Q computer 9.7 sec 24.1 8ec

hE B
-



-

nation of the initial conditions required less iterations
(? versus 4) Qnd took less cdmpu;er'timn‘(9,7 sec versus
Jib.l suec). .The difference in computer time would be rar

preater if much more batch data were used.

?wu computer progrums.w?ro wfit§en and listed in
Appendix F aa.rrogrum 11 and rroérum 111. The fbrmer was used
t@ dimulwt( data rpr~;urpose ‘of identification The latter
wuy used to ident1fy the model. from the simulatpd data and
by utiltizing the-ouperpositiqn Principle and_the Walling-i
lawtcn~5ylvéstre idna. In these two programs, to do the in-.
‘t?gration. a- fourth order Runge~Kutta te;hnique with:an inte-

gration interval of .0l unit is employed.
) ) .

e . i B . o

A le 2

From uhxpter 111. it'waﬁ°f0und that the spécific
'gruwth rate,ﬂ(t) of ‘A. Qg;;glgng 2552 in thw batch process

. described in Appendix B is independent of the biomass con-

contration ¢(t). Hence, the state space model repreaenting .

the microbial growth iy linear; \ -
FEITS R P a, ud n(t) " aqugm(t)J SIS (8:30)
j(t) = )t‘](t) o . : (4.31) -

whery ulm(t)s uim(t)<nnd'ngt) are, reapeétiveiy. measured
subtrate concentration, measured product concentration and

model biomuss concentratien at time t in the JED batch.

L3




Q

'Wallinp—lawton-bylvestrp idea, thn initial econditions are.

=

-Based on the SupPrposiiion Principlp~qpa the -.

wdllihg—LawtonQSylvpstro idea, a computer program, liafpdw

as Program IV in Appendix k, was written to identify, the

_batch fermentation of A. pullulans.”’ To do the integration,

11

a fourth order Rungn-Kutté.}oc%niquc is first used to geneérate

-thﬂ first 4 points of. piomass concentrations. then'tﬁ? Adams-

Rashforth predictor—corroctor algorithm is usod Thp integra-

tion intorval is one hour ‘and -the linear intnrpolation is em-

i ployod to compute the values of subatrdto and product concen-?

o °

trations at times brtwéen measurements.

o

<

. ' From thé rcsdits;{shown bh‘Tablegu.z,.again{'thn
cage wifh Phimination,of,the‘infﬁial conditions reqhired.leds

iterations (? versus M) and toCk less computer time (56.6 soc

versus 268.8 sec). - o | L
" ITI ON-LINE Iugngﬁggazzou | -

<

By using the uuperpqsitlon PPlnCiplP and the

eliminated, and thorefore the nupber of parameters to be

~“Stimd}vd 1s reduced to a constdnt, 1nd§pondent of ‘the number

<

ot bxtuhv« from which the data are used. This facilitatos‘

the ngclopmnnt of an approximate on~ﬁine iden;ifi&ation

J‘ alporlthm to update the model~as data from cach‘new bat&h are,
bving-recoiygd. According to Astrom,and Pyhoff (1971). on-ling

-~




Table 4.2 Effect of elimination of:the initié} conditions

‘ L - = Using experimental data. -

“

o

. . With elimination |Without elimination
of the initial of the initial
. . . \7 B

. ~conditipné; . {cohditions’ .
- . . . .' < . . al 32, . ?,} al ’ az 933 0:

B

.. | Initial values. | .0200|.0016|-.0066|.0200].0016 -.0066

converged values| .0247|:0014|~-.0058| .0243]:0014:~.0058

o . Ce : Minimqm Swn (‘)f ) . xA - . .. v
7 .. | squarcs 5 e 289 . 289
. . . AN T © i ) . ) T oL . :
N > | Number of e . : f .l '
o iterations : 3 ( L
J . L . . ” - & : ’ . - ) - s .
. CPU time on a — : o -
PuP-10 computer , 56.6 sec . <. 268.8 sec
s - L . . L el T ' 3 I R
= . - —
S L3
. \ - o
. . . 7
] -¢ 7
‘ 3 ‘
o > v 5
- ° .
v O i ©
. [
L M N <]
¢ - » ~
a - ‘ ry “
. : o : , . | ) ¢ P
o ¢ 9 o H t o
[ . - ®
t;' : °




a

‘Thusg, the sum of squares of sgquares 5 becomes.

e

idgntifiéation algorithm, as ¢ppésed to off-line identifica~-

tion aigorithm.‘is recursivefahﬂ doea‘nbt require the whole

string of bptpug-ihput data to be brought ih*at each step.

It provides a convenient way of arranging‘the ddmputation“a

which often results in reducing computer storage and comput-

* ing time, \ C-

<

iss

S “..‘ L J - 7 ’,.3./\ 3
Cocse ) %l t*’) -y (a .t§>,'- (2 (i‘i‘ti)]sgﬁz-

s .

auppose data from thL flrst B batches are avail-

2

e

able and an ostlmate of the process parameter vector a ijp aB

.To derlvo an on-line identification algorithm as data from

the Lt—-h batch are peing received (L & B), it'is npcessary to

approximate yj(a.ti) as its linearization around aB ~£hat

N

?
- -

L 3

: I A ‘ éx ( t ) *
-1"(33%-.@.:%)_- j(a Pty Jy +[ ] Sa
s ' , ‘ §B . ‘

>

AT J
J-t]. i ,O AQ-B ’¥i
[ ] P
where,” - : ‘ R
o -~ - é' =' I,EB + Sé

e

) ‘wttmg ,denvatlw of 'S dofmed 1n Eq . (u.}‘}) with respecﬂ:

to a to ero prpSa‘“

s e




‘&r,',d..

3S . N
' 7 - 0 s . (&#.35)
P AS_B_.‘T
. o N
or, ' ’ ' . e o .
| SRS RN T I - |
: i ]ij' Jiedy o I 4y
-; [ffﬁﬁ— H{atd) = v g 1))
} B S i e 21'13' i{m* "1 2p+ i
’\\ - ‘] 2 j ] ] ' ‘ . ‘ :
. N Y (__a_ , b . ) o
‘ : -'[ j:%‘ = ]ééL = 0 ‘ (4.36)
. AaB‘ . . o} _‘ 2

.t - ) B ’ ’ v )

.or, - . . -
O RV o Co
éap = Hpa o T - (%.37)

where, . ;

-'}z‘ . s . . . ‘- .
- - »L J( 3 j L. 7
S iﬁ ' (e oty ) . :
R I Ef : ] [ —2—2] . (4.38)
'§‘ ’ . 't]'-'!l" isO . B L -
Q .., ¢ rs ' “. ’ ..
| E L )::I'J 3y (ﬁ ) ;
T~ é'[ Y ] J[im(ti) -3 (aa tjﬁ
. ‘ P | .N QB . L . (u 39)
4 g . T R oL .
o o Note that the subsemgt "L" #énd the cap "/\" were -
L a&dod to ﬁa te 1¢9ntify t’hat 1t is the optimum value from data
i : “f L batcheb, o Lo d R ’ e '

4

sele L., (Ia-‘”'l). cew ,.hatches aré used are as follows:
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“ . { t -2
ORI . - ¢
s A N 1

W R Tt

. Thus, the optﬁpum estlmates ‘of a when (B-vl), (3+2)..
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thenagL‘and‘gL'defined”by Eqs. (4.38) and (4.39) gaﬁ'be put

inxq_;hélfplipwihg forms: _ .
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-1 A : .
Frei1 = By : (4.47)
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Frdm ‘the Matrlx Inversion Lemma (bage and - Melsa

A. (A + BC) and (1 + CA 3) are nonsingular. then,

o Y A‘ 3(1 ' CA-;E)-ICA-I;' (4.49)

- - ——

w“Apb}yiﬁé this lemma to Eq (u ua) with A = le B = Q£+l ’

and ¢ = WL$IQL+1 resuits ins -

EL+1
or,
) ,.£L¥1
_or,’
” 5]
5—1&1
wherey

Kyt

_ From Eq. (b

" 8p41

=

, o T (=L
=By “»¥L9L+1(l\* IS M- CIND R Y-V S COLLD

3 . . .
ot e

Q

. T =1 N -1. . . . :
= Py, - BApa () +upaBi@ia) Tepegl, (510

s

o

o (ks2)

= (1 - Kpa191008

== LQL+1(—L+1 + QL+1—LQL*1) S o (4.53)
.ﬁé):Aéﬁeuhas{

_- ” Th . ‘ '. . e ,(u u.)‘

= 417 Spa1¥e 1841 L -54),

Substitution of gs. (4.54), (4.47), (4.52) and (k.53) into’
‘ _Fq,’Qﬁ.ul) résultsiin; | |

>

5aL-tl

- 3L+19L41' o

- —L+1QL¢1) L‘QL - 9@¢1—L+1—L+1>

.



. ) ' L < 5 LT :
o= 5L+1QL*1?( ISE A BDQLtI!D+I§L+1)

o

- A N '
= (1= by gdpe) 88y, ¢ 1iey q8y,001 )

. A T :
= (1 - By, 1814183 ¢ f£L3L+1 hL+i9L+1 18141

ﬁL+12L+1' o S E N  3 | | O

= (_ LL*19L+1)6a t [hL+1( L+i +"311,«»1-14-‘*“1)
e

. o ﬁL¢{§L+l LQL+i]!L*l—L+l 'x. T

= (1.~ £L+1BL+I)5§L + LL+1(WL*1 t 8y41F LQLfl

I IR TR
- Srafdpa a0

s . e

S T
= (1 - 5L419L+1)55Ln* STSLIPEL R

BRENE R ¢ g +19L+l)6§L tRp18e - '(0.55)
or, S S : 5 S
59L¢1 = 53 * hL+1‘-—L+1 _QLriséL) R U R

kg, (h 5é) coupled with Eﬁs (h 52)fahd (4, 53)”ﬁésult in an

on-iine 1dent1flcat10ﬂ algorlthm to compute 881&1 | Thib :ﬁ” i

. <a‘gorithm is only approxlmate since only the linear partb of

of xa(a.ts\ for- all jand 1 around aB were taken 1nto account oo
ana therefore mdy not be valid when aB is a. poor estimate or-"

when L is much - greator ‘than B. . Phus, | modiflcation ‘was needpd R

»

and done hpre by*linoar1zing xj(h tj) around the most recent

_,Q

- | : ' ::A—":: ‘ j‘r: _

.
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potimate of a. In_kgs. (4.50), (4.52) and (u.kﬁ): a, was

1.
) ‘ . A
gpt to O and (1*1 dnJ'QL+Lkwcre evaluatedrat By,
A K -~
Sdre = By - 3 (b.57)
o ) M-f -1 B ) T ""l ) ' v

Bt F D (e 90k ) (#.58)
.E.‘L*l = (.I.-. - b‘Lflghflt)'l‘:[.‘ ' - ‘ (A"‘Q)
A N (SA .

Ql.f} = él,‘ + A4 (4.00)

"gLil gnq'gL*I.urT still defined from-hqs,,(u;QE) %nd

(u.qj) buf with éL\in p[aci.of QB'

Po compute al 1. tht on= 11nn 1d9ntitiuation algorithm needs
to atoxw‘cnly 41. Pl and Jdata: from the new batch (the. (L+1)th
bat h). CFigures4.7% lg-a flow diagram ohowinb how the model

13 updat d.after data from oauh new batuh has heen r9u91VPd

........

SRIRERRCL S on- ;gp IdPnt gigat;on 3g,’gggmthm

1'.

PR t‘ollowlng {s an on~1ine= 1dentifitation ale,o- '
*—trachm to aompute 51+1 and l1+l when aL gL‘an&;dapa fromﬁthe

', ~(?*1) batch are 61ven . "f" -

fomputo girica l.ti"l‘ emd 11*’1( 3 ti‘*l) for 1= D, 1
.}J by solVlng the dirferentidl equatiOns. hqs. . 1 ). and
.\4 1?) AT numerical 1ntagration tv hnique ’iay Runge—hutta,

-9?5.bf uséd, "inoar inttrpoiatimn wan be omploypd to calculate'
* T ""“-ll'
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the values ot u at times between meusurement s,
. . ‘ |
Jeocompute }_\»l* l (Ei ' t‘kl\'* I ) from l"q g9, (IJ . 1?). (4 . 1'“) w\:ind

(e 19,

oodompute ‘yl'* l (él . t.l.l'+ ! ) t'ux“”i = 0O, l‘. e Il"“ from Y¥q.

(b1,

YL sompnto 3.\[[‘* I (él ' ti'* ! )/,)Q,‘P for 1 = O,1,...,1 Lt} .

The Cintte difference approximation mentioned in Section 11.1

ot Jhapter 111 can be usad.
" . . ade. ' I, o3y
Form 31‘*1’. €1l and "1, X/Kl’h i on Mygs. (J 3. Y, (4L h )u

anid 14 44) with a replacaed by é(l' B .

=1
0. Jumpute é‘lkl from Eqs. -(h.00), (h.47) aud. (4.58),

T, conpute P
| . campu i.}’l.ﬁl
\ - -
T

from g (4.59), required for computing

~1e

It should be notml thut new data x'ﬂquirﬂd' for the.

uh)d( 1 to be updatod 4o not have to bn ix‘om a ‘whole ’bntph as

shown In Plguroed. t, they um Just b:' frow a part of .a butuh
a8 shown i_ﬁ vit!’ivr '.Ngura hoa or ‘Piguw g.:, where. t_hn s3ub- -
seripts *old® 'ami Snewt s(.énd for before and'artu'x; updating
x'v:s.;'n;c;’t,_lvvly.' lxmnmi by 1olluw1ug the sunm wauuning nnd

dex"lvcdtliox.\r l't.. um bc aany shown - t.hutn
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Wh‘xf d» £ and W.are defined bélow;ﬁdnppnding on whether new .’

data from:a part of the 6ld bateh .wor of the nrw batch.

v
G,

C New data from a part,of the old.butgh

<

Whvn the nrw data are from a part of thﬁ Qld pateh;™
Cthee (1a1) batch, starting at txmt‘t’f]%and ending §t~timo‘3
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TI1.2 Ab-piic.ati—dns

~ rd

»
4

"To trst the én—lino 1dent1fioat10n algorithm
34rtifxb1al ddta were senerated from thp model previouslv

ucsurlbuﬂ in Lxample l of bootlon II 2 and with W .2 Aana

.

usvufin ﬁhe Ioliow;ng<two pxamples:

o
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C . 3 5
L. , B LR o
o . ’ v - c P
CEXample 1. H °s :
- . ¢ . < N .
- ‘ . , . ' C. . . I
. . The data fram the~£irstffive batchos-wer“eﬁsed~
» 9 - ' o . . . °

to‘c.omputw éﬁ and P q Thm se were t& lm,t).al conaltluns

requlrod for tho un—llé& 1dentif;cation a;gorlthm whlch
.

.,al-atarted as gata fron the’ 6 batuh were reeelved able 4. 3

" are resultb from the on-liné 1dent1f1cat10n algorithm at B

-

”ompar*d to those,from tha off lln» ldentlflcatlon algorithm

b

JPSbrleG 1n Section II 1.\ True va*ups are used as the start—

_ 1ng valups fo* the, off—llna idantlflcatlon algorlthm. that,
@ T - - - . T S
R

~ .

~rFrom Tablo 4.7, th on—lino 1dentificatlon algo’v<:

-

rlthm took ‘much lGSu cOmnutor tlmo (10 ‘sre Vnr us b26 sec).

'

45'“roducod bstlmatns whleh 4r9 vcry close ‘to the. off fine . -

-
~.,

, matos and would bacéma even'. closer as- noro'and more batch . .
dlta \lrﬂ us dJ - ' ’ -, ~° ey :"a ,‘ ", .\'." R .
R ) : oo R € 7 R T
AR e o _}tg_,,, ; - L
rxamplé 2 .. - S ] S e :
-'. . . A s;‘.‘ ) . .. ot . !
" ‘ - " B « - - - ‘
' In‘thv prev;uus exampLo" thn*initial condltiowss o
A:. ‘. . .‘ ® g, ™ ) . A“ £,
'and Py for tho on- lid? 1denfiflcat}pn alvorlthm were cém-' -
l - . - ) *
putod from ‘the' off llnP Identificailon alguri:pm and based L
R '
. ion data,frdm the first f1v¢ bat has,,,”.{-,_ . il -:,A'- wre F
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s ’ -, . ; 1 i
t , ’t;_= - . < s
. a “"’ - * : ' b b
. | . . i ) . i
Tab‘* & ? Onkllne resﬁlts as coqpared to off lino results
'From 3rt1flclal data w1th standard dévlatlon ¢ .2 andﬂa
pro ess para.meter vecter a = E—~ 2 lT ‘
Nu;bér ot ‘On<line results .. | ¢  Off<line results
| vatches” s ZG?E,Q’//{‘.le - 85
5 . ~ -0.52204° 2.5824 1. -0.52204 - |° 2Z.s5824
b - - | =0.51345 . 1 2.3066° ] --0.51388 | -.-2.3055 °
-7 ~0.51303 .| .72.2881 | =-0.51296. [ -2.2872<| -
B ] ~0.50936. | “2.20Q0 | ~0.509287 " 2.1991
g | -0:50002 | 2.,0634 | -0.49994k -] 72,0628
10 "»0.50159, | . 2.1425 | -0.50152 1 2.1120 -
11 . =0.50034" 2,0963 | -0%50027 .} -2.0958
13 1 ~0.50113 " 2.0080° | =0.50I07" 22,0076
i | =0.50183 | -52.0285. | -0.50178-:| .2.0281 |
Sl . 1L=6.50103 ¢ 2.0753 -1, ~0.50098 | | 2.Q7250
Co1s 7 o~ ] -0.50053 ¢y 2.0799 -4 -0.50048.° 2.0797 *|. -
© 16 v -0.50029 2.1015 | “~0.50025 - |. 2.10117|°
C017 0 ., U T|e,-0.50030 | R,1328°.| ~0.50026 | - 2.13Z75 ,
18 0 0 {7-06.50135 | Z.au70.7|-0.50132 | -2.1466 ;
. A9 7. ] -0.50476 71 7271904 . -0L50473 - ¢ . 2.1901 ‘
foooed. -t 10 -01050510° | 2.1168 7| -.-0.50507 - |  2.1166
210 L0 7| <0.50296 - || 2.1434 {.:~0.50297 { = 2.1k31
I .1 ~0.50295 1 2.1310%. :-0.50271 0’ 2.1307 .
- 23 ] <D.B0267 ,a;lou6=e. -0.50264 " |* 2,1043 °
N Y 5ozg ) - 2.1033. 1 --0.50250 ~2.1050 " °
- 25 1o ~8.50230 " 2.1062 | =0150227 |.-.2.1059 ]
.26 0 o 1.=0.50261 | --2.1497 [[: -0.50258. | 2.1495 | ..
2 o0 =0.50307. 4 2. 1374 |, -8.50304- |27 2.1372 | -
S .| =09.50339 [T -2.,2262 ,-o 50237 | 2.2260 | .
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. ‘JaSt?‘ 3 '
R .

Stafting value'foy a :_[—.?5 3. ? : . )
| l’l R -
_Starting value for E_: T L o

The stafting vdluo for a in both Jase 1 -and Case 3 13‘50%

_'deVv thr truo ValUﬂ (in. abaoluze value) and that in Uasv

2 1gi.xaptlv oppo:xte to the truo value whluh is a very poor ;
guess. Thu atartlnﬁ value for 2 in both case 1 and bah 2
gi-‘xn ldvntzty matrix (p031ﬁive dofinlte) and that in Ccase

‘q‘\

? 1s ‘an 1dontity matrix wlth a nogat1Ve sign (negative d9f1~

‘a:nxtp) wbluh is a very poor  and very unreasonable guess as

dircetly from tht défin;tion in kqs. (4.47) and (u bﬁ), the

matrix P 15 known to be positive definite.

. B B o
1y ' ’ . o hd

, Asuéeéﬁ'frbm:thq figuneé,‘fﬁr all threetczéés.:ﬁhe”

sequence of the on-line estimate 0f the parameter a, and that .

'VAof_the-pépqmetvr:aq}both,convergedapoﬂtheir‘tfue Jalués, though

for Case 3 they 63cillgtédrat the begiﬂniﬁgu The former con-

iv}nged faaxgr.fhan the latter.

hf probram uged to vampute tho on line estimates

in both ?X&MPI&S {5 1isted ‘in Appendix X as Program~v.

L9

¥

-

8



1 INTRODUGTION .

Disturbances and measurenent errors axist in -
Operating bioreactor.“ Therafbre using a deterninistic
model to repxeaent a oontinuoux fernentatlon process ma&
not be reallstic and hence cuntrol pollciea based on the
the de;ernlnisxic‘moda; may not work satlsfactorily.

- | - | t '
‘Based on this fact, Svroek j 81 (1974) roraulated

‘a stochastic modal and derlved a control polioy to regulutao.
.effluent concentrations.‘ The stochaatic lodel 13 dlacrate _'
ﬁ'and was formed by 1inetrizing and’ dlauretlning -the dotarni-“
}nistic Monod modal and then addlng disturbance-terma which
:were assuned’to be uhite and Gauaulln noise aaquaneea wltu o
l'zero~maana and knoun varianoen. The eontrol polioy which

- they naned “Kalman uontrol' policy uua oo-poaed of a Knlnan .
) ,filter cascadad with a proportlonql controller.

