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CUHTE3 HEJIMHEVWHOT' O AJITOPUTMA YIIPABJIEHUSI XUMUYECKHUM PEAKTOPOM
C UCIIOJIB30BAHUEM CUHEPI'ETUYECKOI'O IIOJAXOJA

B pabome pewena 3a0aua ananumu4eckozo0 CUHmME3q CUHEPZEMUYECKOL CUCIEMbL YRPAG-
JICHUSA XUMUYECKUM PEAKmMOopPOM 0713 Peanu3auuu CJ10M4CHOI NOC1€008AMeNbHO-NAPAINETbHOU IK-
30mepmuueckoil peaxyuu. Cunmes 3aK0H06 YNPAGIEHUA OCYUWLECMEIACHICA C UCHOIb30CAHUECM
Memooa AHANUMUUECKO20 KOHCIPYUPOGAHUA AZPEUPOBAHHBIX PE2YSIAMOPO6. XUMUYECKUIl PeaK-
mop AGNAEMCA 0OHUM U3 OCHOGHBIX ANNAPAMOE 6 XUmuueckoi npomviuiiennocmu. Hecmompa
Ha 3HAUUMENbHOE KOMUYECE0 PADOM , C6A3AHHBIX C AGMOMAMU3AYUEN U YRPAsieHUueM Xumuye-
CKUMU PeaKmopamu, npoodjiema Cunme3a cCucnem ynpasieHus, 00ecnequsarmux no00epiHcanue
ONMUMATBHBIX PEHCUMOE UX PADOMBL, OCAemcs 00 KOHYA He PEUEeHHOI. Imo 00vACHAem A oc-
HOBHOII 0COOEHHOCMbIO XUMUUECKUX PEAKMOPO6 KAK 00bEeKM 08 YRPAGIeHUA. MHO2OMEPHOCHIBIO,
HENUHENHOCMbIO U MHO20C8A3HOCHBIO. Bbix00om u3 0annoii cumyayuu agnaemca pazgumue Qu-
3UYECKOll meopul ynpaeieHus u ¢ YacCMHOCMU Cunepzemuyeckoil meopuu ynpasnenus. Ucnono-
306aHuUe udeil CuHepeMUKY 8 3a0auax YnpaeieHus npeononazaem paypadomyy u peaiu3ayuio
CnOCoOa HanpPaeIeHHON UeNe6oll CaMOOPZAHUIAUUY OUCCURAMUGHBIX HETTUHEUHBIX cUCEM “ 00b-
exkm—pezynamop”. IIpu smom yenv osusicenus cucmemot popmynupyemcs 6 euoe rHcenaemozo uH-
6APUAHMHO20 MH02000pa3us 6 (hazoeom npocmpancmee 00veKma, 6bliNOIHAIOWE20 PONb UeJle-
6020 ammpaxmopa. B pabome paccmompen xumuueckuii peakmop eMKOCHMHOZ0 MUna, CHadicen-
HbLIl MEXAHUYECKOU MEUAnKol U Meni1000mMeHHoll pyoaumkoi. Annapam ynxyuonupyem é no-
aumponuueckom pexcume. B peakxmope peanusyemcsa muozocmaduiinas nocinedosamebHo-na-
pannenvnan IKzomepmudeckan peakyus. Llenvro yHKYUOHUPOGAHUA XUMUUECKO20 PEAKMOpa
AGNACMCA NOYUEHUE Ye1e6020 NPOOYKMA 3A0AHHOU KOHYEeRmMpayuu. 3a0aua cucmembl ynpaeie-
HUA PeaKmopom 3aKii04aemcs ¢ CmaduIu3auuu KOHYeHmpayuu 1eiee020 KOMROHEHma u mem-
nepamypul peakyuoHHOU cMecu 6 annapame Ha 3a0aHHbIX 3HAYEHUAX 6 YCI06UAX OCUCEUS 603-
Mywienuii Ha 00vekm. Ucnonwv3ya memoo aHanumu4ecKko20 KOHCMPYuUpo8anus azpecuposannuix
Pe2ynamopoe Ha OCHOGe NAPAJLIENbHO—TOCIE006aNEIbHOI COBOKYNHOCIU UHEAPUAHMHBIX MHO20-
00pazuil, CHRMe3UPOBAH HEIUHEHHbLI A/IZOPUMM YRPAGIEHUA, PEULaioujiil 3a0a4y CIaduIu3auuu
KOHUEeHmpayuu yeneeo20 KOMnOHeHRma u memnepamypul cmecu. Komnviomepnoe mooenupoganue
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3AMKHYMOI cucmempl “ 00beKm—pezyiamop” noomeepouno makue c60lCmea CUHmME3IUPOBAHHOI
cucmembl ynpasienus, KaKk UHGAPUAHMHOCHb K 6OIMYWEHUAM, KOBAPDUAHMHOCHb C 3A0a10WUMU
6030elicmeuaAMY U ACUMRIMOMUYECKAs ycmoiuugocms. /lannvle 00cmoamensbcmea 0enaiom cunep-
2emuyiecKyio meopuio ynpaeienus 6ecbma NHePpcHeKMueHoll NPUMEHUMEIbHO K MAKUM C/IOMHCHBIM,
MHOZ0CBA3HBIM U HEJTUHEIIHBIM 00BEKMAM XUMUYECKOT MEeXHON02UN, KAK XUMUYUECKUE PEeaKmopbl.

