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1. IntrodutionModern industrial prodution of proteins, suh as insulin and human growthhormone, makes use of genetially engineered bateria. Foreign DNA that odesfor the desired protein is inserted into the baterial genome. The bateria anthen be grown in bioreators, and the produt � the protein � an be extratedfrom the ultivation medium or disintegrated ells. E�ient prodution re-quires that the bateria grow fast to high ell densities. The supply of oxygenand nutrients, the pH, and the temperature must be properly ontrolled on-lineto provide a suitable environment for ell growth and protein synthesis.1.1 Problem StatementIn this thesis, it is examined whether an existing ontrol sheme � probingontrol [1℄ [10℄� an be applied to ultivations of the organism Baillus subtilisproduing the enzyme xylanase. The goal of the probing ontrol algorithm isto adjust the feed rate to keep the gluose onentration just below a riti-al point where prodution of undesirable byproduts starts. This is ahievedusing a standard sensor for dissolved oxygen, without diret measurement ofthe gluose onentration. The key idea of the algorithm is that byprodutformation is linked to a saturation in the respiratory apaity of the bateria,that an be traed in the dissolved oxygen signal.Xylanase is an enzyme that degrades the polysaharide xylan found inell walls of plants. The industrial appliations range from bleahing of paperto food additives [3℄. The projet presented in this thesis was initiated by theDanish ompany Daniso that produes xylanase for use in the bakery industryto improve quality of baked produts.A limitation of the probing feeding strategy is the saturation of oxygentransfer in the bioreator. To handle this limitation, a mid-ranging ontrollerhas been developed that dereases the temperature in order to avoid oxygentransfer saturation [10℄. The seond part of this thesis is devoted to furtheranalysis of this approah, with the goal of determining whether anti-windupmehanisms should be inorporated into the mid-ranging ontroller.The original intention of the work presented in this thesis was to apply theresults on anti-windup for mid-ranging ontrol in the Baillus subtilis ulti-vations. Due to unexpeted di�erenes between the dynamis of the Baillussubtilis ultivations ompared to organisms previously studied, it was not pos-sible to test the results on mid-ranging ontrol experimentally within the sopeof this thesis. The experimental work on Baillus subtilis ultivations, and thetheoretial work on anti-windup for mid-ranging ontrol an thus be viewed astwo separate entities with the ommon theme in the relation to the probingfeeding algorithm.1.2 Thesis OutlineThe report begins with a presentation of neessary bakground informationon bateria ultivations, the probing ontrol algorithm, and the mathematialmodel of the proess that is used for analysis. Some remarks on the organism5



Chapter 1. IntrodutionBaillus subtilis are also presented. The next setion desribes the methodsused in the experimental work, and the obtained results. In the fourth setion,some remarks on the experimental results are presented. Unexpeted results arepointed out, and di�erent hypotheses explaning these results are presented andevaluated. The �fth setion presents the mid-ranging ontroller and the anti-windup sheme. In this setion, a simpli�ed, linearized model of the proessis derived and used for analysis. The thesis onludes with a disussion of theresults, the questions that remain unanswered, and some diretions for futurework.
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2. Bakground2.1 Charateristis of BateriaBateria are uniellular, prokaryoti organisms that reprodue asexually bybinary �ssion. They generally range in size from 1 to 10µm. Bateria reprodueby dividing into two idential opies, and depending on the type of bateriathe generation time � the mean time for a ell to divide � may range from 20minutes to 24 hours [7℄.The DNA of bateria onsists of a single hromosome, shaped as a irularloop. Bateria may also have extra piees of irular DNA alled plasmids.As in all organisms, the role of the DNA is to pass geneti material to thenext generation, and to provide the ode for protein synthesis within the ell.Reombinant DNA tehnology involves introduing a piee of foreign DNAthat odes for a desired protein into the baterial genome or the plasmid.Apart from the proteins neessary for growth, the ells will as a result produethe desired produt.Beause bateria reprodue by binary �ssion, they will grow exponentiallyin a ultivation, as long as nothing limits their growth. Growth may be limitedby the lak of neessary nutrients or lak of dissolved oxygen in the ultivationmedium, prodution of growth-inhibiting byproduts, or unsuitable tempera-tures or pH-levels.There are a wide variety of di�erent baterial speies that may be usedin biotehnology proesses. The most well-known is the speies Esherihiaoli that has several advantages as a host for reombinant protein prodution,suh as a short generation time. Baillus subtilis are rod-shaped bateria thatare also well studied. It is non-pathogeni and an onsequently be used inthe food industry. Another advantage of this organism is that it seretes theprodued protein into the ultivation medium, whih failitates extration ofthe produt. The generation time is slightly longer than for Esherihia oli.A protein is produed when the genes oding for that protein are ative. Theregulation of gene ativity is an intriate proess that is prinipally governedby two mehanisms: indution and repression. An induible gene is ative inpresene of an induer; a repressible gene is ative in the absene of a repressor[9℄. In the xylanase produing strain of Baillus subtilis, xylanase produtionis repressed in the presene of the repressor gluose.2.2 Cultivations of BateriaThe objetive of the ultivations is to make the bateria grow fast and produelarge amounts of high-quality protein, in a way that is eonomially e�ientand gives reproduible results. The main phase of the ultivation takes plaein a bioreator. In order to use this equipment e�iently, the bateria are �rstgrown to su�ient ell densities in a shake �ask before they are transferred tothe reator. The shake �ask ontains the bateria in a liquid onsisting of allneessary nutrients. 7



Chapter 2. BakgroundWhen the bateria have reahed su�ient ell denisities, they are trans-ferred to the bioreator where the main phase of the ultivation takes plae.The bioreator is a vessel, ranging in size from a ouple of liters in laboratorysale to several ubi meters for industrial proesses. The bioreator ontainsthe ells in the medium, whih is a liquid that ontains all nutrients neessaryfor growth.In a stirred tank reator, the medium is mixed by a mehanial stirrer thatensures oxygen transfer to the liquid phase as well as good mixing. The reatormust also have mehanisms for heating and ooling, inlet and outlet of gas,and equipment to add omponents during the ultivation and withdrawing oftest samples in a way that preserves asepti onditions. All equipment mustbe properly sterilized.Two modes of operation are used in the experimental work presented inthis thesis: bath mode and fed-bath mode. In bath mode, all omponentsof the medium are added to the bioreator at the start of the ultivation. Ifthe ells are to be grown to high ell densities, bath-mode may not be feasiblesine some nutrients would be required in suh high onentration that theylimit growth at the start of the ultivation.This problem is overome using the fed-bath mode of ultivation. A limitedamount of medium omponents are added at the onset of the ultivation. Whenthese omponents are onsumed, the required nutrients are added ontinuouslyat a growth-limiting rate.The bioreator must be equipped with appropriate sensors to monitor theultivation and provide information for feedbak ontrol. Standard equipmentinludes sensors for measuring pH, temperature, the perentage of arbon diox-ide and oxygen in the outlet gas, and the amount of dissolved oxygen in theultivation medium.
Figure 2.1 Bioreator used in experimental work.8



2.3 Dynamis of Baterial Growth2.3 Dynamis of Baterial GrowthBateria are the most simple form of living organisms. Even so, they demon-strate the omplex, time-varying and to a ertain extent unpreditable behav-ior representative of all living things. Some general models for the dynamisof baterial growth an, however, be derived and veri�ed experimentally. Suhmodels are neessary in order to derive good ontrol strategies, and to makesimulations a useful tool in the analysis and synthesis of suh ontrol shemes.A general dynamial model derived using mass and volume balanes will bepresented here [4℄. This model has been experimentally verifed for the speiesEsherihia oli, and has been the bakground for developing the probing feed-ing algorithm. Here, the model is a starting point for �nding a model of theBaillus subtilis ultivations.A rather extensive notation that will be used throughout the report isintrodued in this setion. An overview and summary is provided in table 2.3at the end of the setion.Volume DynamisWhen the ultivation is run in fed-bath mode, a solution onsisting of thesubstrate as well as other nutrients, the feed F [l/h], is ontinuously added tothe reator. The volume V [l] of the medium ontained in the reator will thushange aording to
dV

dt
= F. (2.1)Substrate DynamisAll ells need energy for maintenane, reprodution, and synthesis of ellproduts to be transported out of the ell. The energy that the bateria useome from some high-energy ompound, alled the substrate, provided in themedium. In the Baillus subtilis ultivations, gluose was used as substrate.The gluose uptake rate qg [g/gh] � the rate at whih the ells onsumegluose, is related to the gluose onentration G[g/l]. This relation is oftenmodelled by the Monod kinetis model,

qg(G) = qmax
g

G

ks + G
,where qmax

g denotes the maximum uptake rate, and ks is the saturation on-stant.The rate of hange of the total amount of gluose, V G, will equal theamount added through the feed minus the amount onsumed by the ells,whih is proportional to the total ell mass V X . We hene obtain the equation
d(V G)

dt
= FGin − qg(G)V X, (2.2)where Gin[g/l] is the gluose onentration in the feed.The ells use gluose for four main purposes:

• maintenane
• growth
• formation of desired produts 9



Chapter 2. Bakground
• formation of byprodutsA mathematial model an be derived for the gluose onsumption for eah ofthese purposes. It is important to note that this desription is only a model,that it is onstrited to well-de�ned ultivation onditions, and that it maynot apply to the dynamis of Baillus subtilis.Part of the gluose uptake is used for maintenane, that is, energy-onsumingproesses that prevent ell death but do not ontribute to ell growth and re-prodution. The part of the gluose uptake qg that is used for maintenane isdenoted qm. If the gluose uptake is lower than a ritial value qmc, all energywill be used for maintenane, aording to

qm = min(qg(G), qmc).Gluose is also required for ell growth, whih is mainly an aerobi proessthat requires a su�ient level of dissolved oxygen in the medium. The rate ofgluose uptake used for growth by aerobi proesses is denoted qox
gg , and willbe alled the oxidative �ow. When the gluose onentration exeeds a ritialvalue, the oxygen uptake rate of the ells, qo, saturates at qmax

o , wherefore notall gluose may be onsumed by aerobi proesses. Some of the gluose willthen be used in anaerobi proesses that ontribute less to ell growth andinstead lead to prodution metaboli byproduts suh as aetate. The rate ofgluose uptake for byprodut formation is denoted qfe
gg , and will be alled thefermentative �ow. Even though the fermentative proesses do inrease growth,they are undesirable beause the resulting byproduts have been reported toinhibit growth and protein prodution.A yield oe�ient Yαβ denotes either how many units of the produt α thatare obtained when one unit of the reatant β is onsumed, or how many unitsof the reatant α that are onsumed per unit of the reatant β. The followingequations de�nes the oxidative and fermentative gluose �ows, respetively:

qox
gg = min((qmax

o − qmYom)/Yog, qg − qm)

qfe
gg = qg − qm − qox

gg .Here, Yom is the oxygen/gluose yield for maintenane metabolism, and Yog isthe oxygen/gluose yield for growth.Byprodut DynamisAt high gluose onentrations, the oxygen uptake of the ells will saturate,yielding qfe
gg > 0, and the byprodut will be produed at a rate qp

a aording to
qp
a = qfe

ggYag .The onentration of the byprodut is denoted A[g/l], and the rate ofhange of the amount of byprodut is diretly proportional to the amountof ells V X , aording to
d(V A)

dt
= qa(G, A)V X. (2.3)At gluose onentrations below the ritial value where the oxygen uptakesaturates, the full respiratory apaity of the ells is not used. Under these10



2.3 Dynamis of Baterial Growthonditions, the ells may onsume the byproduts previously formed by aerobiproesses to gain energy. This onsumption is also proportional to the amountof ells V X . We then obtain
qa(G, A) = qp

a(G)− qc
a(G, A),where q

p
a is the byprodut prodution rate, and qc

a is the byprodut onsump-tion rate. The potential onsumption is related to the byprodut onentrationaording to the Monod kinetis model
qc,pot
a (A) = qc,max

a

A

ka + A
.The byprodut onsumption will then be

qc
a = min(qc,pot

a , (qmax
o − qfe

ggYog − qmYom)/Yoa).Oxygen DynamisOxygen is required for gluose and byprodut onsumption, and the oxygenuptake rate qo is given by the equation
qo = qox

ggYog + qmYom + qc
aYoa.Oxygen is transferred to the medium by the mehanial stirrer, and thetransfer rate is related to the stirrer speed N [rpm] (revolutions per minute).The rate of hange of the amount of dissolved oxygen, denoted Co, is desribedby the equation

d(V Co)

dt
= KLa(N )V (C∗

o − Co) − qo(G, A)V X. (2.4)Here, C∗

o is the maximum dissolved oxygen onentration in the medium and
KLa(·) the funtion desribing the relation between the stirrer speed and theoxygen transfer apaity. Dissolved oxygen is generally given in perent ofthe maximum dissolved oxygen onentration, O[%], where O is related to Coaording to Henry's law

O = HCo, H = 14000%l/g.Cell Growth DynamisFinally, the ell mass inreases aording to
d(V X)

dt
= µ(G, A)V X, (2.5)where the growth rate µ an be omputed as

µ = qox
ggY ox

xg + qfe
ggY fe

xg + qc
aYxa.Both the oxidative �ow, the fermentative �ow and the onsumption ofbyproduts ontribute to growth. The ritial gluose �ow where the oxygenuptake saturates is denoted qcrit

g . The fermentative �ow qfe
gg is non-zero when

qg exeeds qcrit
g , and the aetate onsumption is non-zero when qg is below qcrit

gprovided that aetate is present in the medium.In the model presented, it is assumed that prodution of the desired proteindoes not in�uene growth. 11



Chapter 2. BakgroundSymbol Desription
A[g/l] Byprodut onentration
Co[g/m3] Dissolved oxygen onentration
C∗

o [g/m3] Saturation onentration of dissolved oxygen
F [l/h] Feed
G[g/l] Gluose onentration in reator
Gin[g/l] Gluose onentration in feed
H [%l/g] Henry's onstant
ka[g/l] Saturation onstant for byprodut uptake
KLa(N )[h−1] Funtion relating stirrer speed to oxygen transfer
ks[g/l] Saturation onstant for gluose uptake
N [rpm] Stirrer speed
O[%] Dissolved oxygen onentration
qa[g/gh] Net byprodut uptake
qc
a[g/gh] Byprodut onsumption

qc,max
a [g/gh] Maximum byprodut onsumption

qc,pot
a [g/gh] Potential byprodut onsumption

qp
a[g/gh] Byprodut prodution

qg[g/gh] Gluose uptake
qcrit
g [g/gh] Maximum oxidative gluose uptake

qmax
g [g/gh] Maximum gluose uptake

qfe
gg [g/gh] Oxidative gluose uptake

qox
gg [g/gh] Fermentative gluose uptake

qm[g/gh] Gluose uptake for maintenane
qmc[g/gh] Maximum gluose uptake for maintenane
qo[g/gh] Oxygen uptake
qmax
o [g/gh] Maximum gluose uptake

V [l] Volume of medium
X [g/l] Biomass onentration
Yag[g/g] Byprodut / gluose yield
Yoa[g/g] Oxygen / byprodut yield
Yog[g/g] Oxygen / gluose yield for growth
Yom[g/g] Oxygen / gluose yield for maintenane
µ[h−1] Cell growthTable 2.1 Overview of notation.2.4 Probing Control of Substrate FeedingAn adequate ontrol algorithm for the bateria ultivations should not requirean exat model of the proess. The parameters in the model are generally hardto determine experimentally, and vary substantially depending on ultivation12



2.4 Probing Control of Substrate Feedingonditions suh as temperature, pH, and omposition of the medium. They alsovary during the ourse of a ultivation, between di�erent ultivations, and arespei� to eah baterial speies, or even to eah strain of a partiular speies.The model presented in setion 2.3 is omplex, nonlinear, and many variables ofinterest for ontrol annot be measured online using standard instrumentation.The goal of the probing feeding strategy is to maximize growth while avoid-ing prodution of metaboli byproduts that are formed at high gluose on-entrations.Prodution of metaboli byproduts is undesirable beause they may in-hibit both growth and protein prodution. The goal of the substrate feedingis to keep the gluose level just below the ritial point where the respiratoryapaity of the ells saturates and byprodut formation starts. Probing ontroluses the harateristi relation between the gluose �ow and the oxygen �owin the reator demonstrated in �gure 2.2.
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A BFigure 2.2 Oxygen uptake qo as a funtion of gluose uptake qg aording tomodel in setion 2.3.The feed F should be hosen suh that the gluose onentration is kept ata value Gcrit orresponding to a gluose �ow qg just below qcrit
g . The gluoseonentration annot be measured online using standard sensors. Therefore,the ritial gluose onentration should preferably be deteted using standardinstrumentation, suh as a sensor for dissolved oxygen. Inreasing the feed rate

F will inrease gluose onentration and thus the gluose �ow rate qg . If theoriginal gluose �ow was below the ritial value qcrit
g at point A in �gure 2.2,an inrease in qg will lead to an inrease in the oxygen �ow qo. If the stirrerspeed is kept onstant, the dissolved oxygen level will subsequently dereaseaording to equation 2.4. If the original gluose �ow was above the ritialvalue, at point B in the �gure, an inrease in qg will not give any response inthe dissolved oxygen signal.The probing ontrol sheme presupposes a well-tuned PID-ontroller forkeeping a onstant dissolved oxygen level by adjusting the stirrer speed. Thealgorithm an be summarized as follows:Pulse

• Freeze the stirrer speed at a onstant value.
• Overload a pulse to the initial feedrate. 13



Chapter 2. Bakground
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 Figure 2.3 Pulse responses in dissolved oxygen signal at initial gluose �ow qg <
qcrit

g (left), and qg > qcrit
g (right)

• Measure the dissolved oxygen signal at the end of the feed pulse.
• If no response is seen in the oxygen signal, derease the feed.
• If the dissolved oxygen dereases during the feed pulse, inrease the feed.Between pulses
• Keep the feed onstant and keep the dissolved oxygen level at the setpointby varying the stirrer speed until the next pulse.Aording to the model, the loser the gluose uptake is to the ritialvalue qcrit

g , the smaller will the response on feed pulses, Ores, be. Therefore, themagnitude of the pulse response, Ores, an be used for feedbak to determinethe hange in feed F . A setpoint yr for the oxygen response Ores is introdued.The setpoint should orrespond to a suitable deviation from the ritial gluose�ow. In a region around yr, the hange in feedrate is given by the equation
∆F =

κ

O∗ − Osp

OresF.The relative hange in the feedrate as a funtion of the pulse response is shownin �gure 2.4.The parameters that must be hosen in the ontrol algorithm are listed intable 2.4. Guidelines for tuning are presented in [1℄.
14



2.4 Probing Control of Substrate Feeding
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Parameter Desription
Tpulse Pulse length
Tcontrol Time between pulses
Osp Setpoint for dissolved oxygen between pulses
Otol Pulse is delayed until the dissolved oxygen satis�es

|O − Osp| ≤ Otol

Oreac For pulse responses below Oreac, F is dereased bya onstant value
yr Referene value for pulse response
γd Derease in feedrate for pulse responses below Oreac