In this chaptar. a continuoun atoehtatlc uodol 1a

propoaed to take into acoount nealuro-ant errOrn and. dlatur-

B bancen which are due to 1-perfeot mixing or -ubstrtte readinsa

’t-nx and of b&preactora Othe: disturhanopa ‘such tg-thgae

e
s
—
9

pL——



o

tdation process where v, F, O, 5.‘36. se and >

"soncentration

= . ’ o 4
Jdue tO'lmfv%?Pct uontxul ot pH and tcmperaturv arv assumed
to be n‘igihle. Bas(d on the model and the .)aparation

Ihvorvm.'d-contrul polipy to regulate effluent’ conventra-

“tions is derived, using dilution rate as 4 control input.

-~

Figdye 5.1 1s Q‘schemétic orja continuous révmén—;
. 3y are volume of
medium in the bioreactor, flowrate, blomass and sébdmrutw
con»rntrdtions 1u “the bior;avtor. effluent biomass and -sub-
atrat‘ cone entlatlous. and influent subﬁtraté concentration,
rvspvgtively. Maés balances dcrqss;tﬁﬁ ﬁioreactor‘pasult;in |

the rolléwing_aquatlons for biomass concentration-and substrate

¥

fS\t* - - DT (t) + E«\t> - 5]Jlt) - (s.x)"
St = an)[a (81 = s v)] - :ut')cn)/y‘ BERET !

whvr:‘the auper‘rlpt "ot atands xor derivatlve with . rdapeot

to tiwme 1, At th)/v is dilution vate, A ia netaboliam

,goexll 1ent or ape‘ifiu death Tdtﬁ. Y 1a tha yield aoe{tlpieut

_or~biomass bas on aubstrdte and y(t) ia speeixiu growth

‘rate whi h is assumed to forlow the uonod oquatlon. hquation

1-\ ‘ ,,'
Yl t)

R QX E




rLth, ;;l\t) a. . ST e
] . N . ~ .
substrate {feeding tank \ VN ;

g Cg

{ v :
Vooo(ey, sy e f o
‘ o ]
) .
. o o
-1 o o =
PO FCL S t), o)
) L . '. . A ‘. »

Y Hivoreac tor ‘ . -
.\,' . ). ’

schematfe of a eontinuqﬁu‘rprmnntatihn

Mrocess,
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o
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\Ailh of

‘vht

paraneters h, Y, o -and }i‘; often depond on

<

the operating medium temperature, PH and rate of O Xyon

supplicd (in acrabla fermentation).

tank and

N
\

F

1

and o, and

related to

«

- . &
cach oth«er by’ the mllo.wing equations,

Q; ts ned a cmuumt, IS

¥

hd ~ ..
-

e to &mpm'“&‘myi mi‘xlna‘,o‘i‘ thoe .-ubﬂtr.xtv fﬂmﬁm.

.-

(' »

' the Morv.-mtor‘. O aand q'; arc not¥the same ay

1 " bhuat “"ffk";' they are

(\f"(lﬁ"- Ot ;'w;\'t; . | (s

a,,‘\t\ - 9(;‘:1“?&;1“:) o | ’ . ('5._-_-\j"

{»;51‘1;") v-vlii + ‘\;::‘\(\t\ L . : («o)
where w Wap Aand w t‘f‘p!‘c*;m‘n t A aturbaners dm*‘ to imper-

t; ot mhh\h

.,w: raRe .

The

il pkmq on the

g dubatrate

l

o oand- o

..

B -

Phese L&iaturhmwv-a'm“ goro in atatistlenl
'dmrm»a m !luctuanien of thouv di-xturbnnm;i
»qn,\r:‘a nx mlmh\g ang on’ th hature of blomass

invnlvvd. arv vroportimnal to eononntrations

1 &athﬂmatlcall‘\ thc y.van be- ;approxlm;tad as¢
© W \t\-kx(t'hv \t) - ' S (5.7)
ﬂau -4 l..u)w 1(;\ - (%.8)
. ‘ -
R »,,.‘»;w,;; ) : 529

T ’ .

whm. hv{. kql and k X m'v m\mc a;\proprlatﬂ oonatnmts dvpmd-

. tnh on

3 -mb:-u atc ;

N
e

h.~ Jagmw oi"ﬁ:lnmx amd th« nuture or biouus; and

A i
. ‘r -.gmd u R ah wM. te, dnusaxan xmi ses wl th .
e T LT .
* . 3
) . , -..l'" ",—‘. B - ‘. 2
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kg
Y . . . . Y
o, . - . -

Zero-means and uhktvhpowrr‘wpeﬁtru and

1,

i

each other.

Arn independent of

Noté that perfect mixinh is a spoci&l case of

@

and k|, all

imperfoct mixing wh«rv ﬁhv values for Kc- kéi

are

and tput higher vhinpaifor k;. k31:and L

20T, ., corregpond
O poorer mk&ing. R . IR
Nuu¢urumrnxa on the effluent concentrations, G%
anaa Are u.“umﬁd wvailable and relnted to cﬂ’ang IR O
\’v ., ! . ’ £,
Ut t) hv(t),+ v.it) ‘ .- . (5.10)
Qm\t) - up(t) 3 Ys(t)_ (5.91),

where V. and vq'nrv measurement noise (irrors), and as normal
AN

Cprae ﬁltﬂ

~

-trjbut}qnﬁ with znro-m»an: and Lungtant pownr ap-gtrq of G‘

e . . -

and T

Thus hqw. (;.1) to- Q\.Il) roprasnnt a s{ochastig

!er a “continuous fnrm«ntation proceaa with measuram»nt

3

eITOTH And diaturb&ncvw duc to iﬂpvrfe\t mixinp < .

m0 \il" 1

LS . =

°

rFor 4 hontinuoua propvsa, ‘the purposc of »ontrol

g8 olten to an»ihn s regulmtor (a ‘ontroller whiuh mnintains

@ .

-the produqta us_upiform as poasible).
tation process, this
ax close Lo some desired values as possidle.

]

[

san be assumed o be white and 1o have uuUSQian dis-

In a:contlnuouu fermnn#"
meuans kaeping the effluent ‘concentrations

11 the "dilution

la




( ratw 13 Ude as a control input. thmﬁ’E“&hpmaticaily thé‘foir ‘

lowing stochastic optimum contr@l problom must be. solved;

<

¢ . 7 s tr - i . T

- T Mine g ;yfg °{klfq (t)- 51%‘*‘&J§é(‘ﬂ“ 512 | 5 

o E oty . ] o 2y - .
*~ki{?{('t) - D,] ‘}dt (‘_‘).12)

Subject to Hquatiqns‘(5.l).td (5.11).

[
' -

“where ¥ 1% tho oxpogtution (St&tistibal average) op@rator;

tf and’ t,. arc the startxng timo and the ending time. of the v

Q f
' opuxatién; kl. k and L3N are ‘some poslgivv‘wpighting constants;'
T and 3 ape tho' egulating lov'*lé of the effluont ‘biomass and
: wubqtratw concvntr&tiOns; And D is some aVorago level at '

whluh D(t) should'oporato. A reasqnabln valuo that ecan bo

. chosen for D is tho dilution rato which glves the highest
rate of biomass pruﬁgutiqp in a chemostat. Tho Values chosen
10?43 and S arv thp corrosponding stoady state biomasa.and \<\~7

substfate Loncﬁgtraxiqns4(see uhap}og 11).
_ _ ‘ Thb soxption to the problvm can be formulatod*us-
. iﬁg ‘thv to»ha&tiu Maximum Principlv (bago a.nd Melsa N’?Hy)
or the tynuniq Programning (Bcllnnn 1957) Howover due to
complrxity of the dirforéntiaL°equations rormod by Equations.
{(51) to (5. 11). thn solution canunot bo solved 9xactly.. An
Vapproximltﬂ solution of the problem wt{I "be computed hnre e
.f?ﬂ '

/




"6'r_ " C B
" using the separation Theorem. L

ac ” a N v e

i;; Separation Thoorem or bepanatlug Principlp
. originatcd rrom the oertainty lqulvalence Prlnwiplo Which
first 4ppoarod in the gield of econometrics (bxmon 1956
. Theil 1957) For the discrotﬂ-casc. it was first introduced
by Josoph and’ Tou (l9bl) and Gunckel and Franklin (1961).

" And rér the continuous oasv, a rigorous proof was first .

givvn by Wonham 11908) A more completo history of-the

onparation Th(orom and its vari%fions can be found 1n a paper
wr1tt:n by qptyor and uuStaISOn (197&) A proor of the bepa-
ration Throrﬂm, at onginoeringvétannard (nGt rigoroua). is

giVPn in Appvndix b, Lo f ;'»" ‘

Q

:i: | The beparation Theorem. verbally. states that.
ror Llnvar-Quadratic-Gaussian problems. that 1s for linhgz ’
: S gystems with g_ggggiig 108t funetiona and- subjacted to addi-
- ;A t1Vc white ggg_glgn noiSc inputs. tho optlmum stochast1¢ ,

. . controller (stochaatic rogula&or) Ls rpalized by cascading f“
. ‘An ogtlmum statﬂ rstimator (halmpn filter) with a determi- :-v}.‘
'niatio optimum oontrollor (dctermin;stic regulator). gotof“
that thv haiman filt«r ia an algorithm to astimatn the states ;

ef the 1invar syutcms (sce Appendix D for more details) nnd

3

éh: dntrrministic optimum controler is an aigorithm to R
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'dombutc ?he‘oﬁtimﬁh‘conérol‘policy'ﬁhen thé lindar §ysteﬁs -
arv not 'subjected to noiso inputs. Graphicrlly, the bepara-

_}tlon Thuorbm can “be describod as 1n Figuro 5.2. Mathémati- .

"bglly, tho theor;m statoa that for a glvon linoar plant

L
. system, )
g .. . | S
Toalt)s gl(t)x(t) *+F, (t)u(tl + Fq( )w(t) C(5.13)
) € -
with,d.LlnPar obsorvation system, _— : e
- "“ ¢ “.’
Y(t) = g(tax(ty -+ v(g) -7 . LT T . A5.14)

- -
-

wh; e u(t);;x(t).'xééie w(t) and Q(t) are roSppctively. con- :

tro vegtor. 5t%a'rvoctor. mealurement veactor, procnss noise

-~

-

v tox and mvaburoment noiso vpctor. having thp following )

"'proportiv S 3 T G

w(t) and v(f) 'E ot e tf are white Gaussiaﬁ stocﬁqs-
tic DTOCPbSPS and i‘t ). 1s a Gau351an random vactor.A
“tht)} "y
‘rtv(t)} o o
qugns;f.i:lfd;

wv(t) [W (T) ,Y"T(:C)]}ﬂ H')(t) ,,I(t) S (t-‘T) Eoa

. -

-

]

~---r—-—-‘.’

252 I I.ct) Ba(v)]
B - ey T}
I{x(t )w‘r(t)} o . - Lo “
i)y ‘tU -9 *v": e e e
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,ﬂ'where *g(t)'denotes thu uniﬁ impulse functlon (Dlrac delta

- bl ot o 7 i
. . - e * -
N - < ;. - I [t
Lo . . s . oY
] T e - B . N *
A Q > . . - . . ..
\ - Y R4
~ . o o - s - e
R , . L] 2
. A3 [ . .
s ' . L
., . . . . \d
N . . . - . N
» - . P ‘
R . n . ' 4
. L} v

-y

;;~‘function), (t), Ez(t)' Ej(t)n &(t)o Qa(t)v Bg(t) an.d T(t)

’are known.matfah functlons; and P and T ,.are kngwn matrix
' n""‘ -; " - Q . . ' a“t

' and‘wector.‘ P RN St T BN e

>
: 3 . ‘. [ %
. PR " . t D . .‘ N N < K “
., N . S ‘ - i : . A s, . L "
o . . . . v -
. . - . : -
e .- e e &

Thcn the optimum feedback control vector u(t) ‘as

d functlonal of x((") t '_-i-'("_é wmch mmimizes the q‘aad:\atj.c
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the cenaration Theorem reguires 4 linear sygstemewith a gquadra-
N4 i oo, . , )

L cont function, results frow the linoarised sy:tem with

amygroainate quadratic cost function are quite acceptable as
¢ N N : . . v . s s
TN at . . '
. N _}—-_1 . . . .
. . . ' . Lo . ,
- she contrel wvuaht’xnp, Factor 18 not el too smasl an

[

coipcarea to the state welghting tfactore, )
P : o - i
* ' Yhe varianees;: of measurement noilse are not too large,
S oMe deludy time in measurement is not too long (For the
cate, with meamutement delay).
. ‘ . Proprams Vioand ViDL tisted in A pvnd-@.\ I have been
- e Lo diaudate allo the resu itse: " The forder vmi\loys_ the Lhal-
. ‘ * T . . ' N B .
o A filter and the latterZagploys the halman predictor for’ -
-’ “ : Y ’ ‘ * L. . - R -
. e care with megsurcaent delay. | : .
’ ' - ‘ w . ) . . . . L ’ B
* . ."“ : L " , oo . . ' ' * . . ! , .
. - " ) , , '. . -, . L.




Y .
o
~
.
.
s -
=? ’ *
s . .
' M i
- \ Lo V3
v
lc. P
Coa
.
. ' -
« o

. | . W
I‘.) 43 W (AR}

e .« €. . [ K
f O [} ]

> -
a
1]
l‘ -
.
19
s .
rd
.
’
2 L
f .
.
. 4
o
. [
,' P daps -y
- +
’ . .
- . - . A -
* - -
. ) . )
. - a »
L4 - -

o e

1
v .. 00O

LA ,
. ee
.
.
.
»
1
- 9
, .
. 3
M
ok .
]
A“
N
B
.
.
-
.
.
L]
. .
.
.
~
- 4 P
" .

C.

[ DU 3

90008

(]
- e

n

b PR

~
-

25.6!
e

«

18

1952

‘a

-
. «»

.
’

1

[4
.

2¢.80,

LU

m)

ta:'lt‘ k -~

h Y

=

W
Ja
.y

[ad

%0



»
-

- e

.
oode-t . T,

R G 72

¥ iy
000d-

1 L I

P

4 -
‘géc
)]
K'Y
A
LAl | i .
TR
> .
uy -
-~ .
O -
v - u
$ .
[N .
» 9O .
54
QD - h woo-
G A
(AV] - '
w
1 )
) ] ‘
k1 .
+ —t
R 4
|9 .
- ‘-
£ 0 . R
Q D .
[ I |
r: - &
&y . ¥
[§ 2. *
, N
.Y A
4 .
@ e
9 T. -
+? —4 ,
0 5
50" 7
in. 1 .
L o4 .
Re = .
Q LA
o LA :
: M Ll .
8 8 . .
. ?
A _.ﬁi . .
R LR
Y O]
M\ | ™ . .
~ .07 .
e e}
[» U -
1)
£ et -
O 4> s
AN &
rd -
;’ - a v N
- -
Lo »
we, .o
. . rd
T o ,
.
M -
W &, 0 T
owd O »
: File - o
m :
. ’E'v
. v

PO
LPE
L

il



T ﬁm*m.u._.g.._._m,

e —

————————

EE

5

. -
S S

=

-

S TR T ve T —— N

P

.
<
f
]
e .
- 1
)
.
3
.
“ON Bl
—— U
,ﬁ N » '
N L]
:‘ . L]
»
-,.. - J
. ‘< . .
N
. o -~ e
- .I
.. - -
.

COPY RESQULUTION TEST CHART

M:dﬂ’Q

#DS - H6d - £

NAT ONAL B

Ao OF, STANTA

.
. . -
R
« b
‘. .
. D
-~
c-
.
oo
-
° N
. - -
< e
“ .
.
.

R
3. .
A}
—————

s
v
-, !
- [
A,
. o~
~ 1.
- .
.
.
A
. . .
"
- e,
<
-
T e
. .o
Lt s
- . -
c, W]
3
-~
C -
N 4
K
L -
.
o oen
- .
[
-
T e
A .
4 »
“- +
LR .
R
-2 o
.
.-
- « "
W e
e



. - oG = mx ‘0T = ,,Nx ‘T = 'y ‘estou #cwsm.uwm
. T s ~BaW JO SIBA2T SNOTEIRA JOJ -SUOT3BIJUSOUOD SFBUWOTQ JUBNTIFS PaITOoIJU0D T3
N » K e B " D\ N . . - - -
. R o™ -
e ' s . . . NS
e . a1 ,
. -00-05 ¢ 90°Sh « = 7 00°0 « 00°S€ 00°0€ 00°se 00°¢e .. GB°St o0t 00°s 00-®
' —d ) W 1 A 3 1 1 P 1_: 1 e
. » ..._J . ] (=]
’ : . . (-]
. /u - m ’
- ¢ : . , ,ﬁv \\... ' N Aaa - _ v ' o
oL \ 0s* =5 =ty —wm 8
P - ! 1 EXY _.”.ﬁ ) @ a nﬂﬂu
) 1 R S - T -
. . . ‘
‘ 00r =% =Ty e - » 5
. R . o
- - c ol =]
. : o ) , PoTTOJIUOOU] — . . “.

-




o
° 1 o O et
.
] ' - ‘4 K < ~
. . . ¥, B
. . * ~ L R
< . ;
oSN Y 4 . . 5
e , / . .
L ¢ ‘.\
v+t A .‘ . " i - .
. - ‘
* ! * >
- . . 3 .. ~ ’
> L] -
. . . . - . ']
. . , . 5,

,. SR , » . . Y = m,x ..OH = Nx ...ﬂ = Hxﬁ ‘asTou jusWIINS

- . -

nrmmenwo ST9AST SNOTIBA IO m:DaudhpCmocoo 93Ba3SqQNS pcm:HHM¢ cmaﬁonpm%r 9% 3anFid

- . - (3

£ 00°05 . 00Sh 00 0% 00° 6 00466 10°52 - 00°02 00°51 0041
1 1 L i e 1 1

7 I o
- ZAY A . g ,

N 1?. B 3 o8, AT N5 N,%...,...., b

: - A"V | )o.\ y ‘¥ & Va2 AV
. P /s A

. . s

)
i
d ” - . \ -
» » ' .

/ .
. = T
\\ R —— , Om = mv l@ I S - s
\‘ . 0 . .
+ . _ N L3
! . - WO = ) = HLu el
. \. /. a . .— . N 3
! M . v » - N i. H
. L : 00" =3 = D —— :
. - " -, - ’ - . * N
. 1 - . X P
PR . FIN : POTTOIIUOOUL  mmmee -
, J o N : : / =
S, - qlw
1 - - o
] ‘ . : .
.. _ .a. . Al
| ¢ 4 .
. ~n
. C. Le
“ = P=
/ N . - ; , ‘ N <
| ’ “ : . d . ) f ; .
\\ .- - [ . . .



[N

.-

= 1

S

............. .

¢

——— gt o -

.

- rzo"

X .»/o/.H mma}ﬁo.a.”m.pm.u..co..mw.s.wuw:,Ess.,mpmo "33

2 =0

.-w, M\MO'OH = -o,.ﬂ
, . . / ‘uWJrl! ) .
B M \ L] L3
o . . R ..,,_,A
_ : (84H) 1 N :
ga-as A0°S¢ - 00°0b g0-se 00*0¢ J0+Se 00-02 0g-st- 0y ot . 00°S . 00:% :
— 1 | S L L 1 i i rar CA | —-S N
* [N O (=3
« LM . <
\ o Hw?w T
‘ v \ .:... o ? .
P . W\ . N Wou .
Q.w.... . . N ; JTW .
o / .
. . h . N
) . L . - ﬂ..u\ B .
. st ¢ =
.i * o -wJ r‘m. ’
. . Loy A e =
. : N —~ V
. ) ... o
. , \ NLEN . o | _ flm .
¢ ’ R
s . - _ ! ‘
. . . ~ .L >
' . * HE! _
il
BIE
b ; .
w3t 14

-
00001




-

, .,., . , .NG.. = N|b~ N .Hb 4 ..ﬂ.._
. . - =ty teor = Wy o1 = Hx JOJ QWIY SNSJISA .Hm.xﬁhpma uted ToJjU0D wBUWTEN {°G SJNITd .
» . N e . 3 =0
4 \ , . .n \. . . ) . “ -., . . . N
. / Vi N .. . by
° iy Cos T s, u !
' , . o v N T »_. an
: . . A . 2,y : . A o N '
[} . - . . M . -
T . Lo | oL N . SO
0G5S¢ 00 0% 00°S¢ <00 0¢ 00°se 00.02 00°ST co-o0t go-s 0% .
; . Lo L 1 1 L : . L L . I .m S
. . : . ., . . 3
© - . . ’ o N h.\’ “_- -4
4 - . , . . . ) » wu
r o
’ v 3 . < ° * [~3 R
» ' : LU ) mﬂlu v
[P —_ - —— T T T oy 1 D
. na () - . . mll - . : L f
. S WPNte S . 8= . . .
. : 0 . (") < e, . K h
L - © , . - N :
' o N * ’ R §
L . N 2 0-4 > . A
- . i i \ T
© . s y N S N
™ - c g
f. A ¢ a
. : ° 2.3
. B I . 1= )
Q o N h
. [ * . -
. . ' N i,
- - L] ‘ .
. - s ’ .
. o . :




[

‘20 = 4

It "

[y Jo3 owry snsasa °¥ xTJjew uTed I[TJ Weurey

o e

*

Enm.,.

* 00* 0%

00-s¢

G

* 00°0¢

182150
00rse

1

-09+02 ' 00-ST - 00°D1

o =y

. W..‘

.

.

5

A
a

I'e ( NWm.vv .




