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Model predictive control with integrated model reduction for continuous Lactide ring-opening polymerization process

Poly(lactic acid) production has received an increasing attention, mainly due to its inherent biodegradable thermoplastic properties and to its renewable resources-based composition. This process is aected by changes in the operating conditions and by raw material impurities which inuence the reaction rate and degrade the polymer properties. As the system model is multivariable with coupled dynamics and constraints, Linear Model Predictive Control (LMPC) is employed here. A model reduction technique is proposed to obtain an approximate linear representation of the non-linear system around the operating point to minimize the calculation cost of the controller. The proposed LMPC approach is validated by simulation and is compared to a Proportional-Integral controller and a Non-linear Model Predictive Control. It is found that LMPC has a superior performance in terms of o-spec time when a disturbance occurs in the feed and it can restore the target conditions better and faster. I

INTRODUCTION

heres the vst mjority of polymers is derived from either oil or nturl gsD there is growing trend towrds produing them from renewle resouresF sn dditionD mny ppliE tions ll for ioEdegrdle nd environmentlly friendly polymers to minimize plsti wsteD thusD the importne of iodegrdle polymers in the prodution of plstisF 1 oly@lti idA @veA is renewle thermoplsti mde from renewle resoures @sugr neD orn strhD ssv rootsD etAF ve is now green lterntive to nonEiodegrdle polymers in wide rnge of pplitions suh s medil implntsD 2 (ers 3 nd iomedil ppliE tionsF 4 eording to the reent review rtileD 5 ve hs multiple ttrtive properties suh sX very low ostD renewle hrterD high ioomptiilityD exellent mteril propertiesD high trnspreny nd thermoplstiityD whih open up wide rnge of pplition (eldsF he two hemistry wys used to produe veD melt polyondenstion nd ringEopening polyE meriztion proedures re disussed in this reviewD long with the e'et of severl tlysts nd the di'erent polymeriztion onditionsF sn the industryD the ringEopening polymeriztion @yA of ltide monomer produes high verge moleulr weight of the polymerD whih is required in most pplitionsF 6 rowE everD this retion is highly sensitive to impurities nd vritions in operting onditionsF sn prtiulrD ny impurities present will in)uene the (nl onversion nd the verge moleE ulr weight of the polymerF woreoverD it is possile tht the polyltide monomer itself ontins unknown quntities of impuritiesF 7 o it is ruil to use ontrol strtegy for reE jeting perturtions nd ensuring the required qulity nd produtivity of ve produtionF he lssil s ontroller ws (rst used in PHITD 8 to ontrol ve proess formed y two ontinuous retors nd loop retorF hey onsidered the tlyst nd oEtlyst )ow rtes t the inlet of the (rst retor s ontrol inputsD nd s ontrolled outputsD they onsidered oth monomer onversion s well s the pressure t the end of the singleEloop retor s outputsF sn ftD the pressure hs diret orreltion with the visosityD nd therey with the verge moleulr weight of the polymerF o del with the high oupling P etween the inputsD the uthors proposed n interesting wy to modify the s error @iFeF the di'erene exists etween required nd rel outputsAF e omprison of this strtegy with the lssil s ws performed nd showed tht the newly proposed strtegy wekened the oupling nd ws le to overome the inEfeed disturnesF st is importnt to note however tht the proess is highly nonEliner nd multivrileD with onstrints on the inputs nd outputsD nd lso the ontrol is only relized on the oundriesF e s ontroller nnot hndle ll these onstrintsD nd therefore more soE phistited ontrollerD suh s model preditive ontrol @wgAD would e more pproprite nd will thus e employed in this work to ontrol the ve proessF he wg ws suessfully operted in vrious (eldsF 911 st hs proven its ility to ope with multiEinputGmultiEoutput @wswyA proesses nd onsider expliitly ny possile onstrints imposed on mnipulted ndGor trked vrilesF elsoD it is highly ppreited for timeEdelyed systems ontrol euse of its preditive ilityF he wg requires relile mthemtil model tht should e esy to mnipulte nd le to urtely predit the ehvior of the plntF yne of the most hllenging issues of wg is the resolution of the onstrined optimiztion prolemF por lrge dimensionl nonEliner proessesD the optimiztion prolemD to e solved t every smpling timeD my demnd very