γp Relative inrease in F during the pulse
κ Gain in the proportional part of the feed ontrolTable 2.2 Parameters in probing ontroller 15



3. Experimental WorkThe purpose of the Baillus subtilis ultivations is to produe the proteinxylanase. Therefore, the goal of the work presented in this thesis is to �ndultivation onditions that maximize protein prodution. Sine prodution isrelated to ell density, a more diret goal has been to maximize ell growth.Initially, the fous of the experimental work was to �nd a balaned mediumomposition to ensure that gluose was the limiting substane. This work isnot entral from a ontrol engineering point of view and only a summary willbe presented here, for a more detailed desription see [8℄. When satisfatoryresults were obtained in bath ultivations, the fous moved over to �nding anappropriate feeding strategy to maximize growth in fed-bath ultivations.In the �rst fed-bath ultivation, a �xed exponential feed pro�le was ap-plied. In the following ultivations, feed pro�les with di�erent growth rateswere tested. Feed pulses, where the feed was inreased by 15% for periods of
90 − 120s were overloaded to the exponential feed rate, with onstant stirrerspeed during the pulses. Finally, the full probing ontrol-algorithm was tested.Beause the results in the Baillus subtilis ultivations do not math themodel presented in setion 2.3, some hypotheses explaining the deviation fromthe model have been suggested. These hypotheses are presented and disussedin setion 4.3.1 Equipment and MethodsThe ultivations were performed in a 3l bio-reator. The initial medium vol-ume varied between 2 and 2.5l between the ultivations. Sensors were used tomeasure the pH, the temperature, and the dissolved oxygen level in the biore-ator, as well as oxygen and arbon dioxide ontent in the outlet gas from thereator online. Samples were taken regularly for o�ine analysis of gluose on-entration, ell dry weight, xylanase onentration, and optial density (OD).Optial density is a measure of how muh light of a given wave length (here
600nm) is absorbed by a test sample of the medium, and it is a onvenientway of estimating ell density.The temperature was kept onstant, at 35oC throughout the ultivations.Oxygen was transferred to the ultivation medium by the mehanial stirrer,and the dissolved oxygen level was kept at the referene value, O = 30%,by a PID ontroller for the stirrer speed. To ensure good mixing, the stirrerspeed was not allowed to derease below 250rpm. The pH was ontrolled tothe referene value 7.0 by titration with ammonia. Under favorable growthonditions, the bateria should not produe any produts that inrease thepH, therefore no aidi ompound to derease the pH was used.The bateria were pre-ultivated in shake �asks. Their growth rate duringthis period was monitored, so that they ould be transferred to the bioreatorat a stage of exponential growth. The ell onentration at the start of theultivation in the reator was generally just below 1g/l.The ultivation medium was designed to provide a balane of all nutrientsrequired for the desired �nal ell density. Apart from the substrate, gluose,the medium ontained amino aids, salts, trae elements, and the antibiotikanamyin. The baterial strain that was used is resistant to kanamyin, and16



3.2 Bath Cultivationas a onsequene addition of this antibioti prevents ompetition from othermiroorganims. For a detailed desription of medium omposition, see [8℄.In the fed-bath ultivations, the feed starts when all initial gluose fromthe bath-phase is onsumed. The exat time for this event is deteted inthe dissolved oxygen signal that inreases rapidly when there is no gluoseavailable, and the bateria as a onsequene do not onsume any oxygen.3.2 Bath CultivationConditions The �rst ultivations were run in bath-mode, with all mediumomponents added at the start of the ultivation. Di�erent media were tested,varying with respet to onentrations of salts, gluose, and amino aids.Aim The objetive of these ultivations was to �nd a balaned ultivationmedium, where gluose was the limiting substane. Another goal was to deter-mine whih spei� growth rate µ that ould be obtained, and to verify thatthe mathematial model in setion 2.3 ould be applied to this organism.Results The bath ultivations ould typially be divided into three stages.First there was a lag phase without substantial growth and without any signif-iant hanges in the dissolved oxygen, the gluose onentration or the ompo-sition of the outlet gas. This behavior is ommon in bateria ultivations [4℄,and is a result of adaptation to the ultivation medium.Seond, there was a phase of exponential growth, with a orresponding ex-ponential deline in the gluose onentration. During this phase the dissolvedoxygen level dereases, and when it reahes the set point 30% the stirrer speedstarts to inrease. The onentration of arbon dioxide in the outlet gas alsoinreases exponentially. This phase �ts well with the mathematial model. Thegrowth rate estimated from the arbon dioxide data was µ = 0.26h−1.Third, after a period of exponential growth, the growth rate dereases intoa linear pattern. At the same time, the stirrer speed settles at a value around
300rpm. The arbon dioxide onentration also settles at a onstant value,indiating a onstant absolute growth rate. This hange in dynamis omes atgluose onentrations well above zero. The third phase annot be preditedusing the existing model. Typial behavior in the seond and third phases isshown in �gure 3.1.When all gluose is onsumed, an instant and lear reation an be seen inthe data, see �gure 3.2. The gluose uptake qg dereases to zero, whih ausesthe oxygen uptake qo to be zero as well. When no oxygen is onsumed, the stir-rer speed dereases to its minimum value, and the arbon dioxide onentrationalso dereases, indiating that growth stops.Conlusions A possible explanation for the onset of the third phase in theultivation is that some substane in the medium other than gluose was lim-iting. When this substane is onsumed, the metabolism of the ells somehowhange to funtion without the missing substane, whih explains the suddenhange in dynamis.The instant inrease in dissolved oxygen when all gluose is onsumed al-lows for rapid detetion of gluose limitation. The inrease in dissolved oxygenan onsequently be used to start the gluose feed in fed-bath ultivations.17
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3.3 Response on Gluose Pulses3.3 Response on Gluose PulsesConditions Gluose was injeted into the medium at two oasions in the�nal stage of a bath ultivation. The �rst injetion (1.5g gluose), was made atgluose onentration approximately G = 1g/l, the seond (1g gluose) whenall gluose had been onsumed.Aim The purpose of this experiment was to examine the impulse responsefrom the input G to output O in �gure 3.3, at two di�erent gluose onen-trations. Ultimately, this experiment was used to verify the saturation of theoxygen uptake qo with respet to gluose uptake qg, whih allows for estimationof G from measurements of the dissolved oxygen onentration O.
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dynamicsFigure 3.3 Relation between gluose onentration and dissolved oxygen.Results The responses in the stirrer speed and dissolved oxygen on thegluose pulses are shown in �gure 3.4.
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Chapter 3. Experimental Work3.4 Fed-bath Cultivation with Exponential FeedConditions The bath phase of the ultivation was run in the same manneras the previous ultivations. The medium was analyzed with respet to theneed for di�erent elements in the desired �nal ell density. The objetive wasto ensure that gluose would be the limiting substane.A feed pump was started when a rapid inrease in the dissolved oxygensignal, above O = 50%, was observed, indiating that all gluose had beenonsumed. The feed ontained gluose at onentration 100g/l, amino aids,and kanamyin. The feed rate inreased exponentially, aording to
F = F0e

µf t.The feed inrease rate µf = 0.05h−1 was hosen well below the maximumell growth rate µ = 0.26h−1 observed in the bath ultivations. The initialfeed �ow F0 was hosen to give an equilibrium point in the equation for thegluose dynamis
d(V G)

dt
= FGin − qg(G)V X,at time t0, the feed start. An equilibrium point in this equation will preventgluose aumulation, and give a feed F that mathes the energy required forell growth with a growth rate µ.Assuming that qox

gg ≫ qm, qox
gg ≫ qc

a, and qfe
gg = 0, we have

µ = qgY
ox
xg .The inital �ow rate, at time t0 an thus be omputed as

F0 =
µV (t0)X(t0)

GinY ox
xg

. (3.1)From the previous bath ultivations, the parameter values ould be ap-proximated as V (t0)X(t0) = 5g and Yxg = 0.3g/g. The gluose onentrationof the feed was Gin = 100g/l, and the desired growth rate µ = 0.05h−1, yield-ing F0 = 0.0083l/h.Aim The goal was to ensure that growth ould ontinue in fed-bath mode,and to examine whether an exponential feed pro�le of growth rate µf =
0.05h−1 would lead to a orresponding growth in ell density.Results The data from the ultivation is shown in �gure 3.5.The ultivation starts with a long lag-phase, t = 0h−8h, where the pH rises,and growth and gluose onsumption are very low. The next phase, t = 8h−20hshows harateristi exponential growth, with growth rate µ = 0.26h−1.At t = 20h, both the stirrer speed and the arbon dioxide signal startsdelining. This indiates a hange in the system dynamis, that ours beforeall gluose is onsumed.The sharp peak in the dissolved oxygen signal at t = 21h indiates that allgluose has been onsumed. The feed starts and the dissolved oxygen dereasesimmediately, despite the gluose �ow being as low as F = 0.0083l/h. Duringthe feed phase, growth is low. A growth rate of µ = 0.039h−1 an be observedin the arbon dioxide data in this phase. No gluose aumulation an be seenduring the feed phase.20



3.4 Fed-bath Cultivation with Exponential Feed
0

5

10

G
 [
g

/l]

0

10

20
O

D

200

300

400

N
 [
rp

m
]

0

50

100

D
O

 [
%

]

0

0.02

0.04

F
 [
l/h

]

0

1

2

C
O 2

 [
%

]