. . ' ” .\. \ ,
* . . : 6 v
, _ .. ,.b N a )
... s ] O\ .. ) ) . H . . , . ~..¢ ) N
- . o . - . 4 20" = b
. . __ - . W 4. . RS . . . t . . N 0 R
= ﬁu s byaergT e Yy 1 =ty fanoy ¢ Jo Aelep jUsiieansedw Y3ta pue Lelsp jusuw
~oANSEBIW JNOYFTM SISRS J0F SUOTFIBAIUSOUOD SSEBWOTIQ JUINTFIe vmﬁwohvcou..OH. 3
) ﬂ - . .
’
L ) S . gH) L . . : . :
60°0s 00°Se - 0O*0b -00-5€ 00-0€ 0g-s2 00:02° 00-st go-0t . 009 0o-?
# o LI W i | 1 L L i 3 —_ 1 W
T j ' o
% L [~}
’ ’ X
. . . o
» n-
= "a
s O Qo
LBToD FUSWOINSBOW YFTM  ——ip— . o . SN
N o i 3 - R )
+ < Kelsp jUswWoInseusu Inoyl 14 S _ : . SRR I
’ N . i ' 0 . . re -
. L]




e f
*

1

| N - \ . *20° = B
R BT B A Zy +o1 = Ty ‘anoy §-i 36 Asrep YuoweInsesw yyiM pue AeTep Fuch

Y,
‘.

. - T » 5
=3JANSEeaUll PZOSP.MB .m.mwmdu 303 WﬁOHPMkPﬁm ouood. wp,dk#wn.ﬁm.. .u..CwSH.H.Hnw .U@HHO.H#COO4 HH.
\. .\- . . X - ;. . . - < .,. ) K ) : . a.‘\ X

L . RN LN . nme P ' - . : . N
' 00°-0S oa.mv. - 0004 80-3¢ 0o 0¢ ao-s2 ©o-62 34051 go-ot IR 10 ?
N S .. 1 oL N L L i: . Lo
v ot . T M 1. " ﬁlm
<«

. 11% I 4
o »
|
. .. o o T . S o
C L. ReTap juoweanseOl WM e | | Lot L8 /
-, N . . . . =)
. L h.NH I JUI Enfﬁ.ﬂu eolll vBOSu. ™ l.].w)i.u R p . m...w * )
s - _ -~ " . : . . , ~
. [ 4 < ¢ .lm !

. (-1

N . . . Z

. . . LN
' . =
rs

- <L .

v 1 ; . . T

. q L3
. s e
. ) : “ o




$
.

? ) »
‘/QHAPTE{; VI
’ 0 SI0 D DA s . ©

A mathematicel model of a chemostaf with recycle
of both blomass and substrate concentrations was derived in
Chapter II. -From the model, the effluent‘concentraticns do
not depend on the reclrculatlon ratlo «u the biomass con¢en-

tratron ;atio £ and the Substrate concentratxon ratio & .
separately but rather depend on the recycIe factors Ny = 1 +

d(l - 5r) and A, = 1 + xX(1 = 5 )« There are many different

combinations of o, B and 3{ yieldlng the same values of [b

“G
ang Aﬁ. _Recyc%e does not have any effect when AP = N = 1.

Alsc in chapter -IF, a systematlc approach was out- o

“1ined to compute “the optlmum operating conditions for a. che-'

" mostat gOVLrnPd by the general Haldane-Monod modelmfor'

'cases w1th and thhout recycle. The performance index is

deflned as the rate. of blomass productlon.' It was found that
fcr the Moncd model and-witﬁ récycle,” “the Optimum performance
1ndex is independent of the aaturationncoerficient Ky A8
examples. optlmum operatlng conditions were found for .a con-

tinuaus fermentation of Ae gghagter gerogenes. using the model

already deerPd and 1dentif1ed by Tepiwala and ‘Sinclair. w;t

‘was notlced ‘that at the optimum operatlng conditions. the rate

" of A aercgege production for the case with recycle is more

,

5 I .




than thiaty times that for the cuse without recycle. K com-

mendation for further rescarch i: tc develop an equipment

eq.l This development is important éince it in-
as$ prcauction tremendously, more than thirty

times a. ik

he fermentapﬁoh,ofrm.'ae;ogenes. However, at’

wasg obse#veﬁ by Ramanthan and baudy'(l97l) it iz not a ~rasy

task. oo SRR ' AR
- - \\

» B B \

. In Chapter 111, the statement of a genrral deter=,
mini™tic system iuentificatioﬁ‘?roblem by ieast squares was
mathematically formulated. The most qfféctive optimizafion
techniques uged in solving the identification problem were
then reviewed. They 1noludéa the bauss-Newton technique, its
modifications and the uudsiltnearlzat;on technlque.' utatis;
tical techniques.qud to‘getermiﬁe the best model structure
4nd ﬂonfldénﬂp int*rV41Q of parametérs were | givsﬁ in

apprndiz . AJ illustrative edepl“S. mathématical models

‘-for 4 bhatch fprmentatlon of nugeobgsiaigm Qu;lulgg 2552 and

1 ~ontinuous fermentation of Morchella grasslge were then-

partirularly lgentlfzed.

The most uignificant contribution of the thesis

”hépter Iv. 1n this chapter, difficulty in estimating a

"4rg¢ number .of pardmetprs in. batch procpss identiflcation

Th

was explained.,” when thé model 15 &1near in s statn vector,'

-

-

- ’ h i .“’

ible to an ideal clarifier sg that recycle can be .




a'techniquﬁ"was derived to-surmount this difficulty. Thi s

technique is bas?d,oﬁ the byﬁerpositionf?rincipiﬁ of linear

system theory and'tha Walling-Law?on-sy1VQstr; idea of "Eli-
vmination'of Lincar rarameters in Nonlinear Regfessiénfﬁ The
‘approuach basically replaces tﬁe initial conditions by their
-“S¥imétes which ar?'functipns of {he°proc¢ss.parameters_that

are being identifird. 'hxamp@?s_wege'cérrikd out with aftifi-

eial daia.éimﬁlated from a known'@odel and with experiﬁenial

“data from ‘the batch fnrmentation of A. Qullulan . FPor both .
| wxémplﬁﬁ.,trpmcndous reduction’ in computcr time and faster o
éonVaféenc: were oosrrved Also, based on the’ technique, an

on-1line idnntificgt;pn'algorithm"was derived to update the.

mpdel'paramhtere as new Batch aata'ar&'bqing roceived. The

algorithm waé\}egtgd using simulated data ana the rgsﬁlts

rr'folldw;z oo *\ T a
£ A large amodh{ Qf'compufqr time‘gan Ef_sgved if. the

. Algorithm‘is emploYed{“&s expected. . .

-’Thf oé;;ine identification a;garithm 1s approximately'

' the samp‘as'thh off-line rps&lté\when the supp;ied initial

2

?onﬂltions of -the algorlthm afb wvll known. -

- Thﬂ on—linp idﬁntifi%ation algorlthm works very SatiSr

1

'fdctcry rvrn whrn th( 3ubpliFdWinit1al conditlons of the al-

gorithm : arp urifeasonably poor. , ) >
1t should bﬂ notrd that the technique is applicable not only

to batch ffrmrntation procpssrs but also to other batch pro—

.




-

-

cedses. as wnyé. Ident;flcation of. @ lihcar-?yﬂamic conti- -
nuous procﬁsi where data at somn~ periode are-either miéélng
or not record;d. fro? the id;ntiflcagion v1ewp$;nt.;cah also
e treateﬁ with the‘éam% tegnn;iueq Recomméndat}on'for fgfl.
tﬁe: rﬂspérch iz tovfiné a tcchnique td overcoms the diffi-
culty.of estimating a large number of parameters when th?
modgi ig nonlinear in its state vector. The_alimination
technidue derived in Chapter IV works only for lincar moéels.
ané th% t¢ chnique deri#ed'by.wpbdside and Zuyen (1973) re-
q;iras extra data, redices médel accuracy and yet takes a

lot of computer time. COne possibility that can be sern is o
to combine the Quasilinearizatipn technique and. the plimind—
~.tion {lchniqﬁe: ‘Thv Qﬁésilinﬁafiiation technique transforms
a nonlineaf m&dal to a lincar onc #nd the elimination %ech-

¢

nigus then eliminatec the initial conditions.

In ~haptrr V, a stochastic model was proposed for

=]

microbial growth in” & continuous fermentation process.. The

model tékeé ihto acgount mezasurement errors and disturbances .®
“duc to iﬁperfgct mizing of the bloreactor a@d of %ﬁé substra£e‘
'feed tank. A problem of regulating effluent concentrations

was also formulated and solved, usiné the°Sep;ration The;rem.
‘Althbugh4§he'sé@arati;n Theorem requires a linear syst;m with

4 quadratic cost functidh‘_a %&mulatiop‘studg shows that resnlts'

- .

from the linearizea cystem with the approximate quadratic cost
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function, are quit- a-zceptabls as long as: . -
. ‘ ¢ o o

- The control welghting factor 15 not set too small

LI o

(o ¢ E? thf gtate weighting fadétors, o - s
va#riances of measuremrnt neise are not too large,
el

o

|
':
m

ay time in measuremrnt is not too long (For the
° o
, 2ase with measurcncnt dclay).. , ‘ R )

hh

3

v

v -

# ; iz'recommended that further rcsearch-is réquirgﬁ in repr«<°
» s o

senting a continuous fermentation procesc as a 71near stOﬂhastlﬁ'
b}
model around 1t° steady state values and that the dkveloped
alzorithm baSFG on®the eraratlon hﬂotgﬁ/be 1mplemen¢9d on
0
a mini-computer t@ regulate the effluent concentrations. )
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o . . °  APPENDIX A - R
= . ’ : X )
. 0 EQU CE © _GAUSS-NEWTON °
‘ " TECHNIQUE D UASILINEARIZATION TECHNIQU = v
> " IN SYSTEM IDENTIPICARION BY IEAS RES R
, . ' ,
g ;=°u ) As mentiOned in'Chapter 111, in system identifl— -

cation by ieast squares, the Gauss-Neyton technique and the
Quasillnearization technlque. although’different in name and

in their appreach, are actually equlvalent. The proof of the

‘ equivamence 4s g1ven here.Q

+

5 It sheukd be noted that for a special case where -

s Equatlon (3 2) can be reduced to Equation (A. 1),

< .
- -

x(t)=GX(t) R © (AL

from which G is a known -constant matnix. Allison (1958) has °
proved the équivalence of theaQuasilinearlzatioy technique

-

¢ and the Parameter-Influence¢Coefflclent (Sensitivity) tech—
5 ] R

nique, a technlque which can be easily shown .to be the same’
) | Las the Gauss-Néwton technique but with a different name. (\

Qe

- o -
2 L

A The Quasillnearization technique is baaed on the

linearizatlon of the model arpund an approximate trajectory
‘l: of v(tg as described by hqdatiqne (3. #0) ‘and (3.41) or equi*
S vaiently “just by Equation (3. 46) which is rewritten here as

e Fquation (A. 2), . . o -7

: <yt = g#(zk(t).sm(t);t) _

q




b

A

-
>

- - [AE#( (t) u (t),t)

.//a.n be - .:cc.n that . S h -

AET(‘t) ]fk(t)g.!k(to) (A'Z’),

The Gauss«Nowton technlque is based on the llnearl-

<

zatlon of x(t) around an approximate value of 8 as described

" by Equatlon (2.11) which is rewr;tten'herg as Equatlon (A.3),

y(t) = g(X(t).u (t) -
.~_‘?i?' ) ' ,;._9_=.e..k ‘
dg(X(t) u, (t) a,t) .
t [/ ] 58, (A.3)
8 : )
w0 R &
. s ' . J

To provo the . two tccnﬁlques are equ;valent to each.

'oth r, 1t must Ye shown that Equatlons (A 2) and (A.3) are

'hqulva4ent. 'Dircctly from thc deflnltlons of v and g#

Q
Vs

-

‘

[ i, L P R ()
,g#(v(t) (4,4 > g(x(t).u (t, 2t L e
ara L /”; . e .
) g#(xk(t) (t) ©) = B0, Ehat)| T - (a6)
e SR IV

.o .. -~ T

-

s
in
)

Thub..from nquatlons (A 2). and (A ,), thc remalnder of the
\ .

i proof 1is’ to show the valldlty of the follow1ng equathps

*t

‘s - . A



g#(zk(t).u () th

[A

It RHS b~ the right hand side

[}

dg(x(t),u (t),a,t)] -,
S et R
| 8= &
T (A7)

and ILHS be the left hand side

of “quation (A.7), then the proof is as follows:

dg(x(t),u (t),a,t

(From Equation (3.43))

)
,LHS = [ aoT - ] .
. ) 8 = 8
e o, (0), ), k
= [- Y : -
. | S 8= 8 . ~
(From Equation 4,5)) '
) [dz’#(x(t)-gm(t).'t)-”d\_r(t)
av®t) - e
, 8 = 8
2 1= =k
¢ ‘(From chain rule)
o a0 (6),t)y dv(e) 4
T = dvT(t) ][ T (t )] S
' v(t,) = ¥p(t))
. (rrom rquatwon A. li')) ' | -
[dg#(vm.u (t), t)] 7 (1) -
] T av’(t) " 4 v (t, )

¥(ty) = yp(ty) .

wg

lo

&



L

v

. [5%#(§(t>m£5(t).f) ;

14, ()

dzT(t):

.

(From Fquatlon (3 Li))

[ag#(\r(t u (%), t)]{p N

év (t) v
“e . : V(a‘t ) = V (t ) .

(Eecausn gm(t)‘does not depand dh v?(t))

¢ -

‘\

o

ng(v(t).u (1), %, £ (o)
avT(t> K

»

) ;’a V(t) Xk(t
(Becausezx(f*) = ¥, (t ) and v(t) = vk(t)

[~

1

e .
S <

. provxde the same 1nformatlon)

0
o .

-ty (t)_mm t) g
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A . APPENDIX B = -
BATCH FERMENTATION oF'i' ,

AUREOBASIDIUM PULLULANS 2552

- o -~ E -' ) . . s

The following is a brief pteéeﬁfafion of materiélé

and methods used to cultlvate gureobgsidium pullglgg 2952, .

the data of whlch wq{e employed bn Chapters 111 and IV. For ..

“a more comp;ete presentation, one can consult LeDuy (1972)

T
©

gnd LeDuy and Zajic . (1973). . o -‘f' "“‘f .

o Qe
o 2
[¢]

¢ seven batches of A. Qullulgns 255 2 have been grown
in a GF 0007 CHEMAP glass<fermentor containing fiVe liters of

v,culture‘medlum( The compesition of the cultur@ medium before
”sterflizgtionuwaiz 5% or lO%’sucrose, 0.5% KZHPOM; 0.1% Na@l
0.02% Mgs0,, oLoé (NHu)zﬁoa, 0. 0b% yeast extract (Difcd), and
pﬁ adjusted to 5.5 gr 6.5. The aeration, agitatlon and tempqr
° rature yere cont%olled at roughly 2. 5 liters/mln. 750 rpm and

23 5 respec%lvely “Immedbately after inoculaxioh. culture

medlum was removed through a modifled sampling tube (LeDuy and

s O

4a3;c ;973), analyzed qnd these data were usedvas the megsureq

1n?¢1al condxtlons for that batch. Subsequeht,analyses were

compléted at a time-lntervaloof 1z. hourg or 24 hours for about

) e S o, o- P - @
six’ days . - © ., : £ g - °
- o , o v e, - e /u
& L o ° :' ,h E ® o © o 5. e < o
d . mhe evdlgations of biomas%.cgncentration aﬂh poly-°
saccharide cdncentratxpn and- the determination of sucrose ”
. » @0 . P . e e" G © © o oa
[ d . o 'y
u o e @ & ° © v ° ¢
v o] . o 2e ° v s o [



: concéﬁtration wére as follbws.. The sample was dlluted to lower
- the v1s¢081ty and centrquged at.ISOOO rpm for 45 minutes to
'remove the cells. The settled cégls were. w&nhed w1th dlstllled

v water. centrifuged. washed again with 2N HCl solutlon. centrl—
;~fuged and flqally washea with dlStllled water and- recentrlfuged.

*The cells Were drled under Vacuum at 70% to a copstant weight.

A

fiﬁ The polysaccharlde was precipitated w1th an equal volunme of

methanol erm the éupernatant obtalned after centrlfugation

g .

and }he removal of cells. The precipitated polysaccharide

3
Ay

> flbers were cen%rifuged at 15000 rpm fqn 20 minutes. The set-\

b’ b ~

tled polysaccharlde was drled under vacuum to a constant weight.'

u\o,

DoThe res;dual suérosﬁ was détermined by or01noi reagent (Snell
‘and gnell 1957) from the methanol-strlpped supernatant obtalned

from the centrlfugation of polysaccharlde.
o Y ‘ . . .

T j‘Tﬂe“Ebllebteq data;hhich consist of measured pH,
biomass cchehtratioh; polysaccharide concentration and sucrose
v “‘o ot 0
"conoentration. for seven batch runs, are shown on Pables B.1l

to B.7 respectlvely. .ot

©
- o




saccharide concentration P, and sucrose concentration Sp

Aureobasidium gullﬁlané 2552.

from batch fenmentatggn,of

4

]

_ Tablé B.1 (measuned pHuHm. biomass cqncentration'cm. poly~

\ o . ”
- BATCH #1 N
Pime, | . H Cp | ivm, 1, Sa
(hr) [ (unitless) | (g/100m1) (8/1000 )| {g/100m{)
0.0 “5.375 o.oo§9\:f’ 0.050 ' 9;§;ﬂ
12.0 ! 3.042 " 0.0827 S 0.067 u_.z'}'
24.0 2,660 "0.3201. |- _0.426 3.62
" 3610 A 2.662 0.4279 . '1:061; 2.53
 48.0 | 2.640 0.5309 | 1.624 1.87.
61.0 | 2.845- | o.6256 | ° 2.296 . 1.12
72,0 | 2.6u2 0.7375 | 3.427 'nlé.ylf
83.0 2:635 0.7764 | . 2.854 "~ 0.08
94,0 2.630 |< 0.8015 | - 3.338 “0.08
106.0 12.638 0.82973 03.173 " 0.05.
118.0°|  2.64k | 0.8565 3.403 .02
120.0 | 2.645 0:8239 T 3679 o 0.03
143.0 2.643° ' 0.9467 . 3.551 $0.02

15
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¥

Table B.2 Measured pH Hm' biomass concentration Cm. poly-

s

' saccharide concentration P and sucrose concentration S

from batch fermentation of Aureobasidium pullulans 2592.

o

"= BATCH #2

o T T et | By Smo
(unitless) | (g/100mt),| (&/100mi) | (g/100~t)

'5.320 .| © 0.0108" 0.056 8.50
3.185 0.0658 | 0.080 8.36

2.630 0.2439 | 0.129 8.10
2.622 0.5025 | -o.181 7.39
'2.607 ' | 0.4876 1.858 |  6.37
2600 | o.6ur8 | 2.780 | 6.87
2.596 . ° 0.8156 |  4.043 6.68
2.565 .. |° 1.0220 b.928 | 7.19
2.535 | 1.126% 6.625. 71

4]

—

L




/

saccharide cogcentration Pm and sucrose ‘cqnhcentration Sm
' ' '

- BATCH #3
Time \ ﬁm | Co \ Po ‘ 1 -8y
(hr) | (unifless) | (g/100mt) | (g/100m¢) |- (g/100w¢) |
0.0 °|  6.445 | 0.0093 0.060 .22
' 13.0 | 6.050 0.3757 | - 0.105 4.48
Yo ) : . . .
| 24.0 4.160 0:2852 0.263 3.93 _/'
| 36.00| , 4.070 0.4863 | o0.80 | 3.12
[ 48.0 4,035 0.6258 0.616 2.48
 61.0°|  3.965 |. 0.8095 | 2.383 ° - 2.03
84.00 3.930 _ | 1.0057 3.361 . 0.76
96.0 | . 3.885 1.1064 . | 4.157 0.26
109.0 L 3.974 1.2499 4.266 - 0.22
- .
o J‘%g:l-%‘{ * .
PRl



.

Table B.4 Measured PH Hm. biomass concentration Cm' poly-

. saccharide concentration P and sucrose concentration S

. }rom batch fermentation of Agreobasigium ggllglggs 2552.

- BAICH #h
= , =
T;me ' oo Cm P 'sm )
(hr) | (unitless) | (&/100-1) | (g/100m¢) | (g/100=t)
0.0 | 6.h25 0.013 0.085 .|  l.bs5
.| 12.0 BRI 0.1191 | .0.100 | k.66
P, “4.003 | 0.3170 | 0.479 3.57
S 36.0 | 3%905 0.4068 1.053 © | 2.81°
48.0 3.861 | 0.5026 | 1.595 | 2,35
€0.0 . 3.965 0.5324 2.165 1.77
- 85.0° 4140 | 0.6677 . | 2.73 ) 0.62
96.0 ° | 4152 0.7641 | 3.795 | 0.22
120.0 | 4.312 0.8390 - 4,088 | o.21
1320 q$ 4313 | 0.8026 3.292 -0.23 '
143.0 4.310 0.83% |. 3.604 .| 0.20




}

" Table g.s Keasured pHerpvbipmass éoncentrat;on Cﬁ, poly-

saccharide concentration i_ and sucrose concentration Sm'

m

’ from hatch fermeﬁtafion of Agféogasidium pullulans 255Z2.