KiroueBble c10Ba: aHATUTHUECKUI CUHTE3, CHCTEMA YIIPABJICHHUS, XUMUYECKUN peakTop, CHHEPTreTH-
Yyeckast TEOpUs YIPABICHHUS, KOMITBIOTEPHOE MOJICTUPOBAHHIE
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SYNTHESIS OF CHEMICAL REACTOR NONLINEAR CONTROL ALG ORITHM USING
SYNERGETIC APPROACH

The problem of analytical synthesis of synergetimntrol system of chemical reactor for
realization of a complex series—parallel exothermiahction has been solved. The synthesis of con-
trol principles is performed using the analyticakdign method of aggregated regulators. A chemi-
cal reactor is one of the common apparatuses in mheal industry. Despite a large number of the
works related to automation and control of chemiaalactors, the problem of synthesizing control
systems that provide the maintenance of optimal e®df their operation remains practically un-
solved. This is related to the principal feature dfiemical reactors as controlled objects, namely,
manifold, non-linearity, and multi-coupling. An oudome from this situation is to develop a physical
theory of control, in particular synergetic contraheory. The use of synergism ideas in the prob-
lems of control assumes the development and reébraof a method of directed target self-organ-
ization of dissipative non-linear systems “obje@gulator”. Furthermore, the aim of the motion of
a system is formulated as the desired invariant rifald in a phase space of the object, which acts
as atarget attractor. The paper deals with contous stirred tank reactor equipped with a mechan-
ical stirrer and cooling jacket. The reactor opeest in the polytropic mode. The multistep series-
parallel exothermic process is carried out in theactor. The objective of chemical reactor opera-
tion is to obtain the key product of specified cemtration. The aim of chemical reactor control
system is to maintain both concentration of desirngduct and temperature of reaction mixture
in the device at the given values under the actardisturbances on the object. Using the analytical
design method of aggregated regulators on the basiparallel-series combination of invariant
manifolds, a non-linear control algorithm was syn¢isized, which solves the problem of stabiliza-
tion of the concentration of the target componenté&himixture temperature. Computer simulation
of the object—regulator isolated system confirmbeéde properties of synthesized control system as
the disturbance invariance, covariance to the givaations, and asymptotic stability. These facts
make synergetic control theory very promising fop@ication for such complex, manifold, and
nonlinear objects of chemical engineering as cheaticeactors.