0 5 10 15 20 25 30 35 40 45
6

7

8

p
H

t [h]Figure 3.5 Fed-bath ultivation with exponential feed. From top: gluose on-entration G, optial density OD, stirrer speed N , dissolved oxygen DO, feed F , pH,arbon dioxide in outgas CO2, pH. The pH inreases during the lag phase (t = 0−8h).The dissolved oxygen dereases during the exponential phase (t = 8 − 20h) until itreahes the set point O = 30%. The exponential feed starts at t = 21h. 21



Chapter 3. Experimental WorkThe gluose/ell dry weight yield Yxg was 0.22 in the bath phase, and 0.08in the feed phase.Conlusions An exponential feed pro�le F with growth rate µf shouldasymptotially give rise to the same ell growth rate. A possible explanationfor why the exponential feed rate µf = 0.05h−1 lead to a lower ell growth rateis that the adaptation rate is very slow. If the initial feed �ow is hosen toolow, the time it takes for the ell growth to reah the same exponential growthrate is muh longer than the ultivation time.No gluose is aumulated, and yet the ell/substrate yield is muh lower inthe bath phase. Possible explanations inlude that maintenane metabolismrequires a higher relative gluose �ow at lower gluose onentrations, and thatxylanase prodution starts, taking energy from growth. This will be furtherdisussed in the next setion.3.5 Response on Feed Pulses Overloaded onExponential FeedThe use of the probing feeding strategy in ultivations of Baillus subtilis ul-timately depends on whether byprodut formation aused by exess gluosean be observed in the dissolved oxygen signal when the feed is perturbed bypulses. The impulse response experiments in setion 3.3 demonstrated that in-jetion of relatively large amounts of gluose an be used to detet whetherthe gluose �ow is zero or is above the ritial point qcrit
g . The probing feed-ing algorithm requires that the ritial gluose �ow an be deteted by smallinrements in the feed rate, in the order of 20%.Conditions To test the response on small feed inrements, an exponentialfeed was applied, similarly as in the previous setion. Two di�erent ultivationswere run using the same methods. In eah ultivation, two di�erent sets of feedgrowth rates µf were tested. In the �rst ultivation, µf = 0.03h−1 was appliedfor the �rst 14 hours, and µf = 0.06h−1 for the next 9 hours. In the seondultivation, µf = 0.06h−1 was used for the �rst 7 hours, and µf = 0.04h−1 forthe next 15 hours.In the �rst ultivation, the initial feed rate was omputed aording to(3.1). In the seond ultivation, an attempt to ompensate for maintenanemetabolism was made. A more realisti model of the ell growth rate µ is

µ = (qg − qm)Y ox
xg .If a ell growth rate of µ is desired, the initial feed rate required when main-tenane is not negligible will be

F0 =
(µ + qmY ox

xg )V (t0)X(t0)

GinYxg

.The onstant qmY ox
xg was estimated to 0.028h−1 from the result of the previousultivations.In both ultivations, when µf was hanged, the new initial feed rate F0 wasomputed with the expeted ell density assuming the same ell growth rate22



3.5 Response on Feed Pulses Overloaded on Exponential Feedas feed inrease rate, µ = µf , in the previous phase. From o�ine analysis ofell dry weight, it ould be onluded that the atual ell densities were lower.The feed was regularly inreased by 15% for periods of 90 − 120s. Duringthese feed pulses, the stirrer speed was freezed at a onstant value, and theresponse in the dissolved oxygen signal was observed.Aim The purpose of these experiments was to verify that small inrementsin the feed, i.e. pulses, would give a reation in the dissolved oxygen signal. It isalso important to verify that the magnitude of these responses ould be linkedto the gluose onentration. Another goal was to gain su�ient informationon the pulse responses to be able to tune the probing ontroller.Di�erent feed inrease rates were tested to gain information on whih ellgrowth rates that ould be ahieved in the feed-phase of a fed-bath ultivation,and how this is linked to gluose aumulation.Results The results during the feed phases of both ultivations are shownin �gure 3.6.At the end of the bath-phase, the arbon dioxide onentration and thestirrer speed starts delining before all gluose is onsumed. When all gluoseis onsumed, the oxygen signal inreases rapidly. When it exeeds 50%, thefeed is started.In the �rst ultivation, the feed rate µf = 0.03h−1 gave a negligible ellgrowth rate, that is µ ≈ 0h−1, and the feed rate µf = 0.06h−1 gave a ellgrowth rate of µ = 0.08h−1. The bateria did not onsume all gluose added inthe last phase, so the gluose onentration inreased to approximately 2g/l.The initial feed rate for the period with µf = 0.06h−1 was adjusted to theexpeted ell density assuming a growth rate of µ = 0.03h−1 in the previousperiod. It is thus possible that the new gluose feed rate exeeded the ritialgluose uptake rate. The growth rates are estimated from the arbon dioxidedata.In the seond ultivation, the initial feed rate F0 was hosen to ompensatefor maintenane metabolism. In the �rst period, the feed rate was µf = 0.06h−1whih gave a ell growth of µ = 0.02h−1. Some gluose aumulation an beseen at the end of this period. When the feed rate is dereased to µf = 0.04h−1,the aumulated gluose is onsumed, and the ell growth rate is µ = 0.03h−1.The oxygen responses at the end of the gluose pulses, Ores = Osp − Oare shown in �gure 3.7. The magnitude of the pulse responses are small, andthe proess noise is not negligible. However, on average, the impulse responseswhithout measurable gluose aumulation are larger than with gluose au-mulation, Ores = 0.92 ompared to Ores = 0.13.The stirrer speed and the dissolved oxygen demonstrate relatively largevariane, espeially towards the end of the seond ultivation. It is likely thatthe PID-ontroller for the stirrer speed an be better tuned for the urrentoperating range.Conlusions Growth is muh lower in the feed phase than in the bathphase. The ritial feed rate that an be applied without gluose aumulationlies in the range µ = 0.04−0.06h−1. This orresponds to ell growth rates wellbelow what an be ahieved in the bath phase, where the ell growth ratehas been approximately µ = 0.26h−1. For this organism, it appears that theritial growth rate is substantially lower than the maximum growth rate seenin the bath phase. 23
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3.6 Probing Control of Fed-bath Cultivation
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Chapter 3. Experimental WorkParameter Value
Tpulse 120s

Tcontrol 360s

Osp 30%

Otol 0.5%

Oreac 0.3%

yr 1%

γd 0.01

γp 0.15

κ 1Table 3.1 Numerial values for parameters in probing ontrolleron noisy proess output.Pulse responses of magnitude Ores will give a feed growth rate of
µf =

κ(Ores − yr)

(O∗ − Osp)(Tpulse + Tcontrol)
.To ahieve the feed growth rate µf = 0.06h−1, the pulse responses shouldon average be Ores = 1.56.Aim In the previous fed-bath experiments, a limiting feed rate for fed-bath ultivation without gluose aumulation has been on�rmed to lie inthe range µf = 0.05 − 0.06h−1. The goal of this experiment is to see if theprobing ontroller manages to avoid gluose aumulation, and if the feed ratewill onverge to this limiting value.Results The result of this ultivation an be seen in �gure 3.8. The bathphase does not di�er from the previous ultivations. The initial feed rate washosen rather low. During the �rst hour the pulse responses in the oxygen signalare large, and the feed rate is adjusted rapidly to a level that orresponds to thereferene pulse response. The feed stagnates at this level for around 7 hours,after whih it starts inreasing at a lose to exponential rate.The responses Ores at the end of the feed pulses an be seen in �gure3.9. Even though there is a signi�ant variability in the individual pulses, onaverage, there is a lear tendeny that the pulses onverge to a pulse response

Ores just below the referene value Ores = 1. It is thus possible to use noisymeasurements for the probing ontroller, beause on average, it onverges tothe desired result.No gluose aumulation an be seen during the feed phase. During theperiod when the feed dereases slowly, we an assume that the gluose onen-tration is somewhat higher in the reator, but it is still below the level thatan be deteted by the instrumentation for gluose measurements.26
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4. Modelling of Baillus subtilisCultivationsA mathematial model of the dynamis of the Baillus subtilis ultviationswould be a useful tool for deriving good ultivation strategies and enable use ofsimulations for evaluation of ontrol algorithms. A mathematial model wouldalso be interesting on its own, presenting a ompat desription of all availableknowledge on the organism's behavior.The dynamis of the Baillus subtilis ultivations does not math the gen-eral model presented in setion 2.3. Here, an attempt to estimate some keyparameters in that model will �rst be presented. The inonsistenies will bepointed out, and some hypotheses explaining the results will be suggested.The data available is not su�ient for deriving a better model of the proess.Further experiments, theoretial analysis, and simulations are needed for thispurpose.4.1 Parameters of Growth and Gluose DynamisIn this setion, it is assumed that the model presented in setion 2.3 is aurate,and the equations in that model will be used to estimate some key parameters.Cell GrowthCell growth is estimated from the exponential inrease rate in the arbon diox-ide onentration in the outlet gas from the reator. The measurements of elldry weights and optial density are too few and too unertain to provide anaurate estimate of growth. From that data, for example, it is not possible toseparate lag phases from phases of exponential growth.The estimated growth rates are shown in table 4.1. All ultivations demon-strate a period of exponential growth during the bath phase. The growth rateis onsistently µ = 0.26h−1 during this phase. This value should orrespondto a maximum growth rate. Growth in the feed phases is lower, and di�ersbetween the ultivations.Maximum Gluose Uptake, qmax
gThe maximum gluose uptake qmax

g may be estimated from the gluose balane
d(V G)

dt
= FGin − qg(G)V X.At su�iently high gluose onentrations, the gluose uptake will be approx-imately qmax

g . Thus, in the exponential bath phase whith feed F = 0l/h andonstant volume, the gluose dynamis will be
dG

dt
= −qmax

g X.Exponential ell growth X = X0e
µt an be assumed in this phase, with

µ = 0.26h−1. Solving the di�erential equation yields
qmax
g =

µ(G(0)− G(t))