lrge omputtion timeD without gurntee to reh the optimumF hereE foreD di'erent liner pproximtions of the nonEliner model re often onsidered in order to formulte the overll tsk s liner nd onvex prolemF husD we spek out viner wodel reditive gontrol @vwgA insted of xonEliner wodel reditive gontrol @xvwgA for the se where nonEliner proess is usedF por instneD linerized models were used within n wg strtegy to ontrol denitrition retorD 12 uilding limte 13 nd ounterEurrent het exhngerF 14 vguerre funtions n lso e used to prmetrize xvwgD so to redue the simultion time nd improve the optimiztion onditionsF 15,16 sn this workD the multivrile ontrol of ringEopening ontinuous polymeriztion proE ess of ltide is envisgedF his system is mde up of three retors @pigure IAX two tuulr Q ones on eh side of seond loop retor in the middleF he proess model is onstituted of sets of nonEliner hisF he disretiztion in spe of the his representing the sysE tem results in lrge numer of nonEliner lgeri di'erentil equtions tht inrese the omputtionl urdenF hespite the good performne of the xvwg tht we used in our previous workD 17 it ws muh longer to run thn the s ontroller @depending on the disturE ne levelD the simultion time ws etween UTHs nd PUQHs in the xvwg nd out IQVs in the s ontrollerAF hereforeD redued liner model is onsidered here nd inorported into the wg strtegy to minimize the lultion ostF he ontroller ojetives re to mintin the produt qulity nd the proess produtivity t the desired vluesD minly in the presene of disturnesF he most importnt produt property onsidered here is the verge moleulr weight of the polymerF ht weight orreltes with the medium loop9s visosity nd thus with the pressure dropF es ontrol inputsD tlyst nd oEtlyst )ow rtes re onsideredF xote tht the ontrol ts diretly only t the entrne of the (rst retorD while the outputsD re mesured just t the exit of the loop retor @s ll the inE gredientsD inluding the ontrol vrilesD re fed t the inlet of the (rst retorAF sn ftD the most importnt onversion tkes ple in the loop retor @70%AD while the onversion in the lst tuulr retor rehes 95%D whih only slightly 'ets the polymer qulityF he struture of this pper is s followsX sn etion PD we provide the nonEliner mthE emtil model of the ve proessF sn etion QD we present summry of the ontrol ojetivesD long with presenttion of the priniples of the three ontrol strtegies emE ployedX iA the novel vwg strtegy sed on disreteEtime liner redued stteEspe modelD iiA the xvwg proposed in our previous work 17 ndD iiiA the s ontrollerEsed method proposed yF 8 he omprison of the simultion results of the three used strtegies is presented in setion RF he lst setion of the pper presents onlusions nd perspetivesF R Mathematical PLA model here re severl setions nd retor types in the ve proess design @pigure IAX (rst preEpolymeriztion tuulr retor @IAD loop retor @PA nd tuulr retor @QAF fy using the loop retor @with reirultion rte of r = 10 iFeFD rtio etween the reyled strem nd the feed stremAD the yield nd the verge moleulr weight of the polymer n e inresedF foth the mixing qulity nd the residene time in this retor @4loop4A re similr to those of ontinuous stirred tnk retor @gAD ut with enhned het exhngeF 18 hereforeD it will e modeled s gF Material balances and average molecular weight of the polymer e model of n isotherml unit with )t rdil onentrtion pro(les is used to desrie eh tuulr retorF heres the loop retor is modeled s n isotherml g @iFeFD single setionAF he retion is performed in ulk @iFeF homogeneous liquid phse onstiE tutes of melted polymer mixed with liquid monomerAF fsed on the ltide y kineti shemeD 8,1921 the orresponding di'erentil equtions of mteril lnes my e written s funtions of the (rst four moments of the dormnt (µ i ) nd tive @λ i A hins s shown in le I @iqution IEiqution IIAF he retion sheme nd the development of the momentsD 22 re given in 4upporting snformtion4 in the le I nd PD respetivelyF pigure IX he ve proess formed of two tuulr retors nd loop oneF S le IX he orresponding di'erentil equtions of mteril lnes of the ve proessF

Species

Dierential equations

The catalyst C

∂C ∂t = -ν ∂C ∂x + k a2 λ 0 A -k a1 µ 0 C
(1) ν: linear velocity, k a1 : rate coecient of catalyst activation reaction, k a2 : rate coecient of catalyst deactivation reaction.

The acid A

∂A ∂t = -ν ∂A ∂x + k a1 µ 0 C -k a2 λ 0 A (2) 
The monomer M

∂M ∂t = -ν ∂M ∂x -k P λ 0 M + k d λ 0 (3) 
k P : rate coecient of propagation reaction, k d : rate coecient of depropagation reaction.