. = BATCH #5

>

e o C P I 5
Tim ‘ Hm , m. R S

(hr) | (unitless) | (g/100-0) | (/10070 (g/100mi)

0.0 5.510 | 0.0250 0056 8.13
| 12.0] 3470 | 0.0707 | 0.069 7.65
24.0 2.740 - | 0.2878 0,313 770
6.0 | 2.752. | 0.4139 | 0.987 | - 6.65
| 8.0 1 2.733 0.4674 - | 1.624 " ‘6.2}»
61.0 2,745 0.5990 | 2.146 ... 5.50
85.0 | - 2.737.. | 0.71% 3.099 | k.5
96.0 | 2.730 | '0.7629 3.732 | k.25
108.0 |7 2,74k 0.7939° | 3:945 | 3.8
120.0 2.737 0.9046' 5.057 . 3.95
132.0 2.740 |y 0.9632 4.501 331
148.0 2.735 1.0451 | 4.968 2.93




L]

. Table B.6 Méasured bﬂ Hm' biomass concentratﬁap Cm. poly-
4 - ° * -"r’Y + ’

-

saccharide concentration P, and sucrose concentration 5

yfrom\batch ferﬁentation of Agreobas;didﬁ‘gul;ulans 2552.

- BATCH #6
Time' \ . H_ N R 5
(hr)~ -Q(unitless)* (g/lOOmﬁ) (g/lOOvnf) (g[lOO'"(')
0.0" 5.305% 0.0166 0.080 4. 56
12.0 2.805 | 0.0546 | 0.119 4.81
24,0 | 2.695- | 0.3547 “0.422 0 | 3.45
6.0 | .2.700 | 0.5274 1.188 | - 2.75 -
4B.0 2.660 0.6817 - | 1.851 | .2.07 |
60.0 | . 2.660 | 0.7502 1.994 ' 1.57
B4.0 2.657 0.9182 3.02k . {1 0.66
99.0 2.665 1.1061 3.473 ] 0.25
'108.0 | 2:660 1.1312 4.013 - | —gs '

4
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Table B.7 Measurcd pH Hm, biomass conéentratioﬁ.ég.'poly-

gsaccharide concentration Pm and sucrose concentration Sm-

from batch fermentation of Aureobasidium pullulans 2552.°

-~ BATCH #7

Q

Hp o '  Pp

(unitless) - (8/1005t)

6.410 0.090
+5.980 0.126
4:280 0.475
3.998 0.958-
3.870 | 1.446
3.870 - 3.125
3.870 2.993
17.865 ‘ 4.258
3.860 | 4.197
1.862 5.8#1;
3.830 |  6.004
3.825% 6.456
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. APPENVIA 7 ,
A T
. SCHPIUTNGE INTLRVALS OF pmaﬁfrmm
<
, Al fdb BAZYWARD BLILINATION TEC) QU“
) o IS SYSTih TUENTIFICATION BY 1FAST SQUARFGS -
' T JCHPIUENCT INTHRVALSGF PARAMETIRS , \ e
. . ) o )
1.1 orfinition . _ q .
'7 ‘@ ) .
” A 7onflzence interval of a random parampterfeic L

¥itn o cignificance level « 1 an interval in which a sample

<

Of §, will lie with a probaﬁality jlo-cx).
. (! - x) ig callrd a confidencs level, and the .4

: . . N . s
\, interval ic then callrd & (1 - X )-confidenee Thternval.
\v%h N . 1y Q »- o

Ty

oS In norma]'pracq;be«x is- often chosen.as .05 or.

< g @ .
ok o that, (1 =X ) = .95 or S54%. ,4 . . o
. < ) .

~y

In general, a confidence inferval’is chosen in
sach a way that the expected value (the statistical mean)
of the random parameter 6, divides the interval into two

“gubintcrvals with equal probability ¢ 1f (9;. 6;) is a (1 -o¢)-

€ O
[

confiderice. interval of the parametcr 8; with th@ expoc%°d

valuée E{QL} and the probability drn31ty functlon p(Qi) Zhen_.

as shown in Pigure C.1 that - S
NP < 5" o o : ‘
% '{‘91.} 8 | | 2.1)
« 7 243 ' >




: o - BN -
° ’ ) 4 19 Co .
. : (
] g i o Q 1 Y
" . & *
¢ “ -~ = o 1.
- ° ° ’ B hd ’ :
G } - o M
’ o A Y .
. , . ) - .
q < X ° , <>
: ¢ T ' - ' .
. L] o .
- Ip(ei) - Probability density function .of 8;
E 5 - P . § .
° ) > 4 ) -
. ) . = (1 -X)/2
¢ ! ‘ )
o |
& |
(4 -C 1 .
CH )
o [
Q
> ' @ ¢ “ ’ ’ "
Pigurc 2.1 (1 - «)~-confidence interval (Qi’ e.l) of the rans
dom parameter 6.14 with 'tvqh‘;_eXpQCtF:d value E{ei& and the bro—
'+ Bability density function p(8;). . i
. . ' . ) _
o . . ¢
O‘o *
14 _.' -
oo Q - 5 ‘
. 43
’ o 4’
) \ . .




' p(el)del = p(ei«).de.l = (1 - D()/.?_ .(C-Z) - !
<Y - s{e;] | ) o=

1.2 confidence Intervals of Parameters in System Identi-

fication by Least Squares N ;
N o In system ldentlflcatlon by least squares “as des-'
crlbed in Chapter III, one wishes to find 8 so that:
‘.‘._, ) 2 ' h : .
tgllx (4) 2] SRR CIEY
R R

5 minimized over 8 and subject to:

y(t) o g(x(t)ou (thhant) . (3.5) =
x(t) = L(x0)un(t)at) Y (c.s) '
. and ! 7
. a 4 o ,'.', = . ’
@ = |~—mm- ; . (C.6)
x(to) . ‘ ; . S

[-4

; To flnd the confldence lnv(}vals o the parameters.

it is n¢cpssary to assume that . . e
/ .‘:(ti) -"Ym(ti) - ‘Y(ti): o ) (C.7) .
i . i - O' l'l;;' I = ’ c

-

Pl

is a whlt(. Gaussian noise saquence w1th zera-mean and
‘J
(W V 11)-varlanC( (T is gnknown, real and positlve)
! [ ] &




Suppose the Gauss—Newtonntechnique descgibed.in
& S R [+]
Chapter III is used and after (kil?ﬁh iperationshthé sequence
A - st
{gk} converges to 8. Then at the last iteration. the (k+l)
1terat10n, x(t ) is essentially linear in Gk That is,
ﬂt)-ﬂt) <t g8 -8 . “ (c.8) °
7 B L “; S
- . wher€ ) ; ’ A ‘ . . ER :G : c—°.
| 5 C, ' dx(tl)
1 aeT

—= e, L B (-3
\9‘=§k", R
‘Thus.os defined in kquation "(C.3) becomess . . .  °

<

: <« I - : - ‘;.,".
=42l () - x| ~gxe-eﬁ&4cw1m5
. - isO’ m* i i - it = IV.;= R .
. , - e - 6 o z ) -1 -
> " s © = < By .
o : A . © . . ’ . e &
- At 8 =.8, the derivative of 5 with respect to 8 is equal. to
: : ‘ w0 e
zgro. That is, ' . o - g
© 4y A B | g &
o > 36 = 0 at 86 = 8 : .
/ S R N
- .OY, : < ‘
Ea ° ’ I 2 3 » ¥
S N A R R 1078 N )]
’ [ l=0‘ 73- ,ia PR 2 '
R 3 7 e =‘5§1r. (“'11)
‘ - . .’v y . . L, °
s ° or, v P S .o o
; : " c‘ - " . d “?:4‘&‘ nc
. ; - ; A < ., o * ” o = "f,c
: . ) ,
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Wberﬁ Tk is a (l X () identlty Tatrlx ana f is the diﬁonsion

;ofujhr rnsldua’ vcﬂtor P(t ) or pqulualﬁntly the dlmnnslon .

o

3
=} o

of ;hp output’ vector x(tkﬁ. o . ) .

©

Therr orn w (f.) has a_ Gau351an distrlbutlon w1th rezo-mean

—- l .
dnd (W If> varian < ) J,; o, R B
° o . o B °
.° VN-‘?(tn) ~J N(Q.Tz’l )’ \ a ’:.24)‘
° —1— 1 ¢ .@ ° . . - o s
6’<? o ' ' :. B o . . , A L R

- ¢ - @2 "
¢

' AlaO frgm Iquatians ( 24) and (” 21), ¢ has a.Gaussian dis- ..
tFlbutlon with zvré moan and (WZI )- varlanrg ’

. ..
c‘e G oa 3’ Y
o : . ' o

b NN(O G‘?I) o - T e .7 (c.25) ¢

o

o

e by ® . U . o 2 - : , ., o
C [ o ’ . [ . - T H
’ v -

c ° . b - " B N G - . N . °

oo dsaeent e R L

o . o . . : . _
* ! LA s “ ’
o s

e - e Thuu from Equtlons ( éﬁ) and (2 19). (§ - 9) ha%

. a gaussian lstrlbutlon with 1ts mwar and 1ts covarlance cal—
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©

{(s s)'l Ts }




. - olé - o)) | =
o = E{"(QTQ)'lgTié' Q(gTQ)'l} . o
: ° @ e e sT}QmTQ)'} " ’

(20 e -]

= dQ(a g) ;
e P aT.,
e s e 3 Ta(aTa)™
22, T - e ‘
X = T7{("q) ' : - (C.28) .
. ’ - : B ' oo ! - K ‘-
ther-for, )
r A B R
(8- 8) NéQ.U (87Q) ~ (2L 29)
o : : From Fquations (C10) and (Cil?),.tﬁe minimum sum \-~
' . ¢ 4 . - o S e
of syuargs i8: - T o
’ "I‘ . ‘4 ’ . o ’ ou ) - N
. [+ A . A ‘ . o A . ‘ 2
_ 1. g - - - - - B
o . o ’ - le= e o (m30) 7,
or from Equation {(L.13), P
'Io i T om ‘ o .
A .
5=%Z:uwr9(t)+g(9—_e)-g(e-e)]h . .
ic!'-'o 1 k -3

a
<
—t

XTSI

Eptioo-ué-af e
1= T - ’ . . .

or from ’quations (J.LO) and»(C dl),




[ v
A A 2 ‘ﬂ ‘ : :
5 =“§Hg_ - Q(e - g)” - (z.32)-
or from fquatlon (:.19), ' .

i pon 2
5= 4 S eho T

= 41, - w )" QT]EH -

=41, -9 g)'lg'?] Lo - e e
- 2714 - w"0™" - gt

" faea)elaelo e e

("

o

5= 4 ._E_T[_I_‘d - 'Q(QTQ):lsz-iP}i SR (c.33)

o

_ Thé matrlx [i - g(g Q) Q?] 1s symmetrlg. 1dem-

.
-

pote nt ana has .LT.b Ltrace (.omputed do..

o

1

- " .‘ .Lr{_l.v- ﬁ(ﬁ 1:4) !, P} = tr{ld} - tr?g*Q'TQ)_lQT} o
« o a- {(gg"lﬂgj | \,
cse )

= (1'°_ L T " ‘ '. _ (0-3.‘&)‘

thvr»ror(f[ld - 9y g) o ?] has (d - J) as its Fdﬂk (“r(bb
L??d). Nutt that J is this orutr of the SquarP mdtrlx (Q Q)

ur FquLle ntiy Lhe dlmenslon of the ;4ram9ter vector 8.

From unatlon (C. 3)). Lu.ls a quadratic form ir

o 1ndnnfnd°nt Gausaidn varlablﬂs having zpro-méan 4nd nommon

o

2



> i - .
Varianae 7, and [ld - 2{(a°Q) lg?] is idempotent and of rank
{d - D). Thus it can ber said that (Johnston 1963) ?S/G? has
a chi-square distribution with (d - U) degrees of freedom,

-~
L

A~ - D : ' -

> Y Xy, . : ‘ (2.735)

g .

From Fquititons (C.29) and (2.725), if one lets 154
- ' - I N ) ° N

b the (i,1)<element of the QUiPO matrlx (g g) 1, then di-

r~otly from the dafanltlon («onnaﬂott and . wOnnaoott 1970).

— e e e it =

X . . . o . o o Y
has ‘a t«distribution with‘(d - L) degrw@s-bf'fredem if (Oi»

’ -

- 0‘) and are’ qtatiqtlcally ¢nd9pnndent: They are in fact

.1ndrpvndpmt bﬂPaUSF it let

i ;{[ I - Ag 3" _uq] f(s Q)" L]T} |
' { é.s(s fg)~t -Q(s Tt g;Tgthg)'l}' |
fget }-Q(Q 3) ,1' 4y T3)™1g f‘{gt }Q(g g) -1
= 'fidé(grpa)’ g(g 97t Tu*’.l_dg(g )~

r




= thele’e) ™t - dagtt

= 0 ’ ' . ’ ,“‘.’ 4'18)

-

Thus, for a significance level ®, the confiderice interval of

parametr 91 iss
. A . 1, .
d =~ i
y = L E « = : b . -
t‘d-b. (1-05)'/? (91 'el )V?q " td-—U. (1-%)/?
- . ‘ 11"
or ’
. L TN
- N
G - TS L ¢ g\
B - W ey, (1-a) e T8 9 ‘“ﬁn d-D, (1-w)/?
c " .. . - : T |‘;')_
- ' ’ o ‘ . . ‘.'(J 9)
whers @ io an L'mbi,a::r'—dw;;'ti‘mutr- of 4 and is coﬁgutf>d 48,
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i

v,
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L . ay 5 d sir, is oa value sy
and ti_uJU_M/ﬁ,, a hown in }-ipure » 1sa value ‘."W"‘t-

. 'N . th-‘it ifr p( 4 U) i3 the {mbabi lity d@nsxty funotion o.ff o
rundom-y‘drxdblt- -ﬁ(;_u thinf' t-dl stri bution with (d - 1))-
. ,.rje}{re;m-s uf freedom, . .htn, ) - o P .
s ' ‘,‘, . | . (1““)/? o : . ‘
p(td‘—u)dtd-b.: p(td u)dtd L) 2 (1 - 0()/2 _(l,‘,‘.h]) i
L T e, (1 /2 LR - | .
U1 PHn BACKWARU ELIMINATION T MNIQUE
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1.1 Introduction

..
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tunction.of t, .

B S T

v . p

itd¥uf(1-x)/2 - ta_u,<11a)/z_

3

o
o
o

Figyre ¢.2 (1 =« )=-¢onfidence interval of & random

Ya-p
of froedom. . e

variabl having t*disﬁribuiion with (4 -~ D)~degrees

o

-
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In genersl, the structure of a model that repre-

septs the sydtem is not cqnfidently known. It must be chozen

to mect the following two opposed criterias

4 - . bl [ ' * v = . ) o Al ‘
: - It should be as gimple. ar posgible dur to the costs and
Aifficulty involved in obtaining>informaf§on cn a large num-"
. ’ " ~ ) .

ber of terms in the model, and conseguéntly in controlling

the sygtem using the derived model.

- The mudw:auhuuld describe all characteristics of- the

x

e uysten wocurately. - That is the structure ghould haveé high . v

srier and should consist of many terms.

1 A pood moudel structure must be a compromise bet-

1 . . B - . ) - .
weoon thviauov«‘two criteria. In control literature, very 3
rcently, there appeared. several tosts to egtimate the order

uf . 5yﬂtdm\(WOodsidv 1971..Qhow 197ff‘Unthg&en‘andfGohring S

174, Van ben Boom and Van Uen knden 1974). To gselect terms

in a lincar model, vraper and-omith (1966) have given six
@ ’ ' '

different procgdures: all pbssiblc regression, balkward’

\

wllmlngtgguy)rorwdfd vaegtion. stepwise regréssidn. two
- ( - 0 -
varfations of the four grevious procedures, and stagewise

S pre-g8iorn.

s

oo *  From the Gduss-Newton 4echnique, when the.appro-

«imation:s of the puramclerys are sufficiently close to ;heir

¢ Stitates, that is at~the last iteration, a noniinnar dth-‘, o
mic Btate-space modél as shown 1n Chapi&r,III can be treated

x,

- e

¢




N

as a linear model. And therefore, #f the order of the model
. & !

is ponfidenily known, the best modvi structure can be found

¢ ~

.

v ) -
from any one of the Lraper-smith procedures. :

=

1T:2 The Backward Flimination Technigue

@

The bacKward e¢limiriation technique ‘was used in
: ’ o
Chapter II1 to. determine the best model structure for the

M§crobia1 growth in the batch fermentation process of 4. -

pullulans 2552. It is based oA the F-test for significance
of th¢ parameters and is as followsy | -
- N ) 3 * /
1. Initially, a model with all possible parameters is
fitted (estimated).
7. h partial F-trst value for cdch parameter appearing

in ‘the present model, is_ca]cﬁl@tvd.' For parameter 8- the

- o

<]

F-teoct value g,

o f. ~
F o= ;2—1r-i(d - U) Lo (2427
tJ} R -
] ’ ) o 3
whe re R . .

A‘ . . "’J . ‘ "
. >y = Minimum sum of squares o from the present model of

o U parameters including A ’

::? = ' Minimum sum of squares o from the prQSﬁnt'm6d91=with_

T e

the term containing 91 ignoréd;

d = Number of data points. . _ -

o o

“. The lowest partial p=tect valuse, say Fjﬁ is thren com~
¢ ¢ < ! . 4




parcd with tabulated Qalue F

l-n Where « is a prespecified,
sipnificince level value, say 5ks.and F,_,.as shown on
e Figure 5.7, i
4 ‘

<

»
]

» 15 a value®gsuch that if p(F) is the probability
nrneity functioh f a random variable F having P-dbstribution
with (1,d - b)-degrees of fraedom, then.J

c Py

4

<
e -
.

p(F)AF = 1 -

2w

F
<
LI
Y

!
F

. B, ¢ F » 8¢t th¢ parameter which gave rise to

! - x '

. Q -

p =rrv and then o back to step 2
| e

2 Py xr accept the present model as the best_dnp.
¢ 0 '

N
(¥
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i o 2
e . : ”
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APPENDIX v

*

fROOFS QF THy kALMAN FILTER

ANL_THE SEPARATION THEOREM

.W,A_agowwlu e

- -

L“ tha&cal systems are de51gnpd and built to per-

. form certain deflned.fqncthns. In onder to determine whef

) - -,
ther a Systrm is performing prbperly and ultimafely to con-
trol the QX”ﬁem pﬁrformance. “the Pnglneer must know what the
systom is doing at any 1nstant of tlme.‘ In other words, the

‘pnginoer'must know the gigig of the _gystem. Phy31cal systems
arc oftpn subJect_z@ Yandom- dlsturbances S0 that thp system ,"

»

random. In order to determine the statp

—,

vy

s%ate /gy 1tsr1f be

of his system, thﬁfenglneer bu1lds a m@asurlng d9v1c9 and

.w takes moasurpmpnts or observatlons on his" system. The mea- ’
suroments in general are contamlnated w1th noise. The(pro—
blem of determlnlné the state of systpm from noisy measure-

ments is called filtering. 1t is of,central 1mpqrtance in
\\_engineering .since state estimates are requiredfin-thp'mbni-«

to and for the. control of systems. Furthermore a large

class of system zdpntiflcatlon probl€ms can be con81dered as

-~

¢+ of flltorlng (JaZWlnskl 1971) _ e

&

-~

More'genprally. a fllterlng problem is definad as’

that of'egfimating‘a signal (message) X at time t , x(t ),

Ei A A
s . .

& o

— ' e

' '.5 .




o

the W1°n9r fllter. . Their iork marked the beginning;ofzthp

'wero new and.of currhnt 1nterest. but:mone.;mportantly they

]

Ay

al
R

&

Kl h L€

from a set of data Qollected from startlng time t, to time

<" ,‘D

{X(f)z t& & t} yependzng on the: Values of” t and t, <

=

the fllt@ring prqblem is d1v1ded into three classes:?“

‘—‘omoothing or lnterpoiatlon, 1; t'<§ t. g - o - : ;:.

*llferlng, 1f t = t. o . . .

o

I -
- Predlctlon or foreeastlng or ex;rapolatlon. if t =~ t.-

-y

o- ) ’ . = ’ °

KOlmOSOTOV (1942)‘and the fathor of Cybernetlcs, ¢

. < ©
v

Nlenor (;949) .were credlted as the:flrst pionpers in the

flltcrlng f1€ld for their work~knpwn as the optlmhm llnear [
flltsr. also.callcd as the;W1ener%Kolmogorov ﬂal;er% or gustc

o

englneerlng awarcness “of. the problem of stafe tlmataon and

. formnd an 1mpor$ant m1$EStone because not ogiyféh? results

¢

cast»the prob%fm into a framework which'waé—of practical use

¢

at that, timb, namely, the frequency domaln. Uhfortunatély.ﬂ

bﬂcause thé results were Pxpresspd in’ the frequency domaln,

they are: dlfflcult to bé computed (due td spectral'factorl—

zatlon descrlbed by rquatlon (U 3)) and they cpuld not be N Sk

® c . ~ -~

:nntnnded to nonstatlonary problems. ‘ o L . _ ?

[=]
9,- 3
o Ta. - “.b

. U haldan (1960b) brodght the flltering theory into o .

practlcp by attacklng ‘the problem dlroctly in the tlme do-

. maln of whlch the results\ are PdSlly computh or 1mp19mented

-Hls work partially @arnlng hlm the l9?#—1hhh's Medal of
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@

o

~ "1y more gpnéral.

@

0 Honor. 1s known as~the W1ener~halman fllter, Kalman Bucy

D

-“ fllter or Just‘halman fil%en.-

.,
S

Tﬁe{prohlem 1nvolved lS not

stationary% therefero the Ka}mancfllter

o

"as a ma%ter of fact. ;t can. be,provedL

s rcstrlctpd to°bP

» ' .
(Sago and m:lSa l9?la) ﬂhat the wleﬁon fllter is only a par-'*o

th&Laf'éabP of the halman fllter.

Q.