Key words: analytical synthesis, controlled system, chemieattor, synergetic control theory, com-
puter simulation
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INTRODUCTION jective functional (1). The condition of asymptasie-

During the step of the design of chemical prapility of the entire system generally has the fargnO0.
duction, which is related to the conversion ofiatit The efficiency of the method of analytical de-
substances to final products, the problem of optimaign of control algorithms for nonlinear objects by
synthesis of a reactor unit and problem of synthesi means of synergetic principle (the method of aizjt
the process control algorithms should be solved; arflesign of aggregated regulators (ADAR)) is shown in
at the step of industrial operation, the sub-pnobté  [13-16].
organization of optimal functioning of the objecider In this work, the problem of synthesis the ef-
the effect of parametrical and signal disturbamoast ~ fective control algorithms for the chemical readtor
be solved too [1-5]. the realization of the complex series-parallel tieac

Despite the large number of the works relatelg stated. The synthesized control system showdé pr
to the automation and control of chemical reaciérs Vide stabilization of the concentration of the &irg
9], the problem of control systems synthesis that p component of a chemical reaction in the apparattis o
vide the maintenance of optimal modes of their worflow and mixture temperature in the apparatus under
remains practically unsolved. This can be explaimed the action of disturbances on object.

the principal features of chemical reactors asrotiat OBJECT DESCRIPTION AND STATEMENT
objects, namely, manifold, nonlinearity, and multi- OE CONTROL PROBLEM
coupling.

A possible outcome from this situation is to de- . A ch_emlcal reactor is a yolume-type apparatus
velop a physical theory of control, in particulgner- equipped with a mechanical stirrer and cooling ¢ack

getic control theory, the principal features of @i (Fig._ 1). Itis functioning in the polytropic r_nod*éhe
were formulated in [10-12]. multistep series-parallel exothermic reaction of-ox

The use of synergism ideas in the problems ﬁ')thylation of butyl alcohol is occurs in the reachs

control assumes the development and realizatitimeof llows:
directed target self-organization of “object-regata A+BD - R, A+R OB~ P, A+R 08P,
dissipative nonlinear systems. It is supposed it whereA andB are the initial reagent®;, P2, andPs
aim of a system motion is formulated as the desired are the products of the reactidaq, k., andks are the
variant manifold in the phase space of an objekichv rate constants of the stages. The key compond™t is
acts as a target attractor [12]. substance. The initial reagemsandB are fed to the

In general, the problem of synergetic synthesigevice by separate flows.
of the control system is formulated as follows: ¢ba-
trol principle,u = (U, ..., Um)" should be determined as 0. x.my ind o v, x Py 2

. . . [t (] 272 6

the function of state variables of objegx, ..., X), ..., <
Um(X1, ..., Xa), Which transforms the representation point
(RP) of a system in the phase space from the random
initial state to the neighborhood of the given inaat
manifolds ys(xs,..., X)) = 0,S=1,...,m, and subse-
quent motion along the intersection of the mangatu
any stationary point or to any dynamic mode. In the
given relationshipg) is the dimension of the state vec-
tor andm is the number of external controls. On the 0 X; X, X X, X5 Xg
trajectory of the motion, the minimum of the criter
of optimality of systemJ) must be reached and its sta-
bility should be ensured as follows:

coolant in

Fig. 1. The schematic diagram of chemical reactor
Puc. 1.IlpuHuunuansHas cxeMa XMMHUYECKOTO PeakTopa

A, ~InFig. 1, the following nomenclature is used:
J =_[ DI Tew s+l ||dr. (1) %™, x" are the concentrations of initial reagentsp;
0| s are the flow rates of initial reagentg™, xs" are the
The motion of RP in the phase space followsemperatures of initial reagents”, x; are the coolant
the functional equation temperatures at the inlet and outlet of reactois the