X0(eµt − 1)
.30



4.1 Parameters of Growth and Gluose DynamisCultivation Feed (h−1) µCO2
(h−1) Gluose1 bath 0.26 yes

µf = 0.05 0.039 -2 bath 0.26 yes
µf = 0.03 0.00030 -
µf = 0.06 0.084 yes3 bath 0.26 yes
µf = 0.06 0.019 yes
µf = 0.04 0.032 -4 bath 0.25 yesprobing 0.023 -Table 4.1 Estimation of growth rates from arbon dioxide dataFrom the fed-bath ultivations, the mean maximum gluose uptake is es-timated to qmax

g = 0.27h−1, with standard deviation 0.052. The initial ellonentration X0 is taken to be the dry weight at the start of the ultivation.The time t was taken to be the length of the exponential phase. Both the elldry weight and the gluose onentration are assumed to be onstant duringthe lag phase.Critial Gluose Uptake, qcrit
gWhen the gluose onentration is onstant, there is an equilibrium in thegluose dynamis

FGin − qg(G)V X = 0.The gluose uptake may be omputed as
qg =

FGin

V X
.Using the dry weight data for the ell onentration X , the gluose up-take may be estimated in the feed phases where the gluose onentration isonstant. Beause few dry weight measurements are available, there will be aonsiderable unertainty in the estimation. The estimates in table 4.2 shouldhowever give some idea of the gluose uptake in di�erent stages of the ulti-vations. In the feed phases without gluose aumulation and weak responseson feed pulses, the gluose uptake is approximately qg = 0.20h−1. The ritialgluose uptake qcrit

g should be lose to this value.It is interesting to note that the di�erene in growth rate µ between thebath and the feed phases is muh smaller than the di�erene in gluose uptake
qg. The low growth rate in the feed phases appears to be primarily linked tolower ell/gluose yield, rather than lower gluose uptake.Maintenane Coe�ient, qmcThe ell growth rate µ is given by the equation

µ = qox
ggY ox

xg + qfe
ggY fe

xg + qc
aYxa. 31



Chapter 4. Modelling of Baillus subtilis Cultivations
qg (h−1) Comment0.076 Fed-bath ultivation with exponential feed µf = 0.03h−1,response on gluose pulses, and no ell growth0.185 Probing ontroller that should give qg just below qcrit

g0.201 Fed-bath ultivation with exponential feed µf = 0.04−1,without gluose aumulation and with very weak responseon gluose pulses, qg expeted to be very lose to qcrit
g0.215 Fed-bath ultivation with exponential feed µf = 0.06−1, aonstant gluose aumulation of G = 1.8g/l, and withoutpulse respones0.27 Estimated maximum gluose uptake qmax

gTable 4.2 Estimates of gluose uptake at di�erent stages of the ultviationsWhen the gluose uptake is below qcrit
g , no gluose is onsumed by anaerobiproesses, that is qfe

gg = 0. Assuming low byprodut formation, these byprod-uts will be onsumed in the beginning of the substrate limited growth, so qc
ais assumed to be negligible over the ourse of the ultivation.We then have

µ = qox
ggY ox

xg = (qg − qmc)Y
ox
xg . (4.1)In the ultivation with exponential feed rate µf = 0.03h−1, the resultant ellgrowth was µ = 0. All gluose was onsequently used for maintenane pro-esses, yielding qmc = qg = 0.076h−1.Cell dry weight / gluose yield, YxgThe ell dry weight/gluose yield in the fed-bath ultivations is shown in table4.3. Exept for the �rst ultivation, the yield Yxg is approximately 0.30 in thebath phases.Few dry weight measurements are available and the estimates are unertain.It is however lear that the yield is higher in the bath phases than in feedphases. A slight inrease in feed rate, from µf = 0.04h−1 to µf = 0.06h−1 witha resulting gluose aumulation also appears to inrease the ell mass yield.With the available data it is not possible to separate the oxidative yieldoe�ient Y ox

xg from the fermentative yield oe�ient Y fe
xg . From the equationfor the growth rate µ,

µ = qox
ggY ox

xg + qfe
ggY fe

xg + qc
aYxathese yield oe�ients ould be obtained if all measurements, all estimates,and the model in setion 2.3 were aurate. Assuming negligible byprodutonsumption, i.e. qc

a = 0, Yxg an be obtained from the fed-bath ultivationswith no gluose aumulation where q
fe
gg = 0. When Y ox

xg has been determined,the fermentative yield an be obtained from the stages of ultivations withgluose aumulation.Using this method, the oxidative yield oe�ient is estimated as Y ox
xg =

0.27, and the fermentative yield oe�ient Y fe
xg = 3.29 whih is learly not aorret estimate. For omparison, we an note that the yield oe�ients forEsherihia oli are Y ox

xg = 0.51 and Y fe
xg = 0.15 [10℄.32



4.2 Remaining QuestionsCultivation Feed Yxg Gluose1 bath 0.22 yes
µf = 0.05 0.08 -2 bath 0.30 yes
µf = 0.03 0.05 -
µf = 0.06 0.13 yes3 bath 0.28 yes
µf = 0.06 0.14 yes
µf = 0.04 0.05 -4 bath 0.30 yesprobing 0.06 -Table 4.3 Cell dry weight / gluose yield oe�ients in fed-bath ultivations.4.2 Remaining QuestionsA number of phenomena in the ultivation data and the attempt at parameterestimation in the previous setion do not math the model presented in setion2.3. Some of these phenomena that are important to resolve for e�ient xy-lanase prodution are disussed here. Beause one phenomenon may be ausedby another, they are disussed in the order they appear in the ultivations.Inrease in pH during initial lag phaseDuring all of the fed-bath ultivations, the pH inreases during the initial lagphase. When exponential growth starts, the pH starts to derease. The lengthof the lag phase and the magnitude of the inrease in pH di�ers signi�antlybetween the ultivations.One possible explanation for the inrease in pH is that the bateria useamino aids as a arbon soure at the start of the ultivation. When amino-aids are onsumed as a arbon soure, pH inreases. Inrease in pH an alsobe seen when not enough gluose is available, see �gure 3.2. In this ase, it isnatural to assume that the inrease in pH is aused by onsumption of somearbon soure other than gluose.At this point, no explanation for why the bateria would initially preferusing amino aids over gluose as a arbon soure has been found. Sine thelater parts of the ultivations do not seem to be a�eted by large inreases inpH and long lag phases, all amino aids annot be onsumed during the lagphase.Another possible explanation for the inrease in pH is that small amountsof ammonia was leaking from the titration equipment.Xylanase prodution at high gluose onentrationsXylanase was only analyzed from the last fed-bath ultivation with the prob-ing ontroller. With only one data series available, it is hard to draw generalonlusions regarding under whih onditions xylanase is produed.From the xylanase data in �gure 3.8 it appears that xylanase produtionstarts around t = 12h, where the gluose onentration is as high as 4g/l.33



Chapter 4. Modelling of Baillus subtilis CultivationsProdution should be repressed in the presene of gluose, so we would notexpet xylanase prodution before feed start. One explanation is that a limitedamount of xylanase is produed even at high gluose onentrations, and thexylanase observed a few hours before feed start is a result of aumulationduring the entire bath phase. If this is true, xylanase prodution does notappear to be at all linked to gluose onentration, sine prodution on averageis not higher in the feed-phase than in the bath-phase. Prodution is expetedto inrease with an inrease in ell onentration X , and that annot be seenin the urrent data.One hypothesis for the low xylanase prodution at the end of the ultivationis that some byproduts are formed that inhibit prodution. Without analysisof byproduts, this hypothesis annot be ruled out.The xylanase onentration obtained at the end of the ultivation is lowompared to the demands in industrial prodution. Analysis of xylanase ativ-ity from more ultivations is needed to draw further onlusions on xylanaseprodution.Change in dynamis before feed startIn all of the fed-bath ultivations, where the medium has been designed tomath the needs of the ells, a sudden hange in dynamis an be seen approx-imately 45 minutes before all gluose is onsumed and the feed starts. Thisphenomenon for the last ultivation is shown in �gure 4.1. Similar results forthe other fed-bath ultivations an be seen in �gures 3.5 and 3.6.
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4.2 Remaining Questionswould be su�ient to on�rm or rule out this hypothesis. If suh a hange indynamis omes at a higher gluose onentration, some substane other thangluose is limiting growth.Another explanation that has been suggested is that ammonia used to keeppH at the set point 7 auses the hange in dynamis. Titration of ammoniastarts lose to the end of the exponential phase. This is illustrated in �gure4.2.Whereas ammonia ould possibly ause the slow deviation from the straightline in the logarithm of the arbon dioxide, it is unlikely that it auses the verysharp derease in stirrer speed approximately 45 minutes before feed start.
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g , beause qcrit

g orresponds to the maximumgluose �ow where we will see responses on feed pulses. Pulse responses easeat gluose onentration that are too low to measure, well below G = 1g/l asis shown in setion 3.5. 35