The moment

µ ∂µ 0 ∂t = -ν ∂µ 0 ∂x -k a1 µ 0 C + k a2 λ 0 A (4) 
The moment

µ ∂µ 1 ∂t = -ν ∂µ 1 ∂x -k a1 µ 1 C + k a2 λ 1 A + k s λ 1 µ 0 -k s λ 0 µ 1 +k t λ 1 (µ 1 -µ 0 ) -1 2 k t λ 0 (µ 2 -µ 1 ) (5) 
The moment

µ ∂µ 2 ∂t = -ν ∂µ 1 ∂x -k a1 µ 2 C + k a2 λ 2 A + k s λ 2 µ 0 + k t λ 2 (µ 1 -µ 0 ) -k s λ 0 µ 2 + k t λ 1 (µ 2 -µ 1 ) + 1 6 k t λ 0 (-4µ 3 + 3µ 2 + µ 1 ) (6) 
The moment µ

µ 3 = µ 2 (2µ 2 µ 0 -µ 2 1 ) µ 1 µ 0 (7)
k t : rate coecient of reversible chain transesterication reaction, k s : rate coecient of reversible chain transfer reaction.

The moment λ ∂λ

0 ∂t = -ν ∂λ 0 ∂x + k a1 µ 0 C -k a2 λ 0 A. (8) 
The moment

λ ∂λ 1 ∂t = -ν ∂λ 1 ∂x + k a1 µ 1 C -k a2 λ 1 A + 2k P λ 0 M -k t λ 1 (µ 1 -µ 0 ) -2k d λ 0 -k s λ 1 µ 0 + k s λ 0 µ 1 + 1 2 k t λ 0 (µ 2 -µ 1 ) (9) 
The moment

λ ∂λ 2 ∂t = -ν ∂λ 2 ∂x + k a1 µ 2 C + 4k P (λ 0 + λ 1 )M + 4k d (λ 0 -λ 1 ) -k s (λ 0 µ 2 + λ 2 µ 0 ) + 1 3 k t λ 0 (λ 1 -λ 3 ) + k t λ 1 (λ2 -λ1) -k a2 λ 2 A -k t λ 2 (µ 1 -µ 0 ) + 1 6 k t λ 0 (2µ 3 -3µ 2 + µ 1 ) (10) 
The moment λ

λ 3 = λ 2 (2λ 2 λ 0 -λ 2 1 ) λ 1 λ 0 (11)
T prom the moments of the tive nd dormnt hin distriutionsD iqution IP is used to lulte the verge moleulr weight of the polymerD M w D @4ded hins4 hve negligile e'etAX

M w = M M 2 λ 2 + µ 2 λ 1 + µ 1 @IPA
M M represents the moleulr weight of the monomer lti moleule @hlf of the lti moleule onstitutes monomer repeting unitAF iqution IQ provides the dimensionl pressure expression of the retorD ΦX 23 

∂Φ ∂x = - 1 L η η ref = - 1 L X p 1 ( M w M w,ref ) p 2 exp( E R ( 1 T - 1 T ref )) . @IQA L nd X
M (x, t = 0) = ρ M /M M (14) 
(All other concentrations are assumed to be zero)

Boundary conditions

C(x = 0, t) = 2 ppm cat ρ cat 10 6 M cat (15)
The factor 2 in Equation 15 is because the stannous octoate has two catalytic sites. 21 ppm cat : parts per million of octoate stannous catalyst in the feed, M cat : catalyst molecular weight, x: axial coordinate.

A(x = 0, t) = meq COOH ρ M 10 6 (16)
meq COOH : millimoles of acid functional groups per kg in the feed.

µ 0 (x = 0, t) = (meq ROH + αmeq COOH )ρ M 10 6 (17)
meq ROH : concentration of OH-bearing species, acting as a co-catalyst.