TYs+yYs=0,S=1...,m, (2) coolant flow rate at the inlet and outlet of reacke is

whereTs is the time constant. This is the equation dhe temperature of reaction mixture in the apparatu
the stable extremal, which gives minimum to the oS the use of reaction mixture on the exit fromidey
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X1, X2, X3, X4, aNdXs are the concentrations of compo- The analysis of structure of the set of equations
nentsA, B, P4, P,, andPs in reactor)V is the volume of of mathematical model of reactor (3) shows that-con
reaction mixture in the operating volume; ands the trol parametetn acts on variable, directly. The con-
volume of coolant in jacket. trol parameteru, acts on the variables indirectly
The objective of chemical reactor operation ishrough the variable;. Thus, the control channels for

to obtain the key component of specified concentréiie concentration and temperature of reaction mextu
tion. Therefore, the aim of chemical reactor cdntrdn the apparatus can be represented as followsxa,
system is to maintain both concentration of desirag—X;—Xs.
product and temperature of reaction mixture at th%YNTHESIS OF CONTROL PRINCIPLES BY MEANS
given set points (values) under the action of distu OF ADAR METHOD
ances, i.ex, =x,, x; =%, wherex, and x, are the
S\I/\:ael)r/] V?:]léeﬁgvzcr(;?ge;tﬁtéoﬂfﬂg? ;tggng[;enrﬁa gjr:ge&eesp (3) contains two external control parameters v2 and

' Uz = oc, We use the ADAR method on the basis of par-

coolant flow ratey. at the input to the device are chosen’

as the control parameters for concentration ang allel-series combination of invariant manifolds J12
'P . The procedure for synthesis the control princige-c
ature regulation, respectively. , f the followi he fi ih
The mathematical model of chemical reactosrls'[S of the following steps. Atthe first steps thvar-
) ) lant manifolds are considered as shown below:
has the following form;

ws(Xy,....x7) = 0,S=1, 2,

Because the mathematical model of the object

LLL R+M,-hbx-hxy which determines the given relationships between
drt phase coordinates of object, which, in turn, refielce

ax _ R -bx+(M -bhx)y features of the controlled object and requiremehts

dt ° designer to the system. The control principle=

dx, _ (us,U) " is synthesized so as to perform the transition of

dt R-bx-hxy the representation point of system in phase spaoe f

dx, arbitrary initial position to the intersection ofami-

E: R4_Q)§1_ Q)stq f0|dS,l/J;|_,2(X1,...,X7)=O.

q () Let us introduce two aggregated macro-varia-

a% _ R-bx-hxy bles, the first of which reflects the technological

ST guirement to the concentration of target component
% _ i and the second determines the relationshig; @fith

dr kXX + kX X+ kXXt D%+ controlled variables as follows: v

+B =B+ b) %+ (%7 - %) by Uy =Xy = Xg, Yo =% +V1(Xs), (4)

dx, " wherevi(Xs) iIs somewhat function, which should be de-

a1 - P = %) + Iy X = %)Y, termined at subsequent procedure of synthesis.dvacr

whereR = -k XX, — KX X, — K.xX,, R, =— 1 variables (4) should follow the solution of prinaip
R =k 2_X1 R e functional equation of ADAR method (2).

Rs = kXX, = KpXyXg 0 Ry = KoXoXg = KX Xy Re = kXX, Let us substitute the macro-variabjesandy.
is the rate of reaction for componenis; =u,x"/V; of Eq. (4) to the functional equation (2) for thyathe-
M, = Xizn IV; b=UV.; b,=u/V; b,=1/V; sis of control principles = (U1, w)". As the result, we

, obtain the following equations:
@ =DH [(C),  1=1..3; B, =K. F [(pCV);

Tld_)(A+X4_X4:0

B, =K.F I(pCVN.); AH,, i =1..3 is the heat of re- dt
action for its corresponding stage,C are the density dx, . av, _dx _
and heat capacity of reaction mixtuge; C. are the E EJ'@GE tXv, =0

density and heat capacity of coolaKt; is the heat . - )
transfer coefficient;Fr is the heat transfer surface; Due to the equations of the object (3) these re

o _ lationships become:
k = k., lexd- E, /R(x6'+273), |.—L...3 is the re- T(R-bx- hxy)+ x-%=0
action rate constankjp, i = 1,...,3 is the pre-exponen-

tial multiplier of rate constanE;, i = 1,...,3 is the acti- T, {Bz(xs -x)+ B(¥ - x) Uﬁﬁfﬂ f+ (5)
vation energy;R is the gas constant; and = vy, 0Xg
Uz = vc are the control parameters. +B,%, + (X2 - x,) bg,Ul)J + %+v,=0