Chapter 4. Modelling of Baillus subtilis CultivationsSlow growth and low ell/gluose yield in feed phaseThe most noteworthy result of the fed-bath ultivations of Baillus subtilis isthat both growth and ell/gluose yield is signi�antly lower in the feed phasethan in the bath phase.If the hange in dynamis before feed start disussed previously is ausedby an unbalaned medium, that is the likely explanation for the slow growthand low yield in the feed phase.If the hange in dynamis is linked to the gluose onentration dereas-ing below G = 1g/l, the same hange in dynamis an probably explain theslow growth and the low ell/gluose yield. It should be possible to �nd anew model that inorporates the hange in dynamis. Suh a model will di�erfrom the model in setion 2.3 with respet to how gluose �ow is linked togluose onentration. One possibility is that the Monod kinetis model thatdesribes how gluose uptake is related to gluose onentration does not applyto this partiular strain. Another possibility is that the gluose �ow used formaintenane dramatially inreases below a ertain gluose onentration.No analyses of byprodut formation have been made. It is thus impossible todetermine how muh byproduts that have been formed by anaerobi proessesduring the bath phases, or how muh onsumption of byprodut ontributesto growth in the feed phases. It is possible that byproduts are formed in suhhigh onentrations that they signi�antly inhibit growth.The di�erene in ell/gluose yield between the bath and feed phases an-not be explained solely by the energy gain from fermentative proesses sinethis would lead to a fermentative yield oe�ient well above 1.One hypothesis is that the growth rate dereases when xylanase produtionstarts. This seems unlikely, however, beause xylanase prodution is very lowand appears to start before the growth rate dereases in the bath phase.An interesting suggestion for the slow growth in the feed phase is the shortperiod of starvation (2-3 minutes) between the moment when all gluose isonsumed and the moment when the feed starts. This starvation may ausestress on bateria that ativates a number of genes that possibly hanges thedynamis for a long period of time.Proess noise in response on feed pulsesThe responses in dissolved oxygen on pulses in feed are noisy. On average, thereis a di�erene in pulse responses between the ase with gluose aumulationhigh enough to be measured, and the ase with no measurable gluose au-mulation. But examining the pulse responses in �gures 3.7 and 3.9, it appearshard to draw onlusions regarding gluose onentration from only a singlepulse.The dissolved oxygen in the feed phase in the absene of pulses is normallydistributed with mean O = 30%, the setpoint, see �gure 4.3. The underlyingvariane in the dissolved oxygen is relatively large, so large deviations in pulseresponses should be expeted. The noise may have many auses, e.g. air bubbleson the oxygen sensor, insu�ient mixing of the medium, irregular �ow from thefeed pump. At low ell densities, we an expet weak pulse responses, and thesignal-to-noise ratio will be low. The referene value for the oxygen response inthe probing feeding ultivation was yr = 1. The smaller this value is, the smalleris the average deviation from the ritial gluose uptake, but dereasing yrwould put the referene pulse response within the range of underlying variationin oxygen.36



4.2 Remaining Questions
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g even though the gluose onentration is too low to bemeasured. 37



Chapter 4. Modelling of Baillus subtilis CultivationsBeause the di�erene in the dissolved oxygen urve is so large between theases with lear pulse responses and the ases without any visual responses, itis likely that the great variation in pulse responses Ores in �gure 3.9 is ausedby atual variations in gluose onentration, and not only measurement noise.
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5. Anti-windup for Mid-rangingControlMid-ranging ontrol is a tehnique for using two ontrol variables to ontrolthe same proess variable. One of the ontrol variables has fast dynamis, butis subjet to saturation; the other has slow dynamis but does not su�er fromthe same limitations.The oxygen transfer apaity of the bioreator is limited. If the bateriagrow to high ell densities, the stirrer speed N will saturate, and exponentialgrowth annot ontinue. One way of solving this problem is to derease thefeed rate when N approahes the maximum value Nmax. Dereasing F maylead to starvation, and introdues unneessary stress on the bateria. Anotherway of solving the problem is to derease the temperature when the stirrerspeed exeeds a threshold Nref [10℄.The ativity and reprodution of the bateria is temperature-dependent.All uptake rates q(·) introdued in setion 2.3 an be modelled as
q(·) = q37

(·)e
−50( 1

T
−

1

37
),where q37

(·) is the �ow rate at temperature T = 37oC [10℄. As a onsequene,the growth rate µ will depend on the temperature in the same way.When the temperature dereases, the ritial gluose uptake qcrit
g that theprobing ontrol algorithm onverges to will also derease. The algorithm willthen settle for a lower optimal gluose onentration that leads to a loweroxygen uptake rate qo. Therefore, a lower stirrer speed is needed to operatethe ultivation at the ritial gluose onentration. It is important to note,however, that the growth rate µ will also derease; the temperature-dereasingapproah strives for a smoother ultivation ompared to the feed-dereasingapproah, not a higher growth rate.The aim of the work presented in this setion is to examine whether anti-windup should be inorporated into the mid-ranging ontroller.This analysis is by no means partiular to Baillus subtilis ultivations.Beause of the lak of a good mathematial model for Baillus subtilis ultiva-tions, the general mathematial model presented in setion 4 will be used foranalysis, and the numerial values for the model parameters will be taken forthe organism Esherihia oli where the dynamis is well understood.5.1 BakgroundFirst, neessary bakground material on mid-ranging and anti-windup will bepresented.Mid-ranging ControlThe mid-ranging ontroller uses two ontrol signals, the stirrer speed N and thetemperature T to ontrol the proess from a single output signal, the dissolvedoxygen level O. The struture of the ontroller is shown in �gure 5.1. 39



Chapter 5. Anti-windup for Mid-ranging Control
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Figure 5.1 Struture of mid-ranging ontroller. The stirrer speed N is not allowedto derease below a ertain value, and saturates at the maximum value.The aim of the ontroller is to keep the oxygen level O around the set-point
Osp and to adjust the temperature to keep the stirrer speed N around Nref .The referene value Nref should be hosen so as to make full use of the oxygentransfer apaity of the reator.When the ontrol signal N exeeds Nref , the temperature is redued, whihdereases the ativity in the reator, and requires a lower N to keep O at Ospin steady state.Anti-windupAtuator saturation is a ommon phenomenon in ontrol systems. The termanti-windup refers to additional stati or dynami loops in the ontroller thatwill leave the losed loop una�eted as long as the ontrol signal does not sat-urate, but aim to maintain stability and performane when saturation ours.The idea is that the ontroller an be designed without taking the satura-tion into aount, and that the additional ontrol loop limits the e�ets of thesaturation.In PID-ontrollers, saturation leads to integrator windup, where the inte-gral term keeps inreasing while the atuator is saturated and will then laterover-ompensate when saturation eases. In the worst ase, this windup phe-nomenon may lead to instability for the losed-loop system even if both theopen-loop system and the losed-loop system without saturation are stable.A ommon struture for a PID-ontroller with anti-windup is shown in�gure 5.2 [2℄. The di�erene between the input and output of the atuator isfed bak to the integrator in the ontroller. This anti-windup sheme will beused here.

KTds

yref

1
s

Tt

1

K
Ti

+

+

+

+

v u

y

+

− K

+−

ActuatorFigure 5.2 Basi anti-windup for PID-ontroller40



5.2 Linear Model5.2 Linear ModelThe nonlinear model of the ultivation is de�ned by the equations
dV

dt
= F

d(V G)

dt
= FGin − qg(G)V X

d(V A)

dt
= qa(G, A)V X

d(V X)

dt
= µ(G, A)V X

d(V C0)

dt
= KLa(N )V (C∗

0 − C0) − qo(G, A)V X. (5.1)The temperature dynamis an be approximated by a linear system
dT

dt
= kT (Tref − T ), (5.2)where Tref is the referene temperature.Plant LinearizationTo failitate analysis, this six-dimensional nonlinear model will be linearized,and only the states O = HC0 and T , and the ontrol inputs N and Trefwill be onsidered. In this analysis, it is assumed that a well-tuned feed ontrolkeeps the gluose onentration G just below the ritial value, and the aetateonentration A at zero. Initially, the system is analyzed at a time-sale thatis muh shorter than ell growth, where the volume and ell onentration areassumed to be onstant, V = V 0, and X = X0.The oxygen dynamis is then de�ned by

dO

dt
= KLa(N )(O∗ − O)− q37,max

o e−50( 1

T
−

1

37
)HX0 = F1(O, T, N ). (5.3)This equation is linearized around N = Nref , O = Osp, and T = T 0. Theoxygen transfer oe�ient KLa is modelled by a linear relation [10℄

KLa(N ) = α(N − N0).The onstant T 0 is hosen to give an equilibrium point in (5.3)
T 0 =

1

1
37 − 1

50 ln(
α(Nref−N0)(O∗

−Osp)

q
37,max
o HX0

)
.The temperature dynamis

dT

dt
= kT (Tref − T ) = F2(T, Tref)gives the equilibrium point T 0

ref = T 0. 41



Chapter 5. Anti-windup for Mid-ranging ControlLinearization of the di�erential equations for the oxygen and temperaturedynamis around the equilibrium point gives the following linear system:
[ d∆O

dt

d∆T
dt

]

=

[ ∂F1

∂O
∂F1

∂T

∂F2

∂O
∂F2

∂T

] [

∆O

∆T

]

+

[ ∂F1

∂N

∂F2

∂N

]

∆N +

[ ∂F1

∂Tref

∂F2

∂Tref

]

∆Trefwith all partial derivatives taken at the equilibrium point.From omputing all partial derivatives, it follows that
[ d∆O

dt

d∆T
dt

]

=

[

−α(Nref − N0)
−50α(Nref−N0)(O

∗
−Osp)

(T 0)2

0 −kT

]

[

∆O

∆T

]

+

+

[

α(O∗ − Osp)

0

]

∆N +

[

0

kT

]