Discretization of the partial dierent equations he disretiztion of the his is done using the (nite di'erene methodF his method is widely used for the simultion of hemil proesses due to its prtil implementtionF 24,25 he system of iqution IE iqution II is implemented into wtl tht solves (nite di'erene sheme with N g = 30 xil grid points for eh tuulr retorF 8

Controller design

Control objectives he most importnt industril requirements for ve proesses re prede(ned monomer onversion nd verge moleulr weight of the polymerF ine the min prodution tkes ple in the loop retorD oth of these vriles hve to e regulted t the outlet of the loop retorF he hoie to use the outlet of the seond loop retor s ontrolled vriles is due to the ft tht the onversion is very low in the (rst retor with low V uryD while the outlet of the third retor is fr from the ontrollerD with very slow responseF 8 es previously mentionedD these vriles re strongly oupled sine the inrese in onversion orreltes with n inrese in the verge moleulr weight of the polymer @iqution IQAF st is therefore importnt to onsider this oupling in the ontroller designF fsed on the kineti shemeD suh outputs n e e'etively regulted through the use of oth the tlyst @ppm cat A nd the oEtlyst @meq ROH A s mnipulted vriles @iFeFD the

inputs re U = [ppm cat meq ROH ] T ) F 8
egrding sensorsD online mesurement of monomer onversion n e determined y nerE infrredD mnD or pourier trnsform infrred spetrosopyD while the verge moleulr weight of the polymer is mesured indiretly using the visosity orreltion @iqution IQAF st is possile to determine the visosity lolly vi either visometer 26 or y orreltion with the pressure drop @iqution IQAF es resultD the onsidered outputs of the ve proess re the onversion t the loop retor outlet (y 1 = X 2 AD nd the di'erene in pressure etween the loop retor inlet nd outlet

(y 2 = ∆Φ 2 A @iFeFD y m = [X 2 ∆Φ 2 ] T ) F
Model predictive control structures: NLMPC and LMPC 

(k) = [X 2set (k) Φ 2set (k)] T : e :      x A (k + 1) = A ref x A (k) + B ref u ref (k) y A (k + 1) = C ref x A (k + 1) @IVA
is the referene model relted to regultionX

:      x R (k + 1) = A rg x R (k) + B rg u rg (k) y R (k + 1) = C rg x R (k + 1) @IWA
sing the ontrol struture shown in pigure PD we n writeX

y R = y P -y m @PHA
he wg ontroller9s ojetive is to keep the nonEliner proess output y P t the setEpoint y A D nd so this llows to ring up the preditive model output y m to its setEpoint y d X

y d = y A -y R @PIA
IH oD the ost funtionD J(k)D n e formulted s follows X 12,15,27

J(k) = k+Np i=k+1 [(y d(i) -y m(i) ) T Q(y d(i) -y m(i)) ] + k+Nc i=k [(U (i -1) -U (i -2)) T R(U (i -1) -U (i -2))] @PPA
where Q is positive de(nite mtrix nd R is positive semi de(nite mtrixF he seond term of this ost funtion ims to limit exessive ontrol tionsF 

] T = [X 2 -X 2set ∆Φ -∆Φ set ] T )X w :      x m(k+1) = A m x m(k) + B m U (k) y m(k+1) = C m x m(k+1) @PQA II where x m = [∆y 1 ∆y 2 ∆meq COOH ] T ∈ R n D U ∈ R r nd y m ∈ R m re
yA(k) = [y A(k+1) , • • • • • • y A(k+N)
] T X the outputs of the model e @iqution IVA long the

horizon N F yR(k) = [y R(k+1) , • • • • • • y R(k+N) ] T X the outputs of the model @iqution IWA long the horizon N F y(k) = [y m(k+1) , • • • • • • y m(k+N)
] T X the outputs of the redued model w @iqution PQA long the horizon N F

ȗ(k) = [U (k), • • • • • • U (k + N -1)
] T X the ontrol signls long the horizon N F yd(k) = yA(k) -yR(k) X the desired outputs long the horizon N F griterion in iqution PP then eomesX

J(k) = (y d(k) -y(k)) T Q(y d(k) -y(k)) + ȗ(k) T Ȓȗ(k) -2ȗ(k) T Rǔ(k -1) @PRA whereX R = R 0 • • • • • • 0 T (rN, r), Q =          Q 0 . . . 0 0 F F F F F F 0 F F F F F F F F F 0 0 . . . 0 Q          (mN, mN ), IP Ȓ =             R -R 0 . . . 0 -R 2R F F F 0 0 0 F F F F F F . . . 0 F F F 0 F F F 2R -R 0 . . . 0 -R R             (rN, rN ). end y m (k) eomesX                                y m (k + 1) = C m x m (k + 1) = C m (A m x m (k) + B m U (k)) = C m A m x k + C m B m U (k) y m (k + N ) = C m x m (k + N ) = C m (A m x m (k + N -1) + B m U (k + N -1)) = C m A N m x m (k) + CA N -1 m U (k) + . . . . . . . . . . . . . . . . . . +C m A m B m U (k + N -2) + C m B m U (k + N -1) @PSA hus y(k) = ϕȗ(k) + T x(k) @PTA whereX ϕ = C m B m 0 . . . 0 C m A m B m F F F F F F F F F F F F F F F F F F 0 C m A N -1 m B m . . . C m A m B m C m B m (mN, rN ), T = C m A m F F F F F F C m A N m (mN, n) @PUA
fy repling y(k) y its vlue in iqution PRD the following riterion n e otinedX 12 