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. Z0Y. 60. N 2 41
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where f, = a kXX, + @ K, XX, +a KX X, + Final expression for the control principle
i1 u = (us,uz)" can be obtained by substitution of the func-
+bxg" = (B +10,)% - tion v, (10) and its partial derivativ@1/0xs to Eq. (6).
The following relationships for the control The parameters of the control law adjustment, which
principle follow from Eg. (5): affect the quality of the dynamics of the processes
W= (%, —%,) . R _b object-regulator isolated system, are the time teons
' Thx, bx h Ty, T2 andTs. The conditions of asymptotic stability
_ have the following formT.>0, T>>0, T5>0.
u. = (X7 _+V1) _ Bz()_(e X7) _ (6)
27 Th(X-x) B(X- %) RESULTS AND DISCUSSION
ov, | fo+Bx,+ (X" = x) bqu _ In order to verify the workability of the synthe-
e - sized control law for the chemical reactor, the eom
0% b4 = %) puter simulation of the object-regulator closedeys

Control parametens; andu; transfer the RP of was performed. Properties of the control systerh su
the system in the phase space to the intersectionag the disturbance invariance, covariance to thengi
manifoldsy, = 0 andy. = 0, where the relationshipsdisturbance, and the asymptotic stability of closgs
X, =X, , X7 = -v1 are realized and “the compression ofem were also studied.

phase space” can be observed, i.e., the decrease of

- X x,,mol/L X, °C
mension of the set of equations (3) occurs. Theequ
tions of decomposed system, taking into account the 0-63 ' ' ' ' 142
relationshipx; = -1, takes the following form: ‘_,,__\
dx 0.6521 141
g RtMmbx-hxy *4
X
d)(2 / 6
“Z=R b X +(M - hX)y R P 140
dX3 1 | | 1
— =R - - 0.65 139
dt R-hx-hxy (7) 0 100 200 300 400 500
dx _ 7, min
E - R‘" bz % Q %4 Fig. 2. The change in controlled variables afteritiflow v1 de-
_ crease (10%)
C(jj_)% =f 6~ [31\) .t (x'g2 - Xe) b3u1 Puc. 2. I3MeHeHHe perynupyeMbIX EpeMEHHBIX IIPH YMEHbIIIe-
T HUU pacxona v1 Ha 10%
The functionvi(xs) in the decomposed system . .
(7) can be considered as the “internal” controtjam u, L/ min U, L/ min
the action of which the motion of object (7) aldhg 4.5 l l l l 4
intersection of manifoldg: . = O takes place. X
At the second step of procedure, the investiga- P

tion of the expression fan(xe) is performed. For this
purpose, the aim of the motion of system (7) issabn

ered in the form of invariant manifold, which debes 3.5 ‘ u, 44
the technological requirement to the system asvial L /