Thus fromal9bo. tﬁe op-

El

‘ﬁ t&mum llncar filter has MDeen . rcfenred to. as the:Kalman fll*

o

vtPr.

e

'The*fllter, sane belng (:1eveloped..c has beén -success-

o ‘o @ ]

fully appllsd to varlous ﬂl@lds°1n englneenang,

" in spaco snglneerlng:

especially

satelllte orblt dstermlnatlon, ‘air--.

=

craft navxgatlon and epace fllgh¢ 1nclud1ng the Ranger, Ma-

°

3 rlner,

5 ?

the halman Iilter has also been applled to SOCl&i‘SClenCESn

.’J

partlcularly to econoq;os ie estlmate the- eCOnomy of aaéoun-

«

Apollo m1531ons (Jazw1nski 19/l$ Slnco early 1930'

try and to regﬁlate 1t usang the’ eparatlon Theorem (Vlshwa-

'okarma 19/4 Athans and Kendrick 19m)‘ L0 e e

- - - <
. Q . ¢ ¢
< - - ey

Fllterlng theory. for ncnllnearomodels,

g o

‘nogllnear illtcring theory, was alsa deve10ped by 5tratcnn~

£

s P <

that is, *-

e

'cv1cH (1960). wOnham (l963) and: Kushner (19@4) However, Lta

: Thas’ not yot been seen frultTully applled fd any 51gn1flcant

i

practleal problem. ’ oy 0

=2 = < > N

’\

In thls appondlx. thg Kalman fllter w1ll be- stated

Aiso th¢ opparatldn Theorem. a theonem.based ori

’

whlch a. linear %tochastle optlmnm éontrol problem can be

. -

‘and proved.

Ed

°

-

b




treated separately as a halman filterlng problem and a llnear

LN

determlnlsblc optimum dﬁntroi problem° will be deVelqped

B PREEEN 5 . °b B . R N N o

v - - 2 . - .
o s - e, ) % } [ R . °
‘o RS ? Y © -

IT° THE OPPIMUM_LINEAR PILTER ° -

o & t

11.1 The Wiener Filter . . . =« >\ ‘ , - ¢
- . i . . > . ” ) Y "

9] M ‘, ' N 2 : 3 . : °
Wienef b;obie@ o Tt © s

7

As seen from Figure D. 1. the Sbservatiod vector

2

x(t), which 1s the comblnatlon of a 81gnal (message) x(t) and

_a.noise x(t),A ) \:); : - -
o 0 . ) A-" ® : N hd 5

a0 : x(t):= x(t)‘4iv(t) L c it . ;c (D.l)

. N
- -

; 1%.passed through allgpear tlme—lnvariant eystem (so calléd

© Wienef filter9°with matrlx\transfer funct&on°2(s) THe ouf— .

- ) put of the system is dendted by z(t) ' The Wiener problem is = ,
that of selecting the matrix’ transfercfunctlon 2(5) in  such '

‘a w&y that thr output z(t) is the. best estimate of the 31gnal

z(t)_(best 1n_the minimun errqg-varlance sense). : .

-
: o -
» * R o
. .
. e

AgsumgtionSo °

.

©

The pregessesl{g(t)} and_{;(tJ} are stationary with

.

- known spectral ahd cross _spectral density mpatrices: Bxx(s),

(s) afd R, ( ‘>°'

' —vv(s)' Sxv

P
2 : L o

. - R v Zc‘ v_‘l o T B . . . | J
e - {3yx(qs)[x_a (-9)] }PR i o)
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Figure'D;L Scﬁematic~of the wiener prablem.f -
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Wiener filter
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(S)x

_VX

. L(s)R'(s) = Byy('s> = Ry, (3) + K, (s) + R (s) .
o - S (D.3)
and such that the determxnant lu(s)[ has all of its poles
and zeros in the left half of the s-plane.
.{ }PR ﬁ§>the phy51cally reallzable portion of{ “}‘
and is defin®d as the-Laplace transformation of the p051t1ve

'timp .portion of the time .response of the transformed quantlty

{4 -}. Note that{ ‘L:contalns al; terms-w1th poles in
the: left half of the s-plane. Co : 4
. gyx(s) = R <£8) + va(s) o . (D.&) -
. - ¢ ’ A»___d_—— P
““Proof :

For prooﬁ one can consult the llterature {(Wiener

1949. qage and Molsa l97la).'

*

11.2 The Kalman Filter
Kalman ‘problem

Figure D. 2 is a state space representatién of a

2

<11near stochastlc system. The halman problem is ﬁhat of
determining an estimator for the state vector g(f). giveﬁ T,
the observgtion:d&ta up.to_tiée t, {x(?) t, £ (K> t}. The
estimator must acquire the following characteristics:




y

Plant noise.
vector

v(t) } Observation

noise

-

.. Linear plant. _
u(t) system x(t)
A . ——————3
’QOntrol - gl¥.+ g22 ‘state
input Y Eqw veetor
.Vector '

(deterministic)

- -
«4

Figure v.2 oLtate space represent

“tic system.

Linear obser-
vation system

¥ o= GX 4y

. on

. ’

vector )
C¥(t)
Observation
output
vector

L&

ation of a linear stochas-

.
¥
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(a) Linearity (with respect to the observation data).
(b) ﬁnbiasedness l;bnditionally and uncOnditionallyi.
(¢) Minimum error-variance (amongst the class of linear

estimator). -

Assumptions

The plant system and the observation system are

both linear and of the following form:

x(t) = B (8)x(t) + Eo(t)u(t) + Eo(t)w(t) (D.5)
- x(t) = G(e)x(t) + ¥(v) ‘ (D.6)

-

wher. u(t) is a known determ;nistic‘control’inp&t vector;
F (1), E,(t), F,(t) and G(t) are known deterministic matrix
functions, the initial condition#§(to) is a random vector

with the first two moments‘knowﬁf
{x(t )} 4 S  (D.7)
Ejfg(t ). = ][x(t ) - 1 } = Py E (b.8)

and the noise sources Jw(t)} and {v(t)}'are stochastic pro-

cesses which are white with the following known.statistlics:

E{w(t)| = 0. - e C(D.9)

. v{v(t)| =0 . o .  (p.10)
Fw(wh (D]} ='w (0§50 (0D
By (D} = B (0)85-D C (p.12)
B{w(t)y™(D)} = I(t)S (+-T) T (0.13)
F{x(t,)w (t)} =9 S . (k)




2T

E{z(to)xT(i)} =0 ‘ : (0.15)
- Solution
-
The solution of “the halman problem was given in
chapter v by lquations (5.19) to- (5 21), or rewritten here

as Lquations (D.lb) to (L.18),

2(t) = Fp(0R(E) + F(0)ult) + g,(0)[x(e) - G(E)IE(t))]

lnitial condition, ﬁ(to) =1y (L.16)
. ) 0
ho(t) = [B,(0067 () + py(t)z()]R5 (1) (1.17)
= Kalman filter gain matrix
Ep(1) % By(£)E,(1) + Bp()RT(%) = B,(t)R, (8B D(t)

+£3(t)92(f)£§(‘t'), . ST (L.18)
Initial condition: P,(t ) = B/

Kalman himself fib%t solved the problem by Qslng
thv’%rthogpnal rrojectron,bémmaz{n the Hilbert space for
the discrete cas«z(Kglman l960bf: and the w1ener—ﬁopf matrix
int.gral Pduétion¢ Q‘Q:fsion of the Orfhogonal Prbjectibn
Lemmua, for the continuous case:(halman ang'Buéy 1961). The
following is the broof of'thv'Kal;an~f11ter'uaing Calculus
of variatioﬁs. It is basod upon, but is more general than

‘the proof given by Athans and Tsp (1967)

Takihg the expectations of lquations (D.5) and
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, ,
(D.6) results ins
et} - El(t)E{A(t)}dJ<Ex(t)B(t) : . {D.19)
c Ely(0)} - g(0E{x(0)} - (D.20)
‘ “het . ~ ;
p) = x(t) - E{x(t)} _ (.21
2(6) - y(t) - B{y(t)} | (b.22)

then from rquations (L.5), (D.6), (D.19) and (D.20) the new
_nquations‘rvprrsrnting the system areg .

{

B(Y) = Bj(8)p(t) + F4(t)w(t) (1.27)
2(t) = G(1)p(t) + ¥(L) (D.24)

N
bue to the lincarity characteristics (a), the es-

“timat. i(t) of. the-state voetor X(t) must be in the form of
a 1ihcﬁr differential -equation @hichgisfalso linear in the
obs;rvaxion veetor x(t).‘ From l.quation:s (L.21) and (D.22),
the 1iﬁcafity characteristics (a) is equivalent to the fol-

lowing cquation

Blt) = Al©)B(E) + Ka(t)z(t) ~ (v.25)
~ - where | A .
Bty = A1) - k{a(t)} B ' (L.26)
g(t)fanﬁfg)(t) arc unknown matrix fﬁnctiona’ypf to be
o t;r_}:l . “ ) | ’

N ‘ A .
Let the rrrour of the estimate n(t) b¢ ﬁ(t).

-

CBu) : () - bee) (D.27)




then from kEquations (D.22), (D.25) and (D.24),

B(t) = k) (£)p(t) + Eo(t)m(t) - ACIB(E) - K,(£)z(t)
- Ll(t)Q(t) + E4(t)w(t) - a(t)[p(t) - _g(t)]
- kK, (t)Lg(t)p(t) + ¥(t)]
or,
B(t) = [£200) = 80 - Kp(0GT] R(L) + A(0IB()

+ E‘(t)w(t) ~ b, (t)y(t) ' (D. ga)

bue to.the unbiasrdntus charactoriqtics (b), and
from thc definition of Q(t) in rquation (D 21), the expected
valucs of both Q(t) and p(t), conditioned to {x(?) t, & T
£ t}, must be zero. Thus taking the conditional expectation
of Tquation (D.28) grvtbx' .

0 = [y (1) - ACt) = K, (G B{p(£)/x(t) t 2 T &t}

| S ' (D.29)

__because the «xpectations of g(t),anh v(t) arc also zcro. c
since one cannot assume E{Q(t)/X(T) t, bZ‘&t} is zero for

al{ time t, lquation gu.29l can be satisfied.rnij if
Ep(t) = A(t) - b, (1)G(L) =

. or, ‘ :

A(t) = El‘(.t) - hz(tc)ﬁa(t) . ' (v.30)

' é ]
50 that the tilter vquat%on (L.25) now takes the following

— -

form;

™

Bo) = [E)(0) = K,(0G(0]B(8) + K,(8)z(6) - (1.31) c




o

Also duc to the unblasodanu chdractorlstics (b)u {x(ti}must
b¢ egual to E{g(t)} for all t 2 0. They must surely be cqual

for t = t . ‘Thereford, ‘ . o

A - e .
(ty) = B{x(t,)} f“zifu " : . (L.32)
~or from lquation (D.26),

A B N ’ “r
p(ty) = 0 ' . (D.33)

_ The remainder of the proof, as scen from Equati?n
{1.31), 1is to dctpr@rnp the matrix functionfh2(t) from the
-, lagt requircd charac{nristics (c). .That is, onec wishes to
éwltct'thy matrix funct;on N (t) on thn observation intvrval‘

t, €t ¢ T such that the folldwing scalar runctlon.

g’ 11 X(T) - xﬁm‘J [x(2) - .>s<’f>,l}
ig minimized. .

.o

‘Directly from the definition of p(t) in-Equat{pn (b.21),

. 1) ’ ) .
minimizing J° is the samc as minimizing J, where,

v o

C - e{Et @B}

[

J - r.:{trp'_i(r);é'f(-t)]}. | (8.35)

oine the tracc and expectation operators are both linear,’
. N ’ & <
they can b interchanged to glive, °

J = tx{E{'z’(r)ﬁTm}} =ar{p, ()} . (g6

wh( re,




7N

Pir) = E{B(riaT ()} Cer (5.
D e a »

3
I\v‘)

1
4

Before minimizing J defined'ﬁy tquation (U.36),
onr must first find out how h,(t) and P,(t) are reclated.
Ty E z i .

This can be done as follows. Jubstituting Equation (p.BO)

to lquation (b.28) results ih Equation (D.38), . ; .

B() = [Ey(6) - by(0)G(E)]BOE) » Eq(tdu(e) o
-k (D)¥(t) o (0.38)

-

ihe solution of which isa ] .

- t
B(t) = (4.t )8t + | £ [E,(Du(ed - k(¥ af
‘ 0 | - (D.39)

ihero Q(t,to) is the state. transition matrix assoéiafed with

the lincar diffnrengial equation (D.38) and is défine& by
T oy . )
wquation (L.40),

: Bt,ty) = [F () = by ()G(8)] £(t, 1) o0y
é - Initial cond%ﬁiﬁpg 2(t,.t,) = ‘I Identity qgtrix

/

Thus, . T “'*~w~w;~w,v,mdﬂf/i - o

efB(0)5 (t)}
(t.t,)E{D (t B (t )}il(t %o ) t‘fr jf $(t, Yl

5
r - . . -’J

s
N
—~
ct
it

-
n

0 Ve - . i '
- S {£3({1)E{ﬁ( :rl>~_vl<tf2>}z§(srz>- R NCHLINCIP
A z"(‘fz)}zsé'(&’z - By E{w(Y e DY, )
: 9 (‘fl)h{v(fl)w (YZ)}E%‘(\(Z }é’r(t Yz)darldrz
o N B ' | - 9 ) ‘ 0 : '-" (U 41)

¢ ©

o




‘5

L |

lw .

or, using the statistics gefiqqd in Equations-(u.ll) to

(0.13), .

Y

, . T
Sl () = Bt )R (E)ET(E, T,)

t .
- +‘{i'(t.?)m<?)f(t‘.‘f')dtf’ « (D.42)
: ‘g ) , )

q

whetre M(Y) is defined by Equation (v.43), b *

L4

M) = E4(8)Q,(0)F5(t) + K (£)R5(£K3(E) - E4(£)2(t)
Kp(t) —K(0)ZT(£)E4(t) (L.47)

Taking the derivitive of kquation (L.42) .with respect to time
‘ahd using Leibnitz's Rule (Greénberg 1971) results in;

“éz(.t) = é(t.to)ﬂz(tg)il‘(t.‘to). + i(t'.'to)gz(fco)éT(t,to)

ES

t. - . -
4 J be.mngt(e.ar .
Sty . o
+ J E(t, 9IMET (6 Y)df + M) - 0 (L.hb)

o : £
- ’ - )

Sui)stitution ‘of kquation- (D.’UIO) 'fg 'Ecination (D.4h4) gives:

Lp(%) = [Eltt) - ﬁz(t)g(té]{i(@;to)gz(to)gT(t,to) -

: t _ .
r . . 6
+ J i(t.‘:f)M(‘f)if(t.b")d:t’J + {i(t,to)}zz(to)
t

. o t o : ‘ o
.';i?(t.to) + f i(t.b")ﬁ(‘f)i“‘(t.\n‘“)a?}[gl(t‘)
: ° t .

o



N
. .
"y

>.

()] ) ‘ L (Du5)

. The quaﬁfffj in the bracket{ }18 ‘P (t) as seen from Equa-

"4
]

tion (4) LJ-L) ‘_ &‘hug.‘

e p (t) = f'rl(t -k (t)G(tij(t) P (t)[F (t)
- hz(t)ﬁlt)]T + MER) . \ (D.46) °

-

‘ and the initial condltlon of lquaxlon (D.46) is found as:

- bt = 5{B(t, )Eﬂ(t 1 S C
N = Ei[g(t ) - B(tg)] [ty - B(t,)] t
: - B D(hy) - mCeg ] [505,) - 2(:] T}
= {E_-(to) f-’ixo] ba(to) - -—xo] j N
or, o s
ot e, (7Y

Hence the problem yet to be solved is to minimize

thi functional J = tr{Pz(T}}'with respect to hy(t) t, &t

&
¢ U uand subject to Lquatxons (D.46) agd {D. 43) 1t is a
lincar optimum control problem with s%eclfled initial valun

{ quatlon (u ¢7)), freo terminal valup and flxed termlnal

* timc, that .is, a liayer-type ‘variational problem. From the

matrix form of Pontryagin’s maxifmum Principle which was deve-
" loped by Athans (1968), lcf a- scalar function H, called
thé Hamiltonian, be. defined.as:

= wlp el " (0.48)

wheore A(t) is called as an adjoint matrix or Lagrange multi-

o



‘ A(t) is symmctrlc for all t in the Interval (t T)

. o - o

plier matrix. Then, the necvssgfy‘conditiops which the

matrix gz(t) must satisfy-are:  : - . S )
Aoy o R o i ©(D.49)
Y - € IR e
S VI oy
£ = sany (D.50)
o =0 o (15.5’1)‘
Q&zzts - L

and the tranéversality (bohndary) conditions are:

- str{p2<r>} - -
Bz(to)‘= £, - S > (Df53)‘

Note that Equatioh (D.50) is a.- réwritten form of Fquétion

ku 46). uarrylng the derlvatlves, Pquations (D. h9) and

/

- (D.51) become: R | | ?_= .

’11::'5

A(t) = -[F (t) - & (t)g(t)] At - A(t)[ (t)

SR hz(t)G(t)] - \( (L. 54)
AR (86 (). AT(w ST () +AT(4t)r_<_2 )R, (%)

+ A0EE(ER,(E) - AT(t)F ()D(t) - ACH)E,(£)I(E) = Q
MR (FIR,( Ey 3
' ’ (D 550

5 " L I

P o
e . From hquatlon (D 5&). ono notlces that ifAA(t) 18

symmptrlc for som€ value of t- in. the 1nterva1 (t .?). thpn .

o~

Since

‘A(t) 1s symmotrlc at t =0 . as seen from Equation (L. 52).1X(t)




is symmetric for all t in the interval‘(t ,T). Also from the

" linear dlfferentlal equatlon (p. 5&) and from the boundary

v

condltlon. TQuatlon (D.53)¢ A(t) is also nons1ngular for all
t 1n the 1ntorval (t V). U31ng these two properties of‘a(t)
to Equatlon (u 55). thc de51red matrlx hz(tl 1s found as: /

_Zm = [p,(t)6" (t) * 1;3(t)T(t>]R2 (t) .. (0. 567

Thus Equétiod‘(u.%é) céh be réduced'tozﬁduat;%n‘—

(0.57),
.. 1_32‘(.t). -
S SN ‘
32(t)h2(t) t F (t)Tﬁ)z\_Z(t) K, ()T t)EB(t)
o = Ep(BIBp(t) + B H(BET(£) % £4(3)3,(1)E5 HEP
) +"g&(t')L2(t>x2<t> = (0) [G(8IR, (1) + fT(t)mt)]
- [2a(66T(e) EB(t)I(t)]L&Z(t)
- '_‘zl(t)P (t) Pz(t);;l(t) + Fq(t)‘_-).z(t)f'ﬁ(t)
% RS (ERH (B () —'_2<t>32(tm2<t>
- ﬁg(t)ﬁz(t)hz(t) |
or,. & . ‘ u o
13_25(‘1;0) - El(t)P (£ _Z(t)zlm 2 zg(t)gz(tng(t) N -
- h (;)gz(t) (t) SR (D.57)"

B .o
’ . = < . . [N
L)

;Lquation (D 56) is the same as bquation (D 17) and

-

. Tquatlon (D 57) coupled with _Aquation (D.47) is the same as

Iquatlpn (u.;8) Thus the proof is completed if the valldlty

4 - -
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L]

o - of rquation JD.lé).is°justifieﬂ. Adding Equations: (DLBi)

andl(D;19) together gives: - . N S

Bty « B{x(6)) = By (B)[Be) 4 E{x(0)}] + Ep(tiult)
L - B, ()G(DB() + K, (t)z(t)

or. from tquations (u0.26), (D.22) and (L.20),

-

R(2) = Ej(0E(6) + Ep(8)ult) -k, (£)u(t)|£(v) - |
‘ ‘-JE{zc(t)H + 52&)[2&) - Q(t)E{gs(t)}_] .

(1

or, - : . ' ' . . ,

o) = By S0 ¥ Byteamce) + k(0 x(e) - gofn]

which is Equation . (D.16).

M a

- Note, that if J_(,(t;) , w(t) ahd \_r(t") are further
assumed,to.Ggussian, then the filter‘h&s the minimum error-
vdhiaqce'no; only: amengst the class of linear estimators, but

‘. also amongst the class 6f'n6nlineariest§mators és well, and:
- theén the minihum ef;or-#érianéé éétimatg g(t) is eduivalent
to the dbndifi?n;l‘expectatién of x(t), ' . | o .
g(t) = E[g(t)/ﬂkr) 1, L Te t} = g(t/t)- ~ (D.s8)

[ . .
- N I}

11T THY SEPARATION THEORLM
3 - . _ -1

) " The *history .and statement of the Separation Theo-

<

o

rem were given in Chapter V for continuous problems. ‘The
e PrGGY of -the theorem is given here. To easé mathematical "'

- o >
o . . L - 4 . . * -
g o

£

N ‘
o 4
e

oe Loy




COmplicétion. ‘the proof for diSCrete problemb is derlved
first by ublng Bellman's Prlnclple of Optlmallty in Uynamlc.
Programming, then followed by that for continuous problenfs A

by letting the sampling-interval approach zéro.

-

I11.1 yicrete Problem

©

For the discrete case, a Linear-Quadratic-

Gaussian problem is to select a sequenhce. ofcphysiéally

realizable control vectors Mo ul. .oy uN l so that the

quadratlc performancp index (cost functlon)

. N-1
- i L Gl s fn] 0
- LRt
of the liﬁéar'system, | )
Beor = Bk * By * B, - o (D:“SO-)‘-, |
Yy =9k§k+/§—kc' ‘ ,,(D"é?)

is a minimum,

The ‘state. tran51t10n matrix ék' the control transitlon matrlx

~

« P the dlsturbance transition matrix Z and-the meaagrement

k.
v ” matrlx Gk are assumed known for all K. The weighting ma-
%rlces in Equatlon (9‘59) are ' also Xnown and such that

the following matrlces for all k are symmétric and positlve :
s 9 .