J(k) = ȗ(k) T F U ȗ(k) + 2ȗ(k) T F O k @PVA IQ here      F U = ϕ T Qϕ + Ȓ F O k = ϕ T Q(T x(k) -yd (k)) -Ru(k -1) @PWA Q >= 0 nd R > 0 imply ϕ T Qϕ > 0 nd Ȓ > 0F o F U > 0D
         F U = ϕ T Qϕ + Ȓ F O k = ϕ T QT x(k) -ϕ T Q yd (k) -Ru(k -1) min U (k+1)...U (k+Nc) J(k) = k+Np i=k+1 y r (i) -y m (i) 2 Q + U (k) -U (k -1) 2 R subject to U lb ≤ U (k) ≤ U ub .
(31) Equation 30:

ȗ(k) * = -(F U ) -1 F O(k)
U ub and U lb are respectively the upper and lower bounds of the input.

Simulation conditions

N p = N c = N = 40 min N S =5 min N c = 1 (i.e.
, the control inputs are constant over N p ), R = 0 (i.e., no constraints on the inputs).

N S =5 min Execution of the optimization routine at each sampling time.

A control strategy based on a modied PI sn this setionD the strtegy developed y gost nd rommsdor'D 8 is relled here to point out the shortomings of using it nd therefore to emphsize the neessity of the vwg pprohF he priniple is to use the lssil s ontroller with modi(ed formultion of the error to ount for inputsEoutputs oupling @pigure QAF he following equtions show the di'erenes tht were employed in the modi(ed s versionX 

X = X 2set -X 2 @QPA Φ = ∆Φ 2 -∆Φ set X 2 X 2set
p = 2.0610 8 [Lmol -1 s -1 ] exp -63244 [Jmol -1 ] RT k d = k p M eq = ρ M M exp ∆H RT -∆S R k a 1 = 1000k p k eq = 1.4510 5 exp -50125 [J mol -1 ] RT k a 2 = k a1 keq , k s = 1000 k p k p = 9.39e 7 [L mol -1 s -1 ]exp(-83256 [J mol -1 ] RT ) M M = 144.13 g mol -1 , M cat = 405 gmol -1 ∆H = -23300 Jmol -1 ∆S = -22 Jmol -1 K -1 p 1 = 8, p 2 = 3.4, r = 10 E = 77 900 J mol -1 M W,ref = 100000 gmol -1 , T ref = 448 K t R2 = 3600 s, t R1 = 0.25t R2 , t R3 = t R2 V R1 = 0.25 V R2 , V R3 = V R2 T R1 = T R2 = 448.14 K, T R3 = 463.14 K ρ M = ρ cat = 1145[g L -1 ] 1+0.00739(T -423.14[K])
IU he vwg ontroller is ompred to the modi(ed s ontroller @iqution QPEiqution QQA 8 nd to the xvwg @iqution QIAF 17 sn the se of the modi(ed s ontrollerD we ssume perfetly mesured disturne nd tht the omputed inputs re implemented eh minute @N S = 1 minAF roweverD for the ses of the vwg nd the xvwgD oth of these methods re not sed on ny mesured disturneF o (rstD method is developed in order to estimte the disturnes whih n e then implemented for improving the vwg nd the xvwg performnesF foth the vwg nd the xvwg suppose tht the outputs re mesured online nd pply new ontrol vlue eh S minutes @N S = 5 minAD whih is more relistiF Estimation of the disturbance por oth vwg nd xvwg sesD the level of the disturne is (rst estimted nd imE plemented in eh strtegyF hereforeD the nonEliner proess model is employed to generte inputEoutput dt while hnging the disturne vlues ∆meq COOH s input in positive nd negtive diretions nd y reording the outputs vrition of X 2 nd ∆Φ 2 F he ∆Φ 2 vriE tion ws found to e more signi(nt thn the X 2 vrition when ∆meq COOH ws vriedD nd ws therefore dopted for the estimtion of the perturtionF he wevef routine cftool ws used to identify the two following equtions whih give the reltion etween ∆meq COOH nd ∆Φ 2 in oth positive @iqution QRA nd negtive @iqution QSA ses respetivelyX 