W,=%X,—% =0 (8) 3 : : ' ' 0

0 100 200 300 400 500

Macro-variableys meets the solution to the

functional equationT,p, +y, =0. Taking into ac- 7, min

Fig. 3. The change in control actions after théoimfo1 decrease

count the relationship (8) and the model of decom- (10%)
posed system (7), it can be written as follows: Pric. 3. Howencrine YTIDAnIAOUUIX BOSACHCToI nph yMertpte
Ts(fe _:Blvl + (Xgnz _ Xe) b3u1)+ X, - %, =0. ) HHM Pacxo/a v1 Ha o
“The internal control” due to Eq. (9) can be The simulation was performed with the fol-
written as: lowing technological and design parameters of the o
-x) f 2 _ v \pu ject: V=500 L,Vc = 290 L,x," = 19.74 mol/Lx." =
Vg = (Xf;. ﬂxﬁ) +F6 (Xeﬁﬁmu y (10) =10.93 mol/Lp: = 1.5 L/minp, = 3.5 L/minp = 5.0 L/min,
L ! ! ve = 3.84 L/minxg" = 20 €, "™ =30 €, x/"=20 T,
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Kr = 12 kJ/(M min K), Fr = 2.9 n1, p = 0.9 kg/L, asymptotic stability. These facts make synergetitc ¢
C = 2 kd/(kg K),pc = 1 kg/L, C. = 4.18 kJ/(kg K), trol theory very promising for application to sumym-
AH1 = AH, = AH3; = 80 kJ/mol, activation enerdyi = plex, manifold, and nonlinear objects of chemiaal e
48635 J/mol, pre-exponential multiplier of the rew@- gineering as chemical reactors.

stantk: kio = 109860 L/(mol min), ratio of the rate con-

stants for consecutive stade& = 2,ki/ki = 2.5, given N_OMENCLAT.URE_

concentration of target componeqt= 0.652 mol/L, and ¥ — volume of reaction mixture in device, L;

. . . o Vc — volume of coolant in jacket, L;
the given temperature of reaction mixtue= 140°C.

v1, 02 — consumption of initial reagents on the entatdvice,
The parameters of adjustment of regulatorsTare L/min;
= 50 min,T, = 15 min, and’z = 15 min. v — consumption of reaction mixture on the exit fraractor,
In Figs. 2, 3, the examples of transient cor-/min; _ _
trolled processes in the object—regulator in thetesy ve— coolant flow rate at the inlet and outlet ofatea, L/min;
are shown. The simulation results presented heak di Ko @ndks — rate constants of steps, L/(mol min);

. . . : 10— preexponential multiplier of rate const&gt_/(mol min);
with the effggt Of. step d|sturba_nce with Changdso_wf Ry, Rz, Rs, andR4 — rate constant on components, mol/(L min);
v1. At the initial time the chemical reactor operaites

. ) : A u, Uz — controlling actions, L/min;
static mode. There is a step increase inflavat the yin yn _ concentrations of initial reagents, mol/L;

time pointz = 50 min. From this time the contr_ol Pa-xs", xs"2 — temperatures of initial reagents, °C;
rametersi; = 02 andu, = vc are computed according tox;" — coolant temperature at the inlet of reactor, °C;
Eq. (6). Then there are concentration and temperatu, Xz, Xs, Xa, andxs — concentrations of componen{sB, P,
control processes are in progress. In the courimef P2 andPs in reactor, mol/L; _
the controlled variables, andxs take desired values. Kt — heat transfer coefficient, kJmin K);
The steady-state error is zero. As follows fronsFy F1 — heat transfer surface’m
3, the synthesized control law of the chemical tarac 22 #¢~ densities of reaction mixture and coolant, kg/L;
! . . . . . C, Cc — heat capacities of reaction mixture and coolant,
ensures disturbance invariance with change inflpw

kJ/(kg K);
CONCLUSIONS AH1, AH, and AHs — heat of reaction for its corresponding

. . stage, kd/mol;
In this work, the problem of the analytical syng, g, andE; — activation energies, J/mol:

thesis of the control law of chemical reactor walsed R _ the gas constant, J/(mol K);
by means _Of the methods of synergetic theory. SQ"nth)_(‘l — given value of concentration of target comporraiol/L;
sized nonlinear control law solves the problemtafs _ _ _ _ _
bilization of the concentration of the target comgiot X — given value of temperature of reaction mixturefie
and mixture temperature under the action of disturbpparatus, °C;

ances in the object. Computer simulation of thectsj T, T2 andTs — time constants, min;

regulator closed system confirmed these propeofies® — ime, min.

synthesized control system as the disturbance iinvar

ance, covariance to the given actions (set poiatg],
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