L , "definites N . . L ?. o
. ) : ’ ' N . o 7/ . . . \
3 " v . T4




] - . “ . . “
| . .
by
]
! é_}

Further assumptions are that the initial state vector is a

o ‘ 'ék ’ _Bk 0“ . AK
' T
K

|

Gaussian variable with known statistics.

E{l(o} :4x0 | ‘ 4 | (D_.62) O
ko - 2501 T50 - gt . e

and the noise S("qum'lces-tllk,} and{_{_;k} are white and Gaussian

with known statistics and arc independent of x

o°
B gk} =0 | (u.éh)
E{eg} = 2 ‘ (D.65)
E{(ﬁk (i {'5?]} SR ol |8 (1K) T (D.66)
- | ¢
e J ' .
. l—k_f . _"z‘&li E Sg_t]i
| ?{ﬂk—%F 9 o . . (D.67)
SRS R A S S
wﬁero ‘.(Sh'(t‘) is the ancker .d-élta functifon; ‘ “ ) ‘
5, (1) = J 1 . for t =0 ' (D.69)

g\ 0 otherwise
Note¢ that a-contral vpctor uk. is called physically reallzable
1f it 'is a funct}on of only the given parameters in the pro-
‘blem and of data up to the k-measurement, X, (Meditch 1969).
VY= (ol Ml iy . (0.70)

F

7
]




©

“Phe solution of the Lincar-Quadratic-Gaussian

problem, according to the separation Theorem, can be ob-

tain~d by solving ﬂkparat 1y the following two problems:

- uptimum state cstimation.problem or the halman fi}-
tering problenm. '

- Jeterministic optimunm éontrol problem. which is the
same as thre Linvar—Qﬁadratic—Gaussiaﬁ problem except, that in
QUdtLOH (. oo) and (v.0l) the noise vnctors "k and &h are
dropp(d and the state vvptor X is replaceﬁ by its cstlmate

the solution of the optimum state estimation problem.

The result is, ’ ;
| XK. X T | b.71)
Y = 15855 | : : (.72)
whoere,
u 7 L _l I‘ 'I\ . S
Ky o= - (B gy 4 —-1’ (Fisg g2 + ) (D.72)

2is174 ~i A .

1]

halman control galn matrlx:

8 = i1—-11-1i - 1K (El—l+l— +rﬁi)i§i toay

: (b.73)
Final condition: QN = éN

E
n

ib aeN /11} o ()

uondltional oxpectation of %y

]

~

Xy is,also'called thé discrete halman- filter ostlmate of xi
and can be found by elthnr dlscrvt1z1ng the corginuous Kalman

filter shown earllvr,or followznb the same derivation of

Al




: the continuous halmgn filter for discrete-time case,
Ry - K ( Gk
X417 1*1/1 ESTSA SPS B SPS P P 21

Initial condition; X,

~
p.¥

A . : A
ESTED SR TEIL I UT TR,

S T - . c“[‘ -1
K= 030500005 ¢ (ay)
= kalman filter gain matrix
. . —1‘ ) .-
(#; - &5 00 RyTaa (- Ly

' P q-l T T
Z—‘i.«v:f-?}i-);i Zi qzﬂi et i ne= lgi

Bi41 = (1 - 731+131+1)-1+l '

Initial_condltlonx 4, = 2.

The valldlty of lquatlonb (D. 70) to (D. 74) ib

bhOWﬁ as follows. lLet

vj4= Min. ... Mins }E{;§AN5N + Z:% [gi ) Qi]rgf :

n-3 0 Hn-l

then VN is the miﬁimum of the performance index J. vFromﬁfho
cringiple of Jptimality in uynamicAPrqgramming (Bellman ;95?;
_mvditch 1969). which states that "aAn optimum coqfrol has the,
property that whatever the initial state and initial-control
ar., the rvmqining control qwust constitute an optiﬁum.on;

with rogard tu-the atate whxph results from initial eontrol™

the optimum sequence u |, Yye +esy Uy | can be obgained by’

- 1




solving the rollowing problems for T

respectively, ) )
. , T | T ! ' 7 1. :
Vi = Min h{%ANANQN + #IéN_I: -] An-1 0 Bnog | XN }
Hy-1 - S &
- P i ! u )
, Byo1 0 Byog)funo
(L.31)
V., = Ni + QI  ut } ! ' T }
s T 1 AN R A TS Y SV
_N- / t J.
VAT " ||y
SN- o EBN-2) HEN-p
‘A (008&))
Vo= NinL B{V. . 4 3§ I I [ 11 |
S B b B R S R
=N-K L R l-,, -'
T ] [S .
My-x | Bk [HN-kJ
N ;
‘ » ' : l“- ! L]
VN = Min. F{ N- 1 + }1_ ' O.J AQ : h‘;l 50—]} (bL.84)
. ‘g‘O o : !1‘ R '
. !o - Bo_j LBOJ

Now it is attempted to > find 1 from bquat.lon

{.831). uombinin* l-quatiun.z (. DO) and (D.81) xives,

BN~

V) = fin. *L *N 1‘in 15N1N |+ 5N 1)*N 1 “N 1By 1880y

4}



. . T . T . ~
tolyo eyt Ao 1 Y W S R i MY S

. 1\ rl\ I ll!
Uyoy o+ <uygogEns o dnine 12N-1 fun_ L(EN-LANiN-l

St My . (.8h)

dy definition X, 1s statistically independent ot‘-ni ror all
i, LhuS‘ii Ly also ‘tati Liuzlly ind(p(ndvnt ol ni For all

1w can boe geen from rquation (w.ov). Thertxox( the uth

term in bquation (DJ85) 18 2ero because E{QN_I} = Q. and

squation (u.:h¢) reduces tog
. 11\ ‘l‘
vy - Mo 5"{ N-1 (Bnopdndy- | * dyop)2yoy * Uyo Uy lANLN-I
""N"l u '11 . l‘ 'I‘
.
-ty 1)-—N Lt By 1y- IAN‘“N -yt osuy by

) ‘ ] 1 . .
ZN;lQN"’l + 'NBN"I.(E N_lANiN-I + MN_I)LN_I{ (U-k_})

1ﬁn

Auncill from one of thv‘propvrtiﬂs of the condltional PXPee-
’tdtiun‘iﬁ that E{;} -.K{E(:/ﬁ)}‘wnefv the outer expectation
is aver b Utilizing this property, tquation (L.80) ocun be

wrritten asg

o

_ Joror - ' . Y
Vios bane *““"{—’-‘N-l‘inqﬁnifv—l ME-IERE- TR G VISV UrpE
N-1 L | .
X 4ol T ' + oyl
Coinay t l‘n-l’“m-a * AN 1 EN- 1 AnEN- 1 AN-1 Tt My

*N IANLN 1In-1 * -4y USIST.S SREPR M P
Ay H - (0:87)

. -

hu Uy van be luund by Just nuniml i'ng the {nner expected’

value in lquution (u.87). . actting the derlvative of thn innnr

capected vulu«to cro and noting the followlng:




&

g

b

13

. T o\ : I\ ) N
h{BN—l(EN—lﬂNiN-i * MN-1)5Ne1/1§:1f

iy " 11\ i\ s
=y B gk MN-1)L[5N-1/XN-1}

- Bﬁ—l(cg-léNiﬂ-l * by )3y (0.88)
. . ‘l‘ I‘l\ ° R
- h{HNJEN.’H}NEN-Lﬂw-l(im-L} |
ll‘ '_I‘ . s )
= EN-lnN-]ANEN—Ib{ﬂN-l/IN—l} =4 (0.89)

(h;euus~ “{nN—l} - 0)

Jor
Elug-y (- yagkyo ) + ﬁN-L)EN—l/in—w}

N U | : |
T G VY% D T R N (L.90)

fresults g ’ ' ‘

mnm

y | : o T A
Wy agBy- v Sy duney * (Pyoqdndyoy + My )Xy = 0

ur,
B . u . - (u‘l‘ A I—] * l! ﬁ )—1(ET f ; ° ‘I\ )/\o a )

Uy n-1fnino t Bnen N-18nEN-1 ¢ Moy M 3neg
‘ | (D.91)
¥ . N /

from t.quation (w.921), one can say that tquations (D.71),

(2.72) and (.71) huve been pfovnd for i = N-l. ‘That 1is,
o 4 _ .

yoy = By ) - (D.9.0)
En-y =T ' tiy-1 )
; (D.91)
2N ° ANQ

Vllis evaJuated hj:pubutifutinu the value of My ln“Hqua—

;o
4

- "

[ 4

- _ f

(L.94)




- 23 -"z
- tion (’U 91) to ilquation (U.Bé), ' °
= *"{5N-1—N-1’-5N-1 * "N—LQN 13—‘N 1t nN-l—-N-l—N-z-N'-lnN -1
<] . _ ',AT T lll - :
- “Ee- o1 En- 1 ENEn- 1'-‘-N 1 “—’513‘-1~N-1—’-‘N71,} (0.95)
where, |
RUEIE 2N adydnoy ¥ oAy . (p.90)
Ayt ™ Kyo g By L»N*N 1Y MN 1y o s
Jdet )
. "'T . ) * . k : - .. . ¢ R
C3No) T AN T Ay : ~ (L.98) -
t g ) then, : ' ;
AT A AT : - o
: ﬁﬂ—l-—Nl*Nl "“XNI-NIXNl'“ _ .
- B ,J‘ N ,P d - ) t J
. - Xyoalyo vy b R ~1——N-1-’-&w-1 (0.99)
Cand hqlmtion (L.Y5) bocom('s. ) ’ - - ;
v “‘{"N 1 (Mnoy ~ &y L)EN 1t 3%« LQN 1"’N-« _" an-1En- 1
S “NEN 12n- . gu ] fKN 1Bj NI:N 12n- If (“7100)
- uN-*J ha..a been c,ompute\d, now it is attempted to 1ind .
Uy I‘rc;xn r,quutlon (,L\).&‘). uombining lquationu (U.SP). (<D.60)

A - a

,md (J. ]00) give b. s 7 ' T .
c V.= biin. ’}L{ [iN- :- A-N-] )iaN_,, + AN—’»’]-’SN-”'A
. U .
A —N"" o ’ <
* HN—..’{EN’-.‘(HN-I oy gt EN 2]391-2 P

T '1‘ _ T T .
B PR S RPL L A T < P 1)-N-99~N-'*“" EN 14N




it

~

En-1in-1 ¥ xg-l—w-lzqu + 2uy_ z[? 2( - Ay )
~ i *‘_MN-PJXN 2t "% Aoy - AN 1)ZN-L
: n\Jz’* ’“: zLﬁ 2Tyt 7 Oy Byl s 2801
iXn- iﬁu 1-‘3N EN-10N-1 } S C (“"60-1)

]

quatlon (u 101) is vpry simllar to rquation (v, 85), thorpfero
Uy _ . can bn Iounu 'in the- samo way . as Uy_y was found. HoplaCf
b{du. } by h{h(o(\4 ?/XN ﬂ)} where <. ; is the quantlty in the
bracket of lLguation (u. iOL) and notc¢ the follow1ny factb:

« 'The 7_. term in Lguation (D.lOl) is zero® bpc&ubv xﬁ*

dnd QN_ ar: at&&lbtlbally indopondont of each oth@r and
lj‘{n‘N" N = 0. ) ) “' ’ . .

JThe 18t '1rd ani a‘P terms in hnuatiohi(u.lOI)}are‘inpo-

wcndnng of uN > B _' . T s e T
o th e ' - [T o
o I'h 5-—-t(rm in indopendrnt of uN hccauso E{ZNKIANel
-
Xy '1J' * h{t"(“m 13- 1"N 1)} tr‘ﬂn 1"'{"N 1. 1}) and’
{hN lxﬂ 1} from, the dlbcrﬂtw halman fllter, is the matrix ' ‘

Ayey defined by Equation (u.'?9) which is indcpondént of uN ae.

. II) N o
h{ [_PN 2("'@1"’ )EN"*‘aN RM'NZ/xN 2} :

s HN 3 N-“(EN-cl An- 1) 2+ ByZplun_, (D.102)
Ill
[EN-’ EN 1’in+” *, MN é]xﬂ 2/~N-L} :
'_'Pﬁ"_,[ﬂl’_)(ﬂ =y J)iN 2 + By ]xN » o, (wiod)

o1t
h{ﬂmv'ggrﬁ— -—N 1. éN r)z ﬂN *’/-Y—N ]’

.



G -
AN

' é" . [N % el - -
“ ‘ .
= _N_’J..’.N_ (E\‘ 1 QV l).z. dE{:ﬂ_N 2/YN 2} =0 (D. 104)

T
.VE{x _ igﬁ IEN l—N—N 1IN~ l/YN 2} is independent of Un.y
as can be seen from bquationb {va?75) to (L.79), (L.60) and

(b.6l) and. by rcalizing that h{ T ZHN l/lN—Z} = 0 for any

) . drtﬂrminlbtlc matrix 4.
. Then gettlng tRe do ivative of h{«n A/YN é} with rpspect to
"t Uy ‘to zero will rvsult in Lquation (L. 105). )
' 11\0 .
[P - Ayl )Bhn v Byl 2]
[EN'—Z(T-IN—I - Ay 1)%! 2t M'N~2.JX'N-;. (D.105)
. [From Pduajfons (105), (L.96) and (L.97), one .can say thaf
Lu?f;“quéffons (L.71), (¥.72) and (L.72) have been juétified for
) i =N-2. That is, ‘ -
K . Unoo = 1N PXN-“? | ‘ ¢+ (D.106)
- ~ | P -1l e T ,
C 173151-’3? /}E < 2N~ lEN 2+ Byo2) T C Tu By ot iy p)
| o ‘ . . (L.107)
I‘.- N ’I{ o - T T Q. ’
N1 T iN-—lé“NiN-{; lKN-l(EN-l-éN-EN-l *zEN-l)llN-l
) "O . ’ . + A‘N-l S ', (U.los)
hd . -~ E N Y .

V., is evaluated in the same manner as Vl After some mathe-

l_
—

matical Jimplificatlon, the value of V is:

) .Xx” ‘}E{"N 2on-oEN-p 1 E("N 18- sEnog n-N-i—N-i-S-N-1+l'
. T ot
_ -’—-N—i-N-i B ZZ*N 1 1%n- 1—N-1—9n-1+1—n~1ﬂ-u-1 } (b.109)




Y

: ir-*w- - R e - (110) B

3

- ’ - “

Q

2 . T :

.QN-* = IXN;J(EN-%%N;IiN_Z + qN_g) . (Doll;)
T } ? ) i ,

éN—l = TIN_i,“é.N;_Ti '- . ‘ - . (.U" 112)

ier—N 1+l—N i fKN —i§N-i+1EN—i + §N~i)igﬁ—j
‘ M L .
1‘01,‘- i ’._ 1.4:\ .

(S

*oanai

3 .
'\ - . )

Iquatlons (u 717 to, (u 7“) have been Justlfied for
oo ..\
for i = N-1 and for iTz N-gl To sho\\that they are valld for

~

-

all possrble i, proor by 1ndUct10n can\be used. That is, sup—
posv thdt.they are, valid for 1=+l , \¥hen they must alﬁo ‘pe
. -

L.

By leld for i « j: 1If thPy are valid for i = J+l” then.‘

Hj*; = 11%?121;1 .:; ’ . Tt (D-l}?)’ f
e T T " d v T
. fﬁj,l = (Ej+ 2£J+1/ﬁ7§3+1) (E *1‘J*ﬁHJ*l ifl)

= S i{ A . o {(D. 11uR
. ’ \
. N PY U ﬂt T ) AR
35,1, 7 2ja185008 500 '\ li(_]-tlr(ﬂjvl—ﬁzﬁ‘hl 2 Ejﬁﬂ RN
- 4 s < o : / L ) L
o T B3 B ULy v TR - \‘p }15) ‘o
. ...A ‘/ ) 0,‘! ,/ . o ! l}// ) ol ) L
b - ‘ - . . .
lj* - E{—j’,i/‘la*l)} ; P N- -l * J‘ QD ’21”16; 1 Q ‘
T | Cleps
In-j-1 7 *E{-J+1§j+LrJ+1.{:k 1( -kﬂN kéN-k ' tﬂik o
; e , | W : C 7 )
R S -krlzN*Kﬂw*ﬂ a“ﬁ#k ﬁgﬂ kEN-kiN-k+1' ]
> F ) e < . ' I
e gy k)}/ jﬂfﬁ R . (v 127)
N : ‘// ! ' . . . .
‘(0.113)




Y

QLFer:Fquation‘(hf83).'fbr;k =‘§T"" )
\ ., ‘_.- . - ) = T - . ‘i‘ :o T\ : ;L —‘:' ; . - '
vN-j = M;’?' .E{vg_j..=l.,\ 3 23 K Yy ..*A.‘J | EJ‘EJ } (D.119)
N ’ . | )1f_r,_j Y R
' : R LR T 1
. P -/ &\ . ) 'A
' or 98hbiping hquations (D. 119). (D. ll?) and_(u)éo) and after -
some'siﬁbliflcation. the valuc of Vi .,is. ‘
.V' = brdn x (§T xf”-o- uT(P B Ju.
N-3 T 3jer8 gt dgIxg74 uj ~323+15 Ly B34,
’ 3 o N~ "l i ,’ i ‘
- m T A \..,
o “ - 1 3323§.j+1§jﬂ (ﬂN k kbN k+1-\:-k3N-x
. . o '
"N—xén—k"w-k - 2"N-k 12§N-kEN k°N k»l’:n k
! . . .
¢ .- + S L . c)
. - A 2“.’1-5-"’3*1—~.133 + 211_3(9_3_93*1‘?3 M ’-’3_);
3 . - R i - _-‘* ) {;.‘ ) | - 3 .
: . L - ' . oL L D.120) -:
L ,_,_J} o a)
*quation (u 12 O;\ls vory simllar to. Iquaf1on,(d lOl). there- -~ .
+ . fore Qj can’ba found in -the same way as. gﬂ 2 and the result
/ is: i "1 o . L - . *»\k :
s - \ [U {1 . T - ¢ i
. .121
/“ S J’ ("J—J+1 + 2 ) (0.121)

e
- VN’j H o .
- S i, J*l replaced by. j and whero J; is computed from- Equatibn - -

-(Dr73)'er i ='j.; Ihus the,

~
' .
@
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JILI.Z céntinuous Problem

L]
!

For the contlnuous uase,.a Lincaf~4qadrafic-
- uau331dn problem. as stated 1n uhapter V is to determine
.phXSlC?}ly realizable cdontrol vecctor function u(t) in the
tigo‘inferval (to.tf);so that the quadratic perfdrmancp\ipdex

(cos%afunctloh),

. P y
. T , T LT ]
J o= fE(k (Telipx(ts) + | [b (t) ' u'(t) ;
\ " to ~
3 SN FNCINR 628 P83 e
N ’ com o E e e deh s e T (Be122)
1 i v . A
, ERSIRIHEY 33 . .
o .. "' of the linear stochastic system mentioned earlier-in sSecction
¥ L - . . . .
. .- 1.2 ks a minimum.

o
-

. .
, rho solution was given in Chapter V as nquatlons

(5 lo) to (5. 21) whlch are rewrltten here as Lquatlons (D 193)

to (w. 128),c~ S L
f';_f A u(t) h bt)X(t) L .,f 7 (Da123)
where h (t) is the halmaﬁkcontrol galn matrix, , _)
T mw - ot e[EReri ¢ 8] (1.124)
() = - R (B (8] - _lm (t) + Ei‘(ﬂﬁli.ﬂélm - gy (t)
b v‘ r‘ ‘ .

. Fihal condition: Ll(t ) = Pf {D'1£5)’ ‘o

\rl‘

;:, R and ‘X(%$) is the Kalman filter estlmate which is algo the

Y
"y e




[ 4

conditional cstimate E{x(t/}ﬁ(’ﬂ/M 78 f_-'t} of x(t) and

can bo found from Equations (L. 120) to (L.128), -

‘ k(t) Fi( )k(t) Fy(t)u(t) + b, (t)E&(t) —‘G(t)x(tﬂ

Initial qondition; g(to) =‘4x (P«lzo)
: - . . o X
e = [0t ¢ Bz R (w12
= Kalman filter gain matrix
J".) . | P | ‘ ',T - e
-t Eq(t)ﬁo(t)b\ (t) ’ . (D.128)

Inltlal conditlon: —Z(to) =

The validity of uquatiohs (D.123) to (D.léB)‘canf
bt confirmcd by first ffhding.an equivalent diécrétc_problém
and then lciting the samﬁies become qénse. thaf'is,‘lettingf”
thﬁ sampling 1nt°rval agbreach zero. The lihif of thé solu~

o ’ N

tion of the dlbcr‘to problem is that .of the contlnuous one.

J
Consider the discrete pfoblem mentioné& éa}ligr
. in pvction‘lll 1. Let the subscript k be denéted at time
t = ka where & is a sampling interval; then uquatlons (Db. 60)

£

anu {u. ol) b« come, S -

!

" ylka) = u(ka)a(ka) + g(ha) . | (0,130)
. All S0 l\'t

g_(k_a)“fg + A;jl(kgy | o (pa31)

- ” M ! ' il ““

;;(kma) <i'(ko)x(ka) + g(xa)u(kn) + z(kA)gl(KA) (D.l'zg) -




.