∆meq COOH = -6.39e 20 ∆Φ 4 2 + 3.38e 14 ∆Φ 3 2 + 1.29e 11 ∆Φ 2 2 -1.49e 6 ∆Φ 2 -0.02. @QRA ∆meq COOH = 1.427e 28 ∆Φ 5 2 + 1.514e 23 ∆Φ 4 2 + 5.59e 17 ∆Φ 3 2 + 1.04e 12 ∆Φ 2 2 -1.01e 6 ∆Φ 2 + 0.021.
A m =       0.9556 0 -0.0012 0 0.9640 -0.0139 0 0 1       , B m =       0.0004 0.0012 0.0032 -0.0035 0 0       @QTA
Comparison between the PI, the LMPC and the NLMPC rious levels of positive nd negtive perturtions were supposed to our in the inlet )owsF 17 e dded positive perturtions in the rnge of I to IH mmol kg -1 together with di'erent negtive perturtion levels @EI to ES mmol kg -1 A to the nominl vlue whih is equl to 5 mmol kg -1 F he responses of the s ontrollerD the xvwg nd the vwg strtegy to these perturtions were studiedF IW he s tuning prmeters were determined following the gohenEgoon tuning method tht ws found to give etter performne ompred to others methodsD like yreusEvuyen 

τ X 2 [-] X 2 LMPC X 2 PI X 2 NLMPC X 2 set 20 25 0.6 0.7 τ X 2 [-] X 2 LMPC X 2 PI X 2 NLMPC X 2 set ∆meq COOH = +10 ∆meq COOH = +8 ∆meq COOH = +2 ∆meq COOH = +5
pigure RX ime evolution of the X 2 for di'erent levels of positive disturnesF PH pigure UX ime evolution of ∆Φ 2 for di'erent levels of negtive disturnesF Conclusions sn this workD three ontrol strtegies were employed to ontrol highly nonEliner ve proessF his retion is sensitive to impurities @mostly present in the monomer feedAD so it is neessry to develop ontrol strtegy for reovering the nominl operting onditions when ny disturnes ourF he ojetives of the ontrol re linked to the produtivity of the proess @monomer onversionA nd to the qulity of the produt @verge moleulr weight of the polymerAF hese outputs my e ontrolled through the mnipultion of PP oth tlyst nd oEtlyst feed rtesF ine the inputsGoutputs re highly oupled nd the system is sujet to di'erent onstrintsD more dvned ontroller like xvwg nd vwg is requiredF hese two strtegies were ompred to s ontroller whih ws modi(ed to del with the ouplingF 8 he vwg ws found to reover nominl stedy sttes erlier thn oth the s ontroller nd the xvwgF he use of redued model insted of the omplex modelD whih is the se for the xvwgD llows to redue the simultion time nd thus the possiility of the implementtion of the vwg on lineF sn this proessD disturne estimte is needed to improve the vwg ehviorF ine mny types of disturnes n ourD it is di0ult to mesure themF oD simple estimted eqution ws used to pproximte these disturnesF iven if this estimted disturne is not extly the sme s the rel oneD the vwg mnges to restore the nominl onditionsF Supporting Information uineti sheme of the ltide ring opening polymeriztion @if negleting ded polymer hinsA nd herivtion of the moments of the polymer moleulr weightF 

  re the length of the loop retor nd the monomer onversionD respetivelyF η nd η ref re the visosity nd the referene visosity respetivelyF p 1 nd p 2 re prmetersF M w,ref D RD T nd T ref re the referene verge moleulr weight of the polymerD the universl gs onstntD the temperture nd the referene temperture respetivelyF Initial and boundary conditions le P summrizes the initil nd the oundry onditionsF snitillyD the retors ressumed to e full of monomer onlyF he oundry onditions inlude the inlet )ow rtes of monomerD tlystD oEtlyst ndD s ontminntsD id nd hydroxyl funtionlitiesD introdued into the (rst retorF e ssume tht oth hydroxyl nd idi impurities n e present in the monomerD where the frtion of hydroxyl impurities to idi impurities is equl to α @αaHFSAF uh impurities led to the prodution of dormnt speies @