∆Tref . (5.4)In the simulations, the following numerial values of the onstants in themodel will be used [10℄: α = 3(hrpm)−1, N0 = 289rpm, O∗ = 100%, Osp =
30%, kT = 15h−1, X0 = 18g/l. The referene value for the stirrer speed,
Nref will be the most important design parameter, and will onsequently varyin the following disussion. To make full use of the oxygen transfer apaityof the reator, Nref should be hosen lose to the maximum stirrer speed
Nmax = 1200rpm. With the hoie Nref = 0.95Nmax, the following linearsystem is obtained:

[ d∆O
dt

d∆T
dt

]

=

[

a11 a12

0 a22

] [

∆O

∆T

]

+

[

b11

0

]

∆N +

[

0

b22

]

∆Tref ,where a11 = −2400 h−1, a12 = −5200 %(hoC)−1, a22 = −15 h−1, b11 =
210 %(hrpm)−1, and b22 = 15 h−1.In order to use standard notation, the variables xp and u are de�ned as

xp :=

[

x1

x2

]

:=

[

∆O

∆T

]

, u :=

[

u1

u2

]

:=

[

∆N

∆Tref

]

y = x1,In state spae form, the plant is given by
dxp

dt
= Apxp + Bpu (5.5)
y = Cpxp,where the matries Ap, Bp, and Cp are de�ned by

Ap =

[

a11 a12

0 a22

]

, Bp =

[

b11 0

0 b22

]

, Cp = [ 1 0 ] .42



5.2 Linear Model
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R2Figure 5.3 Struture of PI-ontrollers for stirrer speed (left) and referene tem-perature (right)ControllerThe ontrollers R1 and R2 in �gure 5.1, for N and Tref respetively, are bothof PI-type. The input to the �rst ontroller, R1 is Osp − O = −∆O = −x1,and the input to the seond ontroller R2 is Nref − N = −∆N = −u1.On state spae form, these ontrollers may be expressed asR1:

dxc1

dt
= −y (5.6)

yc1 =
K1

Ti1
xc1 − K1y,R2:

dxc2

dt
= −yc1 (5.7)

yc2 =
K2

Ti2
xc2 − K2yc1.Without saturation, the interonneted system satis�es

u1 = yc1 u2 = yc2.The mid-ranging ontroller is designed to handle saturation of the stirrerspeed, u1. In pratie the seond ontrol input, the referene temperature, isonstrained to an operating range, in general around 20 − 50oC. From expe-riene with both simulations and experiments, the onstraints on u2 will notseverly limit performane. Therefore, only the saturation of u1 will be inor-porated in the linear model used for analysis.The losed loop system is de�ned by the plant model (5.5), the ontrollers(5.6), (5.7), and the interonnetions
u1 = sat(yc1), u2 = yc2.The funtion sat(·) is the standard saturation funtion:

sat(x) =







xmin x < xmin

x xmin ≤ x ≤ xmax

xmax xmax < x. 43



Chapter 5. Anti-windup for Mid-ranging ControlAnti-windupWhen the anti-windup sheme shown in �gure 5.2 is used for the oxygen on-troller R1, the state spae form of this ontroller will be hanged aordingto
dxc1

dt
= −y +

Ti1

K1Tt
(sat(yc1)− yc1) (5.8)

yc1 =
K1

Ti1
xc1 − K1y.When the atuator does not saturate, sat(yc1) = yc1, and the ontrollerwith anti-windup (5.8) is equivalent to the original ontroller (5.6).5.3 Stability AnalysisThe losed loop system with state vetor x = [xT

p xc1 xc2]
T is a four-dimensional pieewise a�ne system. The four-dimensional state spae maybe partitioned into three regions, {X1, X2, X3}, orresponding to u1 = yc1,

u1 = u1min, and u1 = u1max, respetively.
u =u1min1 u1=yc1 u1=u1max

X2 X1 X3

y =uc1 1min y 1max=uc1

X

Figure 5.4 Partitioning of state spae into three regions, eah with a�ne dynam-is.Anti-windup modi�es the dynamis in regions X2 and X3, but leaves thedynamis in X1 unhanged. The lower bound on u1 is applied to ensure su�-ient mixing of the ultivation medium at the start of the ultivation. For theproblem disussed here, the handling of oxygen transfer saturation, the lowerbound on u1 will not a�et the losed loop system beause the stirrer speedwill operate lose to the maximum value, orresponding to umax
1 .In region i, i ∈ {1, 2, 3}, the losed loop satis�es the a�ne dynamis

ẋ = Aix + ai.Expressions for the matries Ai, ai, Aaw
i , aaw

i are given in appendix A.44



5.3 Stability AnalysisUnsaturated SystemThe parameters of the PI-ontrollers, K and Ti, are hosen suh that there isan exponentially stable equilibrium point, orresponding to y = O − Osp = 0,
u1 = N − Nref = 0, loated in the linear region X1. There should be noequilibrium points in X2 or X3; the equations

Aix + ai = 0, i ∈ {2, 3}do not admit solutions xi that lie in the orresponding region, xi ∈ Xi.Stability of the unsaturated losed-loop system an easily be dedued fromthe eigenvalues of the matrix A1. The saturated system ould be analyzedusing general theory for pieewise linear systems, see [5℄.Saturation of Stirrer SpeedThe system in �gure 5.1 an be expressed in the form of �gure 5.5, where thetransfer funtion G(s) inludes the two ontrollers R1 and R2 as well as theplant P . This struture allows for stability analysis by means of absolute sta-bility tools, suh as the irle riterion [6℄. This approah is easier to apply thanthe general theory for pieewise linear systems, but may be overly onservativesine it is only a su�ient ondition for stability.
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r
+

−Figure 5.5 The linear system G(s) with the saturation of yc1.On state spae form, the system (5.5), (5.6), (5.7), an be written as
ẋ = Ax + Bu1 (5.9)

y = Cx

u1 = −sat(y).Expressions for the matries A, B and C for the ases with and without anti-windup are given in appendix B. The referene value r in �gure 5.5 is zeroafter linearization, in aordane with the requirements for the Cirle riterion.The saturation funtion sat(·) is a stati, time-invariant, setor-bound non-linearity, onstrained to the setor [0, 1], see �gure 5.6. In order to write thesystem on the form (5.9), it is neessary to have a preise model of the sat-uration, i.e. to have aurate estimates of the stirrer speed limits umax
1 and

umin
1 .From the irle riterion [6℄, the losed-loop system is stable for all non-linearities in the setor [0, β] if the Nyquist-plot of G(s) = C(sI − A)−1Blies to the right of the vertial line Re[s] = −1/β. The Nyquist-plots of the45
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5.3 Stability Analysisform of the irle riterion, it an be onluded that the losed-loop system isstable for saturation nonlinearities in the setor [−1.54, 1.33] for the ase withanti-windup onstant Tt = Ti1/3, in the setor [−1.35, 4.17] for Tt = Ti1, inthe setor [−1.28, 50] for Tt = 2Ti1, and in the setor [−0.07, 10] for Tt = ∞,i.e. without anti-windup.For the hoie of parameters used in this setion, the losed-loop systemis onsequently stable for a wide range of anti-windup onstants Tt, when theontroller output u1 saturates aording to the standard saturation nonlin-earity. The ideal saturation funtion is onstrained to the setor [0, 1], but alarger setor of guaranteed stability may be desired to aount for parame-ter unertainty. For the ase without anti-windup, the setor where the irleriterion guarantees stability was [−0.07, 10], whih leads to a very narrowguaranteed margin towards lower oxygen transfer than expeted. By introdu-ing anti-windup it is possible to obtain a larger setor of guaranteed stability.Cell GrowthDi�erent types of unmodelled dynamis a�et the dissolved oxygen level, x1.Most notably, ell growth leads to a steadily inreasing demand of oxygen. Thefeed pulses also lead to a higher oxygen demand. Suh disturbanes d will beintrodued in the linear model (5.5) aording to
dx1

dt
= a11x1 + a12x2 + b1u1 + d. (5.10)In the Laplae domain, we have the transfer funtion relations:

U1(s) = R1(s)(Yref (s) − Y (s)) = −R1(s)Y (s)

U2(s) = R2(s)(U1ref(s) − U1(s)) = R1(s)R2(s)Y (s)

X2(s) = T (s)U2(s) = T (s)R1(s)R2(s)Y (s),where the transfer funtions are given by
T (s) =

b2

s − a22

R1(s) = K1

(

1 +
1

sTi1

)

R2(s) = K2

(

1 +
1

sTi2

)

. (5.11)The linearization proedure has transformed the system so that all referenesignals are zero.Without saturation of u1(t), the losed loop transfer funtion from thedisturbane D(s) to the oxygen signal Y (s) = X1(s) an be written as
Y (s) =