(L.132)
(D.133)
(D.1%%) -

(D.135)-

L

(3¥136)

D(xa) = oF,(ka)
. -
(k) = aF4(kd)
n(ka) = w(ka)
£(ka) = v(ko) » .
- - 1 - { as
!J.n(kA)[nl(iA): gl(iﬁﬂ}
e g
._é_(kﬂ) — 11 "/
l 1fl(ka) : 1“m}cz_\)
e E T &, (k-1)
: [ 11 (m) n(}m) ¢
. ne=
s (hA) ) T(kA)
i
R E LIS
A l (kﬂ) i Rq(kA)
- ! <
then the discrete equations (D.129) and (L.130) will be the
? same as thc‘continuou‘ equatloné (D 5) and (J 6)

.. .1ollow1nb llmlts are take

b0
L XK+ Q0
ka =

St

Thv discrete porformancv index,
T otion (u.59),

$E;

-

)3 a)x(na) +}_-_.[f(m> 1 uT(10))
. e " I=0

’ |

—*—

A(iA) 1

x(ia)

u(ia)

M(ia)

B(ia)

M (1A)

when the

n

deflned 1n bqua-

is’ rowrltton here as kquation (bL.137),

(L.137)




, t, e 0820 ' _ . (D.1138)
(L.1739)
(D.140)

N l ‘\‘ "»-_
= Xy SRR (D.141)

N-(ia) ! 51('1&)

for i = 0,1,..,,N-1
¢ thrn it the following iimits are .taken,
N A— o . b
i’
. AN = L

iu discrete and another 1% co

. . ' =3

Th.refore their solutions are als
X - . - X

5(t) = Lim. %(ia) = Lim. E{x(18)/¥(i8

A0 650 N N
: 15 i—® . | h .
A . ia =t tin =t . u

B é{z(t)/x(r,) ty £ T% t} ;L

@ 1 ‘ ‘

which is th <continuous Kalman filter estimate of x(t) and -




o
-

was found in gection 1I.1 as the solution or .quations
(H.120) to\(lNga').

Let the oquivalence of (K; and 3; in the continuous

problenm be hy(t) and By(t) then, Lo

h (t) = Lim. (K(ia) i (D 142)
g0 1 o
l'—"m » . . V
iA = t T . ’ ’ ; &

. . b
- ~or frem lquation (uv.72),

Ky (6) = - Lim. [PY(18)siaea)P(ia) + pia)] "

! A—>»Q

i—00  [BTa)siasagio) + wT(1a)]
ia = t - ‘ o
or from hquat}ons (v.13), (L.132) and (L.141), N
S hytt) = - Lim! [A F (1A)§(1A+A)22(1A) + ABl(iﬁ)]
) 40
i-—»@ U}EZ(;Q)g(IOtA){ + AEl(lA)} + AN 1A5]
i -t .
or, . T
(8) = - Tim [apb(ia)3(iasa)E,(10) 4 Rl(i‘”] e
" [} -"‘)0 ~‘ i T~
. R - i =00 [ﬁf(in)._s(ima) + Aﬁz(ia)_s,(ima)_l(ia)
- iA = t hl - . ‘ T '
o enfaa)] o CoL
. or, . ‘ ‘ s\
S ae)s - (t)[mtnlm ‘. m] S was)

a

hQﬁation (D. 14?) is the same as Equation'(D 124).

ThUb the vma1ndor of the proof ls to show the validitv of
Equation (D:l&ﬁ). By definition‘gl(t) is the equivalance of
;i in the cpntinupus‘pfoblom., Hence, ' , L

K




™o

U the) = HNA) - A(NA) = (D2 144)

combiningﬁ’quations (V.73), (b.131), \D.%?E) and (u.lbl).

pives: - . Do sE : i
2(10) = [1+ag,(10)] 5(10ea)]] + af (i) ] - xT(1a)
| (L2208 0F (18) + a8, (18)]2¢10) -+ Ag, (1a)

or, .
.-

2li8+4) - o(ia)
Ar

= aF|(ia)atiasa)s) (1a) - FR(1a)3(1ava)

. - §(1A+A)§l(ia) + £K¥(id)[5£f(id)§lid¢a)
’ | Ez‘i")_*.ﬁl(’id)]lx(id) - g (18) (L.145)

Takingg the lihit of Mquétiad (P143) as A-—> 0, 1—> 0 and

ia = t, results in quation {.140),

S00) = = EOR 0 - 5 08 (6 + KNOE (D), (1) - 9y (1)
| (D.1%46)

tquation (V.140) combined with uguation (b.144) rorms kquation

s

(L. 190 [he vroof ‘iv completed,

\
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APPENDLIX K .o

) E!‘l;.l\ll.!m l I\IN ‘LJ
Mis appendia contains the Fortran Hstings of

elight important programs used in the thesis.  They were
run on teletypes connected to the ond=-1'=10 tlwe-sharing

digital cvomputer of the University of western ontario.

| rhoghah ) - “

. - ) - &
Jased on the simplified form of the Wgrtlﬂy'"

modification, t'rogram -1 was M'iim.vn Lo »omputm lcwdsf squares

-catxmutob or thv elements of @ amd theinr 9\5'»0H11dﬂnxﬂ in-

ttPVJxa xxvm the aern sets or hat‘h data of A Eu;ln;gn

(chapter 111). Phe vector g »onsi&ts or vro;@ss parameters
and’ 1n1tx41 Londxtion» of thv microbial growth model Ptplﬁ-'
S&ntﬂd‘by fqe L 3.0l). cThe program is in doubla prhcisian
and containas rour subruutlnv—:subpragrauus: ThAJ, LUK, :;Uku\.)

and NINTV.

- A

e subroutine {fRAd computes \:Jg'tih far all J and

"{ ‘ . » ‘ d A ‘ .
I froin °g. (.01) when 9 1 given.  Ihe-adams-Bashforth pre-
axc toy- 011P‘LUP with the !irst rou: Tointa generated from

a four m order hm\b:-hutt.n hn--gx :n-ion techniqup fa employed,

he 1ntegration interval ia one hourrgnd the linrgr-lnter-

pelation s used to compute valuey substrate concentrations,

L S . T



»n

product concentrations and pH's at times between measurements.

The awbroytine R caleutates dd‘i(t.i])/d_e for all
.!t and 1 when o J\tf) for all ) and i, and @ are provided. .
The rfintte differepce approximation technique deseribed by

P LS bs employed.,

a

Y
The subyoutine "LWUhoeg ¢omputes the sum-of

o Adetfined Sby L. L Ye0) when both \‘,;“\( t’i‘) And \‘."(t‘e) ror oall

squares

Joand b oare aupplled. .

. -

v Sinally, -the gubroutine MNPV Inverts a square
matrix using the gauss-Jordan technigue (daggerty 1970).

Note that the matpices involved in thias program,as well as .|

in the remaining programs are aymmetric and poaitive defi-
1 i . o :

2

niteg to save computer time c:t:-snh:‘mltig\v which inverts a

::,mev'tr\c positive defini te matria {7 m}uilahh\ ghoutld be

wsed instead,

k . LS '. ' o
. , 2 o

o Liaut : to Irosyam )

o

liput 7 to irogram 1 oabte

. - N} \i‘ut'mut (1)) apvf-il‘,ving the number of batches

Correm owhi G data e ased:s Naaimuam callowable value for NB
. . ° >

bon

*

SR IS S BSY = 1.0 10 (format ill‘xi V) representing the

initial ap_;n‘nxlmnﬂun af veotor g@.

L]



oo

v & 4 - '
* i

- }\,\(1 )“ 1w l,veunn (1'0:'ni;lL :(321'1 1 ::;u-x‘lf'_\'m;-; 'whivh

® o

paramedters are not fitted (are sot o gerodl o 10 hagl) = ]

Cthen Ay is not ritted.

TTThe Pormentation data stored on a disc tn L rile named
caleoals NECLH) apecifies the muntrer of data points in.h.ltch
I and 11:; Uead iz§ first under formuat (1), rhen DELTYL, O ),
CMET O s L, }‘(l..“\ and - Hil,d) 0 - 1y, .. ..Nl_(! Y are read
in together using 1'0!"m:;t (.'ﬂ".l«‘.ieh) with i)mf li'n'vc‘ ror edch

value of 0. he whole oycle of reading is repoated for

o

bateh #2, 0., #FNIL dN'u-&n that oel P(iyd) s time betwoon ‘t.hr :

‘it}‘ and the \j-l)"ﬁ\ measurenents in the it’-h batch with the ..

ittt o houry  SM(1,0), o(l,d) and 1'(1,J) are the measured

blomgas coneentration, substrate concentration and product

 th

concentration at time of the ‘;t,"‘ measurement in. the bateh

rv:e;u;ctlvwf,v; all in the smame unit of ,._‘./JO(_\m(; it no(l..l)

¢ e th ° :
L the pioat time of the 777 measurement in. the itfh batch.
o ¢ ’
vutput from rogram J o v
L‘ixtput from program | arc esttudated valueg of
I .

; . the parameter:s €°5, thetr 2. -conttdenee intervals, sum of .
. . \ . 4 A K . ; X " . ’
pquares o4, standard deviation g g determinant of the in-
verted matria for every itteration:  at-the ond, values of

/ 130 Gy, of meastured blomaes: L"on\'v‘nt!‘utiunﬂ. of model biomass

concentrations and o thoartatffereness are printed out. | If,

o, -




! “ ’ e
AT - 0 then, normal convergence has dceurred, -
IPEST = 1 then, sum Of squares > was not improved oeven
: gfter the stepsize had heen eat in ha;f:1%
) 2 ,
: timeg, 2
ot . Itk - then, the test o convergence u{ » had not
. been satistied within 1+ iterations,
R : At should bdbe noted. that Program 1 can Also be
used when the microbial growth nodel is not descfibed by ky.
(%.81). *That is, if the honod model i3 used,
] s t,
: SL) S
deft) Ap>t 7 s
dt Vet)[;jats q-}\s.]
. oo : |
then the function FUER1V, defined by lines 7 and 8 of the
- ) . [ N ’ v oo
subroutine TRaJ, would have to be changed to the following:
Ful REVECUN, 9As PN HA) = COA®(THET(1)®8X/(SX4THET(2))
; ) \ &)
i - o .
and the valuyes for RA(L) 1 = 1,.4.,5 should be read into .

the® program as OOLll.

. A Uisting of Program 1 followss

L

T

~




. - . . -

108 CJQ:N

- AL UK {tJg1) - .
J1o Y YINE R P ITRI S _
120 b MAND) , 1 2h ;o
T C=-X) 100,100,132 . - P
" ) ] KNIl =h - N ) t : _ 5 .
’ [ST5 R UK TR P R VIR » - | .
KI-K1eN ‘ ’ A o .
HUE DY AR i
JE-~n1=-X+ - . ' .
o AR T@ ALI]) ,
Yiv. ATy i ] ) )
Gt 100 . .
140 HETUPY ) .« . ,
ND - . ' o
£ . A . . ]
D) ’ ’ . \ . .
v .
Ll 5 ' * - _ . - R . ,
- . : ’
’ . - L)
. , . o ' -
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. 'n ' u . — 9
R « . ki
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; ~ . 5 / LT
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Tyer 12,07
NN=0
00 56 M=) ,NIT1
Py %6 1-1, Nt Y
NN=NN#+Y
R{Teul) CRENN)
O Ay 1= NELTS
R R BET 'l(l}s().lh(\O
DO 99 J=1 Nt T ,
(e d) RUT, !‘/U\QR](UI({)‘D!(J))
I'H(! 101 I)HH 1t IJ%RH. -..)IJ) ‘
vik- 1, .
(RIR] l(\() NLH | N )
ey
() S0 NERARC .
b 4 p"’ {slt " 9"
by Q)/iu 0y Gy Ty 101

-
Vit TODY4VERaDTHE TINN)

L

A ’H\AIHHHN {{y.
A GUMS (LT .%uw >y,
ST Ll -DNART CSUM. /7 AND )
Y"! '] \.'4(.,?1"xl1‘41"| ‘\1‘5’]"
PGS UMELG LS UM2 )Y G T 92
BN ViR e B0 000 o
']'“”. , e i
‘(\, t" ’
LT 1H0

Vil 120 ,
at) T 121

NUNBENEN: .noou ’
ELNT TN ° -
Typego e, .
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11 ‘PRUGRAM I

L)

-
’

For purposes of-.checking {dentification procedures,

3

trogram 11 was written to simulate artificial data from the
model dpscribpd in anmplo l of Vhapter 1v. The program is

in ,double precision and contalns a function-subprogram. RANDOM
and three subroutlne~subpr05rams Tth. QUAN and GAUSS. |

B ¢

%

- " 7, RANDUM is a library function-subptogram which ge-

_ nerates random numbg?s distributed uniformly between zero
and unity. -

. Tho subroutine FRAJ is not the same as that used
in rrogram I, though they both'haVe the subroutine integrateb
‘ . .
o a (4.27) when 8 - [31 a’ x gté) X< (t Yy .. ? is givpn
_using a fourth order Hunéé-hutta {echniQue. Phe-integration

. o s -~

interval is .01 unit. , ’ . o

M \ \}‘n . . ‘. . - ‘ *

. Wi . ' - | .

. 2 Tho subroutine . QUAN prov1des a raﬂdom number of
y \ .
. either: 0. or ‘I. or \'X‘f Lor 10,00 o T _,
.o ‘ . R LM i

N \ b / V N \ \@ ’ \\ 'T\ 7

Flnally the Pubroutine bAUbb prov1des a randém

t»- %

number hdving uau351an dlstrlbution wi%h 0~mean and (aIG) -_

N 7 . q

vvariany&. Ihe rﬁilowkn approxdmation«ds madea If X 'S

!
\ N by |

ror i = 1,20 0e s 1; are. 1ndopendent randomfnumbers distrlbut&d
ot 1 | : :
unlformly botw»en %ero and unity thoﬁ MY




2 :‘ ‘n
» ﬁg
. . e
) c,A 12 " . . ‘ .b
SN =‘(_in -o)w -y : o
l-l . - ’ ' - . ®
is a random number which approximately follows a Gaussian -
[ . - < 9
: — . ’) r m o= - "
distribution with y-mean and ¢ -variance. -
1nput _to Program 11 T
‘lnpﬁt to trogram 11 apovtﬁo numbor of batches NBR
and the standaqd deviation. olg tformat (I3,G)). NB can have
a maxlimum value of R00. .
vutput from irogram ]I :
output from brogram 1I are stored in'a disc file
named QATX.UAT.' vata tor each batch are stored in soqubncé‘ )
with 11"1invs/bg€ch,' fhe first line specifies thq batch
number under format {(173) and each line thereafter repfe-"
sents a measurcment and contains y'\ﬁl and U, (format (1H , *
WoR.5)). ) S - . . ,- *

SN listing of~rrogram Ll'fdllowém

. . R
» s v - P o
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»

h
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Utidlizing the superposition Principle and the % '
.»'alling—Lawton'lewf:\;t;'v tdea, rrogram was wrltten to ibden- o .
. tify pulameters a4, and.a. or the model deseribed in bxample |,
cection 1.0 of Chapter. iV fromothe five batch data. simulated
i . e ) . .
by srogram 11, The program is in deudle precision and odn-

talins rour :;utu\niiiuv—subpru,;z‘;uuvm PRAT, OFERIV, SUNSQ and MINPV.

o ~

E}

i

- T the subroutine Mhad Lo ot the salre as that used

1 otregtams 1oagd 11 Phe sgbrodtine somputes the five tra-

4 3 ‘ ’ ‘ \l - ‘. s

Jocstories yra, t;a‘ Jr o lesrveanyand o= O, ,% when a =

.’ . - N ! 4

. ¥ ' . . b f LI . . “ +

@, a7 1sogiven. Meoconpirtation 1s based on Fgs. (v U0,
- . D -~ . . - ) . ) .

fee s N TN e 18, ey Voand {(~.2 Y and on the use

’

o4 fourdRoerder. Kunge-hutta thtegratibn technigue with-an d
Cintegration interval of Lol unit, :
_— . N PR AN
Mo subroutine CrRIV o calcouldtes ‘l\'""\g. ti Yodat o rer
[ ‘ : - o | . ‘1‘ Ve . . < ‘ .
Aipa Joand U owhen )‘g\g.v‘" for a3 oand i, ;\_nd"g are. provided.
e Nntte Aifference dapproximation technigue: described: by
S DO PR § g:u;\rla_\'tu!. ' :
. - E o
' . 4 S _ ‘ -
.. Mo subroutine LUhon computes the sum O SQual'c s
o § ’ o e v e % S S
codbnangd by oss w09 owhen both )m'”'i and .y '\‘éiti' tor
A0 ane Uoare suptiied. - ‘ T

- Sipaliy e sudldutine ALNSY s the same as that

3 -

. . ‘ j .




used and listed in frogram 1. Mhe matria to be inverted

o

1n the program is only (2 2 J), s the subroutine

ta not really neededs  nowevel 1t ta included just

aahe 0T geterality., !

mg;wﬂm“, o

[

nput .o Stogram 111 .avey

= ALR Y and g. SV format (S representing ohie

A% ‘;‘x'\\uuvanun ox t'w pl‘lvaa Parame ter. vector a.

. )

:‘it\.\i.:“\t (9341 ,-‘ \*-%5\‘ Ui X. '\“J(‘ ¢‘J‘\P.‘\t Q.-'u& i‘v ‘.\"‘d !.\‘;' (’:i\‘!\

- iy

Tedd in sequentially and ' in the folloming pracry

NINDV

for the

tnitial

ha

it

e avtificial dam mmumtmt f1rom .xo,x.xmz 1l and

telt ave

o et

ine ts the hatoh mamber N o protaat (13D and the next ten

4

Jthes Ceplesent the ten consedutive Bedsutements in that

*

datan with sach ine mntamu\b the values' ol v .
WL termat Lk, R0 Y oo .
. and - .
< :

N - N . - ,‘ . - :
. H!?HE' 2 a2 b W1l . ..
- " . f

8 v,

. I

- . . N

.

oA And a ;. ’ !hr‘.r »‘ﬂv-m‘lu?mvuccr i_n'rrx‘\':xls. EITH
[ - L B

-
*

Mmatrin o ‘ev‘rr,\: tteratioi. At the end, valuea of

RESER Y .w red mitouts, of amevdel outputs and of theld Jdi f.{‘wre:w g

. : . N o ‘. . .
ate prtnted cut. 0 Che initerpretation of the value

Wy

+

" AN

\ut*\uz oo srogran il are the edttmated vaiucs

o Bmpuares

!

R34

- ..u.mt:u Jodeviatl *n\f an.d dﬂermumnt af the inverted

LL P
4 w»d;.
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‘ ;.(tor thh thv rirst iour points gonoratod from a fourth

—Utili;ink'tﬁv bhpvfpusition‘rfinciplo and thv

halling-Lawtbn—oylvvsfrv idq@.,Prorrdm 1V was.written to

.

identity the pro;ess puramotvr vvutur a of thw microbial

hrowth ‘model rrom the stBn'batuh data of A. pu!;ulnns as

"dnacribvd in Fxnmplb"? in Sec%&on 11.2 of oﬁaptnr-lv. Thb

H ' .

pro;rdm is in doublv prOuiSlOn and contalns rour subroutino-
&

-

. ¢

S sUbprograms; 1‘1(.«\.1. ur.lj.. sUMby and MINT T e

. e
-

and i when a = {u] Coa; ~ui}l is providoq. . The computétion‘(

in haled on RN (1&'.1.;‘).: (Held), (4417), (4.18), (#4.19) and

'w..‘l). cand on t}w ust of ﬁ'm Adaiixs—B'aéh'forth prvdictor-cor‘;’

oruvx Hunhn-huttﬂ 1ntn;ratiﬁn tﬂohniqUP Thv intagrdtion

- é

mte x'v‘il ib one *hom‘ and . thv linear 1xﬁe=rholdtion is used ¢

't

' L to uvmmxtc valu' 5 ox .;ubst.x‘xtn‘ e,md pro«fuct Lonu‘n%r.’ntlonb at,

° P -
= -, ‘ *

*

*'tljn;‘:%flwt“('*'hn‘ mﬂ.i.‘%z/vmvn'td. _ ' Y . .

e

1‘hv bup‘xoutlm- Vith e_alcqla‘tea \y'j(a tj)/,)a for.
,’— .

all and. i whcn y"ﬂa,t ) Ior a]l'i and ig dnd Q. aro supplipd.

.

Ihe Iinx te- di!‘i\ r-‘nu‘ apprnuunmtwrx tm.hniqun dnscribod by

g *..‘l) i «mplduﬁ.. e . - H?i .7
" C ' B ',, ' -\ B ’ , .

i . \

l‘hr: umbroutnn- SILIRT t,omputés the sum of Jquar".,,

- When tmth v (t: ) dnd _y (g.t‘j) 101 “Yil 3..md i u‘ﬂl/ sum)l mi.

* 4

The subroutine l‘mul bumputr‘ y (u. E) for all j -
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used and listed in Program I.

2 ali a2

-/

. » ~ + PN ) .
v And the subroutine MINTV is the same ‘as that,

-~ - \’
- . '

e )
Pl . '

_ Input to Program’IV _ Y f ,

Input to Program IV ége:

- The experimental data of A. pullulans stored in a

disc file DAT.DAT. . vata for each batch are read in sequen=

.

tially and in the following order: the first line is the

‘number of meaédements‘NI(I) in that batch (format (12)) and

each line for the next NI(I) lines specifies timehﬁetweeﬁ

this measurement and next medéuremen@ DELT(I,J), measured

biomass concentration CM(I,J), measured substrate concen-

,

tration 3(I,J) and measured product concentration P(I,J)

(format ‘4F10.4)). These concentrations are all in the séme )

o

unit of g/lOOml.