  e nonEliner predition model of the proess ws employed in our work previouslyD 17 whih leds to xonEliner wg @xvwgAF et eh smple time N S the future sequene of mnipE ulted vriles ws determined through solving the optimiztion eqution @iqution PPAF he min disdvntge of xvwg is the omplexity relted with the resulting nonEliner optimiztion prolemD whih must e solved t every smpling timeF husD it demnds very lrge omputtion time nd the onvergene is not ensured for some model struturesF hereforeD redued liner model is onsidered in this work nd inorported into the wg strtegy @vwg seA in order to redue the omputtionl ostF sn this seD n expliit solution of the prolem n e found whih redues the lultion timeF Linear Model predictive control (LMPC) IF Linear Model reduction e liner predition model w is onsidered in this pper to desrie the evolution of the nonE liner disreteEtime stte spe model nd thus to desrie the in)uene of the two inputs vrition (U = [∆u 1 ∆u 2 ] T = [∆ppm cat ∆meq ROH ] T A nd the min disturnes @whih re due to ∆meq COOH )D on the two outputs vrition (y m = [∆y 1 ∆y 2

  the stte vrilesD the inputs nd the outputs respetivelyF A m D B m nd C m re stte mtries with dimensions R n×n D R n×r nd R m×n D respetivelyF he nonEliner model of the proess presented y iqution IEiqution II is used to generte input-output dt to llow estimting the model prmeters of the two mtries A m nd B m F his is done y vrying the vlues of the inputs u 1 D u 2 nd the min disturnes d round their nominl vluesF PF LMPC formulation o give the ontrol strtegyD the following nottions re used @ssuming N c aN p aN AX

  whih gurntees the existene nd uniqueness of the minimum of J(k)F he solution of the prolem tht minimizes J(k) in the sene of onstrintss on the input is given yXȗ(k) * = -(F U ) -1 F O(k) @QHAet eh smpling time N S D the optiml inputs re lulted on the whole horizonD ȗ(k) * D ut only the (rst element of this vetor is pplied to the proessF xote tht this lultion is relying on onstnt mtries tht only depend on the liner predition model wF st is worth noting tht we need longer predition horizon thn the residene time of the ve proess @in the (rst tuulr nd loop retorAD iFeF N p > (t R2 + t R1 )F his is due to the distriuted nture of the proessD whih mens tht this proess responds with dely to ny input hngeF oD oth vwg nd xvwg will e ine0ient if we vry the inputs without simulting the proess for signi(nt time periodD euse the inputs vritions will not hve relevnt impt on the outputsF hereforeD for oth vwg nd xvwgD the predition horizon N p is (xed t 40 minF le Q summrizes the di'erene etween the two strtegiesF he wevef optimiztion funtionD "lsqnonlin" ws employed in the xvwg se to solve iqution QIF IR le QX hi'erene etween the vwg nd the

(p 1

 1 +p 2 ) @QQA IS pigure QX he modi(ed s version used in the work of gost nd rommsdor'F 8 fy looking t iqution QQD ∆Φ set is the desired setEpoint just if X 2 equls to X 2set D otherwise the urrent setEpoint is dynmilly djusted whenever X 2 is di'erent from X 2set F his setion presented the priniples of the three ontrol strtegies employed to ontrol the ve proessF he s strtegy is esy to develop nd fst to omputeD nd n interesting modi(tion ws suggested to weken the oupling etween the inputs nd outputsD 8 however it nnot hndle ll the proess nonElinerity nd onstrintsF wodel preditive ontrol n hndle oupling etween the inputs nd outputsD proess nonElinerity nd onstrintsD ut it requires preise proess modelF pirstD we proposed to employ xvwgD where the riterion is strightforwrd to develop nd n e omputed using ville optimiztion routinesF e expet the omputtion time to e longer thn the s ontrollerD so re should e tken to ensure tht it is possile to relize onlineF sndeedD the nonliner optimiztion tskD is usully nononvexD for whih the optiml solution is not gurnteed nd it my use high omputtionl ostF o ope with this disdvntge of xvwg nd improve the optimiztion performneD vwg ws proposedF he vwg formultes the overll optimiztion tsk s liner nd onvex prolemF roweverD this requires to mke further lultion to linerize the model round the interesting operting pointsF elsoD note tht it is inpproprite to use liner models to represent very highly nonliner modelF IT Results and discussion Simulation Conditions he prmeter vlues of the model re given in le RF 8,21 he setEpoints re set sX the desired monomer onversionD X 2set D t the loop retor outlet equls to 0.6887 nd the (nl desired verge moleulr weight of the polymerD M w 3,out D t the third ontinuous retor outlet equls to 2 10 5 g.mol -1 F hese two onditions result in pressure dropD ∆Φ set D in the loop retor equl to 0.1419F et the following setionD we will plot the (gures s funtion of τ D whih is the diE mensionl rtio etween the tul time t nd the residene time in the loop retorD iFeFD τ = t/t R2 F por ll the senriosD t (rstD we simulte the ve model over 20τ until the nomE inl stedy stte is rehedD nd then stepEhnge in the idi impurity level ∆meq COOH is mde in the feedD whih mimis sudden impurity perturtion in the monomer onenE trtion @positive or negtiveAF le RX rmeters vlues of the y proessF Parameters values [unit] k