1

s − a11 − a12T (s)R1(s)R2(s) + b1R1(s)
D(s). (5.12)The stationary error an be omputed by the �nal value theorem

lim
t→∞

e(t) = lim
t→∞

yref (t) − y(t) = lim
t→∞

−y(t) = lim
s→0

−sY (s) = 0. (5.13)47



Chapter 5. Anti-windup for Mid-ranging ControlThe ell growth may be modelled as a ramp disturbane, i.e. d(t) = δt, yielding
D(s) = δ

s2 . The stationary error is e∞ = 0 for onstant disturbanes and rampdisturbanes. For quadrati d(t) = δt2, the stationary error is
e∞ =

a22Ti1Ti2δ

a12b2K1K2
,and for higher degree polynomials, the error signal will be unbounded.Without the temperature ontrol loop, there will be a stationary error,

e∞ = δTi1/(b1K1), in the dissolved oxygen signal for ramp disturbanes, evenwithout stirrer speed saturation. When the stirrer speed saturates, this errorwill be unbounded.As for the ase with saturation of u1, the analysis based on the irleriterion only ensures global asymptoti stability when all inputs r and d arezero. Inputs d that are step or load disturbanes ould be inorporated intothe system struture of �gure 5.5 by adding extra states representing pureintegrators. But in this ase, G(s) would ontain poles on the imaginary axis,and the irle riterion annot be applied to analyze stability.5.4 PerformaneDisadvantages of Anti-windupBy inspetion of the Nyquist plots in the previous setions, anti-windup ap-pears to improve robustness of the losed-loop system subjet to saturation.In the mid-ranging ontrol setting, there are also disadvantages of anti-windup. Anti-windup aims to redue the di�erene between the ontroller out-put N and the maximum stirrer speed Nmax. In order to use the equipmente�iently, it is desirable to hoose the referene for the stirrer speed Nref loseto Nmax. The input to the temperature ontroller is the di�erene between
N and Nref , whih will onsequently be small for fast anti-windup (small
Tt). Hene, with a �xed ontroller tuning, the temperature adjustment will beslower with anti-windup than without anti-windup.This problem is illustrated by simulation in �gure 5.8. The step disturbane
d that inreases the oxygen uptake at t = 0.2h is eliminated almost instantlyin the unsaturated system. The saturated system without anti-windup demon-strates the harateristi wind-up phenomenon with a large ontroller outputthat leads to an overshoot in the output O when the saturation eases. On theother hand, the large ontroller output gives a fast derease in temperatureand a short period of saturation of the stirrer speed. The system with fastanti-windup, Tt = Ti1/3, avoids the overhoot in the output O, but su�ers froma slow temperature derease and a long period of saturation of N .The mid-ranging ontroller is designed to handle saturation of the stirrerspeed. Anti-windup is another approah for handling saturation.When the twoare ombined, they may interfere with a negative result on the performane ofthe system.Choie of ParametersThe drawbak from introduing anti-windup results from slow temperatureadjustment. To ounterat the e�ets of anti-windup, it is reasonable to in-48



5.4 Performane
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5.5 Simulationshas been shown by simulation that the system an be made unstable by heavydisturbanes. The other systems are robust with respet to suh disturbanes.It an thus be onluded that for mid-ranging ontrol, anti-windup allows forredution of di�erene in time-sale of the two ontrollers.The relation between anti-windup and the speed of the slow ontroller inthe mid-ranging ontrol setting is summarized in table 5.1.Without anti-windup With anti-windupSlow temperature ontroller OK Slow systemFast temperature ontroller Stability not guaranteed OKTable 5.1 E�ets of speed of temperature ontroller and anti-windup for mid-ranging ontrol.With the simple anti-windup sheme used here, the only parameter usedfor the anti-windup loop is the time onstant Tt. Without anti-windup we have
Tt = ∞, and it is generally reommended to hoose Tt in the range 0.1Ti1−Ti1[2℄. In the simulations, Tt = Ti1/3 has so far been used throughout.The design parameters that an be hosen are the gain of the two on-trollers, K1 and K2; the time onstants of the ontrollers Ti1 and Ti2; theanti-windup onstant Tt, and the referene value for the stirrer speed Nref .Systemati methods for tuning these parameters, using the observations intable 5.1, would be useful, but has not been found within the sope of thisthesis.5.5 SimulationsThe results in the previous setion were obtained for the simpli�ed linearizedsystem derived in setion 5.2. The onlusion, that anti-windup allows for afaster temperature ontroller, will here be veri�ed by simulations of the fullnonlinear system with the probing ontroller.In �gure 5.10, the negative e�ets of anti-windup an be seen. In this sim-ulation, the time onstant for the temperature ontroller is Ti2 = 5/60, whihgives a ontroller that is ten times slower than the stirrer speed ontroller.The referene value for the stirrer speed, Nref , was hosen only 1% below themaximum stirrer speed Nmax = 1200rpm.Anti-windup auses the temperature dynamis to be very slow. The slowtemperature dynamis leads to a long period of saturation of the stirrer speed,ontrary to the purpose of anti-windup. Feed pulses are delayed until the oxy-gen level is within the tolerane level O = Osp ± Otol. Therefore, in the asewith anti-windup, no pulses are given when the stirrer speed saturates, andthe system su�ers from lak of information from feed pulses, as well as lak ofontrol authority for a long period of time.The system is stable both with and without anti-windup. At the end ofthe simulation, t > 4h, the system appears to approah a limit yle. A moreareful hoie of parameters for the probing ontrol may prevent this behavior.In �gure 5.11, the same system is simulated with a faster temperatureontroller. Here, the time onstant for the temperature ontroller is Ti2 = 1/60,whih gives a ontroller that is half as fast as the stirrer speed ontroller. The51
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5.5 Simulations
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6. ConlusionsThe most important onlusions from the ultivations of Baillus subtilis andthe work on anti-windup for mid-ranging ontrol will be disussed here.6.1 Gluose Feeding of Baillus subtilis CultivationsThe results from the ultivations do not ompletely math the general modelwhen it omes to dynamis of gluose and growth. Most importantly, growthis slower and the ell/gluose yield is lower in feed phase than in bath phase.The reason for this disrepany is still unlear, and further experiments arerequired to determine if the ause is lak of some omponent in the medium,or a more fundamental di�erene in the organism's gluose dynamis.The probing feeding ontrol algorithm has been ompared to �xed exponen-tial feed pro�les. The result from using the probing feeding ontrol is marginallybetter in terms of �nal ell density and ell/gluose yield than for the ulti-vations with �xed exponential feed that did not lead to gluose aumulation.The resulting feed pro�le resembles the feed applied in these ultivations interms of growth rate and total amount of feed added throughout the ultiva-tion. Consequently, under the onstraint of avoiding gluose aumulation atany ost, probing feeding appears to be a reasonable ontrol strategy. However,growth is still very slow, and the ell/gluose yield is low. Xylanase produtionis also rather low.Beause analyses of byprodut formation has not been made, it is not pos-sible to draw any onlusions regarding whih byproduts that are formed, andin what amounts. It is also not possible to tell how detrimental the e�ets ofbyprodut formation are on growth and xylanase prodution. Xylanase ativityhas only been analyzed from one ultivation. That data indiates that eitherxylanase prodution starts at rather high gluose onentrations, or xylanase isprodued at approximately the same rate throughout the ultivation. Neitherexplanation mathes what would be expeted: negligible prodution in bathphase and signi�antly higher prodution in feed phase.Avoiding gluose aumulation at any ost may not be the best ultivationstrategy for Baillus subtilis. If slow growth is aused by low gluose onentra-tions, it may be neessary to inrease gluose onentration in order to obtainan aeptable growth rate. On the other hand, sine xylanase prodution isrepressed in the presene of gluose, a higher gluose onentration will de-rease xylanase prodution. It may be neessary to separate the ultivationinto two stages: �rst a stage with a rather high gluose onentration with rel-atively high growth rate, then a stage with gluose limitation where xylanase isprodued. Probing ontrol annot be used diretly for suh a ultivation setup.If the slow growth in the feed phase is aused by unbalaned medium om-position, further analysis is needed in order to �nd the missing substane. Ifan appropriate medium an be found, it is likely that the probing feeding algo-rithm an be applied suessfully to obtain a higher growth rate while avoidinggluose aumulation.If the slow growth is aused by stress from the few minutes of gluosestarvation, it is neessary to �nd a way to start the feed before all gluoseis onsumed. This an be done either manually when the measured gluose54



6.2 Anti-windup for Mid-ranging Controlonentration dereases below a ertain value, e.g. G = 1g/l, or automatiallyby starting the feed when the derease in stirrer speed and arbon dioxideonentration at gluose onentration approximately G = 1g/l is deteted.The latter approah requires that the derease in stirrer speed is aused by adi�erent phenomenon that does not signi�antly in�uene the results in therest of the ultivation.6.2 Anti-windup for Mid-ranging ControlIn order to e�iently use the oxygen transfer apaity of a bioreator, thereferene value for the stirrer speed Nref should be hosen lose to the maxi-mum stirrer speed Nmax. In the mid-ranging ontrol setting, the temperatureis redued when the output of the stirrer speed ontroller, N d, exeeds thestirrer speed referene value. With a narrow margin between Nref and Nmax,it is an advantage that N d exeeds Nmax in order to derease the temperaturesu�iently fast.Anti-windup aims to redue the di�erene between N d and Nmax. There-fore, anti-windup may lead to an unneessarily slow temperature ontroller,whih leads to long periods of stirrer speed saturation. Anti-windup has on-sequently lear disadvantages in mid-ranging ontrol.However, the disadvantages of anti-windup may be ompensated by fasterdynamis in the temperature ontroller. With a redued di�erene in timesales between the two ontrollers, anti-windup is required in order to guaran-tee stability of the saturated system, as has been shown by the irle riterionfor a simpli�ed linear system and illustrated in simulation for the full non-linear system. Anti-windup ombined with a fast temperature ontroller maythen give results omparable with the ase without anti-windup and a slowtemperature ontroller. If a faster temperature ontroller is preferred in theontrol design, anti-windup should be onsidered for the mid-ranging ontrolstruture.
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A.The pieewise a�ne losed-loop dynamis in regions Xi, i = {1, 2, 3}, an beexpressed as
ẋ = Aix + ai.Without anti-windup, we obtain the matries
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 .With anti-windup, we have
Aaw
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B.The system with input u1 and output yc1 an be written on the form
ẋ = Ax + Bu1

y = Cx

u1 = −sat(y)Without anti-windup, the following expressions for the system matries areobtained
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