- a(l), A(Z),and A{3) (fornaf (3G)) representing the

initial approximation gf the process parameter vector a.
z ‘ ' » »

Qutput from Program IV

* Output from Program II are estimated values of

2

L4

S, standard deviathx1$ and determinant of the inverted-ma- -

(N

trix for every iteration. at the end, values of ITEST, of

4

Ed
-

53 -

and aq3 their 95%-confidence intervals, . sum ofasquares

1 T .‘ . T . : . 2";"",

| - | | )
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measured biomass concen;rations,gf model biomass coricentra- *

‘ ' : . L D . 4
‘tions, and.of their differences are printed out. The inter-
‘pretation of. the value of ITEST is the same as that used in -

Program I. -

Progtam IV without s¥broutine MINTV is listed on ,,

the fol;owing,three'ﬁages. ) ] : . -
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. - V PROGRAN V- L . e . . . .
3 . _ SRR

Drogram v was written to compute an on-line est-
s imate of the prqiﬁss parameter vector ar= [a J from
the mooel described in section I11.2 of vhapter IV. Ihe

program is in ddﬂ%&§%g§F€151on and contains four subroutine-

. The subroutlne ThaJ1l calculates the whole new
1+1

-\

FubprOgrams. Ti;il. QERY, FaMUL and MINTV.

L+l)

’ tragectcry y. (a,t i = Q.l....,9 when a is glven \Vipe”

e computatioﬁ'is based on'qu."(u 12), (4.13), (k4. 17). (4 18),
— . (19 and (4.21), and on the use of q*?curth order Runge-
xutta 1ntegratlon technlque with an 1ntegrat10n.§2f%rval of

01 unlt

The suoroutlne QARI computes Ay%+l %+1)/GQT
for all i when nyl(a. Lfl) fo all i, and a are prcvidéd.

The finite dlfferencc approx1matlon technlque desérlbed y

P, -

]

Eq. 21) is employed

The subroutine MANUL muYtiplies two matrices A’

and B and gives the result in matrix g. u o

And finally the subroutine MINTV inverts a square

matrix. It is the same as the subroutine MINTV used and

listed in Program I, o ;
- V\ ) N : - . ' —_
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-~ 2] b ’
L] N ) :l ’. " ] ) ,
3 B . '
* ] 123
* - . . .." - b ”l- .
. e Input to Program V- - ‘ S
’ . . » k] . ) - ' . - | . - ‘ '\
> RS P : e
‘Iqut to Program;v are: .o : S
. A 5 . ) N ) oL
. ~ 0\ '

e -/NTB (format (13)) speclfy:mg the . total ‘number of batch

frém which’ data are,readfln from the file uATAl,uAT
- '-.otartln values for a and P, i e.. A(l):\A(Z), P(1, 1),

B ) 2), P(2 1) ana P(Z,Z) (format (ZG)). ?7*5

.The artlficyal data 31mggated from Program 13 and stored

. 1n a dlsc flle uaTAl DAT. uata fof.each batch are;read in ',I
" . one at a- tlmp ‘and in the following sequencex _the 2irst line

ls-the batph numbe: NQN (format‘(L}}) and the nextﬂken liﬁes

represent the ten consécutive measurements in fhdt batch;with

each Iine pontéininé'fﬁ; véluqs of ym"ﬁl and 52 (fbrmat (1H ,

3F20.5)). ' e, B .

v cutput from Program V . °

Gutput from Program V are-batch ﬁQMber,,on-line
”estimafeS‘of_al and a, after data from that batch are re-
- . ceived, All these three vhlues’are’typed in one line and

, < there are ﬁTBflinﬁsrhltogéther.

-

PrOgram V w1thout the subroutlne MINTV is listed

on the follow1ng tw0apages.
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‘o

to compute‘%hé optim "iftion rate profile that regulates

. the effluent.conc%ntr. ions dn a continuous fermentation

process of aerobacter aerogenes. In the program data ané

- ' results are available only'%f discrete time ti = .51 hr fbr

i=2061,...,99. The program is in double precision and'con%

. tains five,subroutinpfsubprOgrams: Fl, P2, PARA, xm&w'and

»
:JJJFIL- . "‘. , ' N - : o N -l‘

. s
Thé subroutine *1 computes the values of tpé
4 maf:ix fﬁnétion 2,(t) at times,ti' i =_O,l,...,99.§y solv-
ing the matrix Ricétti différential equati9n (5.18) bvack-"*
ward in fimg. " The Luler.iﬁtegqation £echniqué with an inte-

A

°, -~ gration inferval of .05 hﬂ is used. 1~

w

. The subroutznp P2 computes thg)galuqs of the
matrix function 2, (t) at times t, ie0 l....,99 by solv- =~ -
-Ang the matrix kiecatti differential Pquation (5.21) forward

in t1me.‘ The«wulﬁr 1ntegrat10n technique with aﬂ integratlon

’- 27 . .. ’
s 1nterval of 05 hr 1s used. o . . _

o e—

L

The subroutlne PARn calcu‘—tes Fl. fz',RZ' 32 and
27), (5 9)¢ (5 25) and -

;rlx gl 1s represpnted in the

[ Y

T as doflned from ,qs. 5. 26), £

. (5 30), respectivply Theﬁ’
'ﬂomputar urograr!‘ by (1) 1 -1, 2, 3. and ‘the vector. f2 by

. . » ] - 4 -
\ E . . . ‘- % . Y 4 . E !
. - R N -, ' - ) -




=(1) and 3(2). ‘
Aﬂnﬂ computes A(tl l) from =Zq. B

w(t ) and w(t 1) aro glvon The

. -The subroutine
(5.l¢) whe:l x(t.\. u(t-‘
Zuler lntogra+1on tﬂchnlqu~ wyth an Lntegrat;on interval of

Thc llnear 1n;erpoxatlon technigde is

.’O} hO‘Jr lS USEQ.
v 2 . t & to .
1 ]*.i

explcyed to compute w(t) for t

., 0 . - \ - .

and flnally?the‘sqbroutine U@FIL_compufes iiti+l)
fro? q- (,\fb) when';(tij.’u(ti). x(t*) and x(tl+l) are
Siven. The lulér_lniggrat;on ?echnique‘with an integration
in%PfVal of C5 hour is useac. Thg‘T near 1ntorpolatlon .
tccnleJG is- emgloyeu to ﬂomputD x(t) for t £t & ti+l"v

' Input to Program VI
. ‘Besides the‘falues,k:, Kope Koom Aoy Koo KoYy
§t1+i t.f\dé and ;I supplied tp the program t?rough the
three uala sStatements,” input to Program’VI are; .
» q‘é'

- a6 -and, gIGZV(format—(ZG)) representing Ty and

- Ri, (1) and <(2) (format (JG}) representing. k3'

anﬁ kz B, t - v .
- 72(1,1) and ~(2,1) (format (2G)} representing Z(io)

e

- HNoise data stored oh a dlS” ln a file named AVDAT1. DAT:
lf(l—-.'l). ’,’",Ktl)l "(7351)- V(j-ol) ahd" V(l?.,I) I = l.u-.lOO ,



(format (5714, o), rﬁprasnntlng W (t ,-wga(ti), W'Sz(gil. :'. ’
vh(t ) and v (t ) 1 = 0,...,99. " © .

s ’ Lutput from rrogram VI o . “
* * S ) ! . " e . . )

e Q
. .

" Cutput from lrogram VI are .(1, I). i(2,0)y iPId

{1, I),f,/mb(é 1) and J{1) I = 1,...,100 (format {5714.6) ).
. . ' A
- represr«nting Sty (T Sty J(ty) and 5(t,) i = 0,..

.+ 99. <“ha output are sﬁbroa on a dlSC in a flie nungz «DAT.

?otp that ,(t ) and u(t ) CaQ be comblned with w! (t ) and

of w 1(t.) to glve.thc control effi uent concentrations O (t:")

and ge(fi) as gren from :=gs. (5.4), (5. 5), (5.?)-and CS{;)..
. h 3 . ‘ 4] o

A listing of “rogram VI follows:

P
U e
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o VII PROGRAM VII . ‘ o .

v . ° 0 - . A

» AS describéd in Chapter v, PrograJMVIi was also
'wrltten to%compute the optlmum dilutlon rate prcflle that N

regulates the effluent concentratlons 1n a continuous

fermentatloﬁ process of Aerobacter aeroggnes. @he dlffﬁrence

PN

between _Program VI and Program VII is that th® lat:l:er is ¢

- o -

used for.the case where there is measurement,delayu Program

k3

..+ _VII is in double precision and contains six subroutine-sub-

» ' ' and ] ‘ - |
programs: Pl, P2, .PARA, XNEW, DXFIL and DXPRE. <

° o . - ':-%tv (<]
. s ? ) o Q‘._ . - .

The first five subroutines P1, P2, PAR4, ANEW and
DXFIL are the same as those used 4n Program vI. And the'

~su6rout1ne UXPRE ‘computes the state predidor x(t/t - At)’ 2

'ﬁ' ' from Eq. (5.40) cThe bulef 1ntegratlon tecﬁnlque with an
‘ ) 1ntograt10n 1nterval of - O5ehour 1s used « ;1, .
13 b [ ‘ o o - -1

- -

<

- °  Inpug %o P;Q_ézrar& VII, - S " '“ .

fal
°

L 5

o Input’%o Program ViI are the 3ame a® those &0

2 B

Program Vf*excep; that in the’ thlrd paragraph one more numberg

° 2" 0 P 3 N e, n
G . H P ] & . . o -
- is xéead ,in: . woo o M @ . SO
v N -] 0 L i . . o e

- A(l 1), Agz 1) and N - (fo,rinat} (3G)) wheré Ng$péccif:'kés°c°
the delay the At, ¢ f e ‘5 Hn?°u_{ " BRI .

‘bﬂ‘ o

Pi = ft/(ti'g'l - ti) At/-SO - R °. ".‘ "

*T e
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e - - Output from irogram VI are X(1, I),w K(Z I), B
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- o € f\/
. s R :

.Qutput from Program VII - . T

APRE(l 1), XPRE(2, 1) and U(I) 1._ 1.....100 (format .
.. _(5F14.6)) representlng u(t ) o(t Yo c(t VAT at).. s(t; -+
<" at) andTb(ti) i =‘O!..,.99. The output are stored on a

.
°

disc 'in a file aDAT2.DAT. SRR S
' oo 0 - .0 - o

- '
; Tﬁe maln ro am-and the subroutl e DAPRh of .
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. N 2 ‘ N
Prggram VII are llsted on thé last twq pages, : R
. . a
N . [ I ’
. . ° .
o o = -
s o L . . o !
a o b © “
.
- ° ° ’
° u '
- N L °
[+ - -
~ o ,
_J . , ) B o o o
1:; . N 4 @ .
. L] o y
2N © o " R o
“ - +]
[y ° ° ¢
o o L4 ©
. ¢
62 c‘& ) T o o 5 ©
ou “' 3 ‘ <o
] LRPY o "
o e
. .
. 0 . v ° 1 e £ o " )
v e @ @ ’ ®
/ y & °
. i v @
o ‘5_ e o v %
‘ ° - P . . ¢ 0 s 9
© LT °O e . o° A @
o o ° R /
o P N a ,
2 “ o 5 s
. Q , -] % ¢ 0
o ©~e .
. o 4 ¢
° g b t° w O / - O
. v M e ¢ B ' < u
. 3 -
° g Yte o ) . ° o,
£ a s ~ 8 .o o B
o & @ ° g - I8 e - .
o o “ 2 A ¢
° o ° ° f
v © : o o .
- > 9 o ,%‘ o o e e 4
e © . < . 0° -
ER- v s e © e L s ] h o®
b X o <5 o o
ks <] ‘. - 4 o EQ o
[ - ¢ o Q. o ¢ L
1 0 © ° b [ " v ¥ o ¢ < o o
® b o o *° [ ° o o' . > Q * Y
° o, ® S Ty ’ ’ g °
. o ) u - o « ¢
. , s ) s
c : - ‘o @ ' o .
v @ 4 Q- ) s . o ‘o
o L] . 2 6- : o
« ‘e -t 0% o ¢ e <
° ) . * N : Oa ° ° ] '3
o o - . . T . v (‘ . s ° o -
. : o ¢ 4 . o e
] d 5 3 a N &
] ) ' dJ ‘o ° Lo :
o ’ . o
& o 3 & © °(: i o o, ¢ g
. 5 o o B °© w ¢ &
] © " Py o i v © 2. u o
. o ¢ 0 e ° o %o v '
0« * 3 ‘J ) 3 e ° u .9 ° oo
o v ° ot c B :° ° hd
- 2 [v) ¢ [T 5 2 a o © [



. ° 0
o2
,
X1
o
- [ L2
(@}
~ ° . .
. — o
i
s -
- po
— (@) °
e - °
— — 2 Py
, N N o~
[¥o Y -
) N — 2 o~ ! [ea}
- ' ~g -0\ -
ol Rty o0 o~
200732 - -~
. Z 03 D
-~ on
v gl o~ sx
LY < @aViaY] , o~ g
, o . 4 AL v e s ” S~ -t ()
. . . 4 - ~—
Nm..\ - O, r
T, XOF)! + +
L > S VI N~ . —
. N NN e -~ " fanfe] ° -t N
N <,. L e Lt AR -ty ¢ > — ——
. L NOD 3D ¢ o0 v
. A Qe » 3% L) 1%
o - e onntd —_— R34
— T T —0 e Y > . ~—ry + +.
: o ) o NI Aw el —— ~N
X Lin, 2 = << ola)
: ° Q Ju=X - z2Z - - X -
NI AN e =¥ L 3R oD
. DT A =Y -eZ ' Okl T
- o Tx<< % - =T = S
s ) w T " e a0 ad o+ —t
’ Z T2 e Z_adet T | etaNaAN + o+
- g =TT AN 6 Zmi— et~ [ SC2TWE T,
' " T e U.FFJ.JI/XXXls'
: 2T SOQVNZZ e I SDDCDZANZ

/ﬁf:5+lb:ﬂ_:1((R

HW&W’%U[IRIZT&E
_,.mw.\: F\\N....U\UNRRTD
DM.

{
u’*s’:t
I8!
MU
DU
Do
DX
Y.
D

0

C

X

X

R

t

g

PRl

19

@ o



y

FOKTRAN LISTING OF. PRUGKAM VII (Subroutines Pl, P2, PARA,
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XANEW and DAFIL hot 1ncludeq)

- 4
)
-~
o —
O -
-t Y .
Wt l .
N o~ (@] -
L Y . o O 0
D~ + ‘. o o
e J . o ‘ -,
Ll ®X -4 [Fa -
Ot = 0 . —
O e~ » - P M
~ONN X o -
o N - D -
[V} Jo W o~ > - -~
~— e 5 [} o
D e [ -
—C) . N —d N
wo—- - -t — o
MWD ) >
— (&) - -
—_ Dt [V -—
Q & a WV (@] \
O =~y - 1 -
—_———_t O O~ { -
N el selm) —
A= - +O >
O =3 [ [t 3 -
QO N [ I —
TO e = %l - e —
| o> - wOm -
S e, X, D - ° 22
O M 4D -— g ¢
DN -~ 1220 I
ZetesX N O+ -
O e aT XY NID w . e ,
L M7 T I Lt P Y
I N = m et - ,\,0
— e W) — ot N — i - N
Oe~3aT O~ o = Yo —~e
W—N_LUDND I D e -y -z v —
AN~ o * e 1 ONI— < om -— e
Qe T N> T0 e N D~ -
T mm e et 0 m e O ot N e
W e ol oY TN~ et 3 - @ e et 3
ad™mN O X 2t N e 7 I, -t erl +
DN &8 O = s X - M e e
D= BN TONG oo/ et N, =T et o
Ot ol o X T QY — i 8,0 4O O TN~ - —~n
O ~AZTCTNRNAEXKQOO™ 4 W all | = =
TN ) e mr e e NN e e A O e
T eI NSNNTZDONAN e ) [ @ e et X e T )
——— L E - TOOCm S L e e ) N
NN T T TN T O DO e e e~ A
—Z e AQA A & e . et <
IVES Tan 'S 2 3o 2 -4
QINIT I I DU M — g wxa— . N
T~ 70«
—-—DTTTOCIO
Al
. ~ : !

11

GO T0 50

T.LT M)

©

. -

o (=]

° (@]

-t

[ ]

ot

u

1 —

-

-—

2 a —

I —

2

-

o o ° O -
. e -

2 1 -

N + ‘N

e ~ . o

- . w

— o B ] - Rq
—_— . ° — a
N > >

T -~ - -

A, =~ -— L) -
>~ Z ~ —
Qg » .- -
o - — ° —

Nt N [ - —
—¢ e ™ ' g
~0 R ~ o
Nwe » = a.

s o S g~ hd »
[« N s < —_— L.
- @ ] Z e -
adar] - pd (J'\le —

L — = 2t e s ™
— - W = e A o
e Q LRVED 30,1V, —
- - —~E aX ¥ - X
D.l. o =-aa ot N -
'~ z —C O =~ —
A - I < -
et 3 R e <O+ + Doe
=) e I s e < -t
—% e e AV - - - -
—— et ) YTHAN AN =X 0
[« ] . e anuwn - ((XXI\a{\ TN e
— SNTIOTIMNN TN T~ P
BN e e s st PUISE. 4.4 R R

et X TXTIXTD I~ e~ —_ e,
~OSPNHNR N U O L XK WO NN
e e DT Yt K D M) e e T
Q8 DINTINMNOX + 4D~ ~T -
e N v e vt e [} O et —-_—D g

CE UL e AN et e m I T | N~ T T L e e e O T E A

— o~ W iale ) ™7 U0 A Z X YD
IS O~ 2L I L DUA X —CL O T UL SN IO 2N P d e dd =X D S X T O 2
TOdICal AR A O Y OXXO>UURZ=ZT LN+ OXIZIT I DV UDUVCOUVDUI L AL

l‘
o

12
13

e .
o —N

-t

o
[



[ PROGRAM_VILI

- ' e : ' :
Based on.the simplified form of Hargley's modi- -
fication, Program VIII was written to compute least squares

estimates of the ‘elements of 8°and their 95%-confidence in-

S e

tervéls for a given set of conginuous data: The vector 8,
“ as'defined oy Eq. (3.71), consists‘of maximﬁm‘specific growth'
‘rate /%;;saturatlon coefflclent Ko metabolism coefflcient K,
~y1°ld ooefflclent Y, 1n1t1al Flomass concentratlon C(t ) and
;'1nit1al substrate concentrat}on S(td)” The program is in
. double”precioion'add foﬁtainé ?our'sﬁbroutlne-subprogrome
TRAJ, DERIV, SUMSQ and MINTV. -
. ﬂTﬁe‘suﬁroutine'fRAJocompufes p(ti) and S(ti) for
Lall i\fnoquqs” 03;68)'gﬁa (3.69) when 8 is given.. The Euler
integration technigue is;eﬁplbyed.
i _ The "subrovtine DERIV caicd}étes'dc(ti)/ and
ds(t;)/d8 for all i’when'é.'C(ti).and S{t;) for all i‘are )

1pro§ided. The flnlte differencé approximation technique. .

~ described by Eq. (3 21), is used. J- 2 '

e

The subroutine SUMSQ computes the gum of squares

o

E deflned by Eq. (3. 70) when' C(t ) and S(t;) for all'i gre.

°

< supplied. t

And finaIly the subroutlne MINTV is the same as

. that uspd ig Program I. ' ‘ .




3

-
[

.. Input to Pro ram VIII o : - - ‘//;\_

Inpdt to Program VIII arez, - . .‘ ‘ y-
- STEP (format (G)) represent1ng the Euler integration
interval. For the contlnuogs fermentatlon of crasgxge
-1) , - o ]

~

. v
_ STErTis chosen as’ .5 (hr
~=.V{1), V(Z). By SI, TVAL (format (5GJ? representlng ‘bio-

mass weigntin constant. substrate welghtlng constant. dilu~ -_

‘tlon.rate. influent subgtrate cdncentration'and:the t-value -

| S 4

| td -, (1- 0()/2 (Appendlx C Fﬁthe \c'on‘tinuous ferrn‘entation
of M. cr3331pes, these values are 17. 54.47 62. o1 (hrx e
5: (g/f) and 2.02 (tuz' 4§%) respeotively : )
—»THET(I)\I =1, 6 (format (6G)) representlng the in1t1a1
approxjmation of vector g. ‘
~ The experlmental data stored 1n a disc flle FER DAT.
The first llne af the file is the number of. mesfurements NDAT
(format (£3)). . Each’ llne thereafter for fhe next NDAT lines'
contalns time between two consecutive mejhurements DELT(I).a
measured blomass concentratlon xm(l 1) and measured substrate

) conoentratlon (2, I)

]
o

Q

: ‘ngtagt*from'Progggg VIII

. . Output from Program VIIX are estimated values of
the elements of @, thelr ﬁBﬁ~confidence intervals. S ﬂ“ and -

determinant of the 1nverted matrix for every 1teration. At
-

the end._values of ITEST, measured effluent concentrations

o -

= .
l ) .
ot N
(—\\' ° v a
1 . d i . .
' *
.

£



. »
C . :

> :
Sy : A 3

. .

N

and model efflugnt concentrations are printed out. . The inter-
\\; Pretation of the value of ITEST is the same as that used: in ~ °

Program I. _ -

"Program VIII without subroutine MINTV.is listed
on the following three pagés.
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