  equtions were then used for estimting the disturne one hnge in the outputs oursD whih then ws implemented in the vwg nd the xvwg strtegiesF IV st is ssumed tht only fter 15 min of its pperneD the disturne n e estimted for oth vwg nd xvwg strtegiesF his is euse efore 15 minD no impt on the output slopes ould e seenF oD during the (rst 15 minD u 1 nd u 2 were (xed t their nominl vluesF henD from t = 15 minD the xvwg optimiztion @iqution QIA nd the vwg sed on the identi(ed liner model re performed using the estimted perturtionsF Identication of the reduced model parameters sn order to identify the prmeters of the liner model @iqution PQAD the nonEliner proess model represented y @iqution IEiqution IIA ws simulted using the nominl feed vlues over 20 τ F henD multiple stepEwise hnges were relized in the two mnipulted vriles nd the idi impurity levelD round the nominl vlues to etter pture the ehvior of the two outputsF he generted input-output dt ws used to estimte the two stte mtries A m nd B m of the liner modelF his ws done y optimizing the error etween the outputs otined from the nonEliner nd liner modelsD using the routine 4fminun4 of wevefF he otined A m nd B m re s followsX

  positive perturtions re supposed to tke ple in the input )owsF pigure R shows omprison of the monomer onversion resultsD X 2 D provided y the modiE (ed sD the vwg nd the xvwgF prom these simultionsD oth the vwg nd xvwg strtegies pper to perform etter thn the s ontrollerF hey re le to rejet disturE nes etter nd reh the nominl stte fsterD even without diret mesurement of the disturnesF foth strtegies vwg nd xvwg mnge to reh the setEpoint X 2set t the sme timeF he output X 2 LMPC otined y the vwg strtegy hs slightly lower pek thn the one produed y the xvwg strtegy X 2 NLMPC F egrding the results of ∆Φ 2 otined y the s ontrollerD the xvwg nd the vwg re ompred in pigure S for the sme positive impurity levelsF his (gure demonstrtes tht the higher the disturneD the igger the pressure drop imptD ∆Φ 2 D s well s the more time it tkes to reh the nominl stteF he vwg strtegy performs muh etter thn the s ontroller nd the xvwg strtegy in this seD s it onverges fster thn they do with lower devitionF

  pigure SX ime evolution of the pressure drops ∆Φ 2 for di'erent levels of positive disturE nesF PFResponse to negative disturbances he response of the s ontrollerD the xvwgD nd the vwg to vriety of negtive perturtion levels ws lso onsideredF sn this seD pigure T shows tht the three proposed strtegies hve lmost similr ehvior in terms of X 2 monomer onversionF ell strtegies n rejet the perturtion within resonly short timeF he results of ∆Φ 2 otined y the three strtegies for the sme negtive impurity levels re ompred in pigure UF he drift of the modi(ed s ontroller is lerly lrger thn tht of the xvwg nd vwg strtegiesF endD the vwg strtegy gin gives etter ehvior thn the s ontroller nd the xvwgD with lower pek thn the other two strtegiesF enother dvntge of using the vwg is tht the time to exeute is low ompred to the xvwg strtegy @vwg @etween 27 s nd 32 sAD xvwg @etween 760 s nd 2730 sAF st ppers tht the xvwg tkes more time to e exeuted thn the vwg nd the s ontroller @etween 138 s nd 140 sAD this is due to the optimiztion routine whih is rried out t eh smpling timeF hus the need to pply the vwg to redue the simultion timeD nd it is therefore possile to perform it onlineF PI evolution of X 2 for di'erent levels of negtive disturnesF
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