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Abstract: Considers the synthesis of effective control algorithms for a chemical reactor, which is the main one in
the production of butyl alcohol. The method based on synergetic approach for transferring the apparatus from one capacity
to another (specified) maintaining the required quality of the target component is proposed in order to ensure the
stabilization of the concentration of target component at the outlet of the reactor under the conditions of uncertain
disturbances affecting to an object. A mathematical model of the process based on a stoichiometric matrix taking into
account the physicochemical properties of the process is developed. The control algorithm was synthesized by the method
of analytical design of an aggregate controller that provides the necessary property of a control system for a chemical
reactor. The mathematical model of the process serves as the basis for the selection of attractors of phase variables. The
proposed method for synthesizing a control system based on a synergistic approach has made it possible to better stabilize
the temperature regime of the process and the concentration of chemical reagents.

Keywords: synergistic synthesis, target component, asymptotic stability, stoichiometric matrix, method.

Aunnomayun: Bymun cnupmunu oauwida acocuil VpuH 32aiIUOUSAH KUMEGUL PeakmopHu OOWKAPUUHUHE
camapany aneOpumMMIAPUHY CUHmMe3 Kuiuwl macaranapu épumub Gepunean. Ob6vekmea HAOHUK 2aNASHIAAD MABCUP
KyPCcameanoa peakxmopHuHe YUKUmuOaey MaKcaoiu KOMNOHEHMIAPHURE KOHYEHMPAYUACUHY CMAOUIIAWHY MABMUHIAW,
UYHUHEOEK MAKCAONU KOMNOHEHMHUHS CUamuHu cakiad Koiean Xon0d KypuiMaHuhe oup uuiad duxapuul KyeeamuoaH
bowkacuea (bepuneanea) YmrasuuL yuyH cCUHepeemuK eH0auLy82a acocianean ycyn maxkaug smunean. Kapaénuune gusux-
KUMEUT XOCCANAPUHU UHOOAmMea ON2aH X0A04 HCAPACHHUHE CMEXUOMEMPUK MAMmpuyacuea acociaHeas Mamemamux
Mooenu uwinab uuxunean. Kuméeull peaxmopuune 60wKapuui CUCMEMACUHU 3apPYyPuill XOCCATAPUHU MALMUHIOEYU
OowKapuw anreopummu azpecamiaumupuIean pocmaaeuiaAapHy aHATUMuK JTOUUXanaul yCyau acocuod CuHmesnaHzaH.
JKapaénnune mamemamux modenu Gazosuil yzeapyguuiap ammpaxmopuHu mauiauwi Y4yH xuzmam kuiaou. Taxmug
KUMUHeAH ~CUHEpeemuK EHOawy8 acocuoa OOowKapuul MUSUMUHY CUHME3NAW YCYau KUMEBULl  peazeHmIapHUHe
KOHYEHMPAYUSCUHU XAMOA HCAPAEHHUHS XAPOPAM PENCUMUHU AHAOA cughamau 6apKapopiaul UMKOHUHU Oepalu.

Kanum cysnap: cunepeemux cunmes, mMakcaoiu KOMHOHEHM, ACUMAMOMUK MYPYHAUK, CMEXUOMEMPUK
mampuya, ycyi.

Annomayun: Paccmompenvi  6onpocbl  cunmesa IQPQEKMUBHbIX  AN2OPUMMOE  YNPABGIEHUS  XUMUUECKUM
Peaxmopom, AGNAWe20 OCHOGHbIM annapamoMm 6 ROIyYeHuu O6ymunogoeo cnupma. /[na obecneuenuss cmabunuzayuu
KOHYEHMPayuu yeneeo2co KOMHOHEHMA HA GblXo0e U3 pPeakmopa 6 YCIO8UAX Oelcmeus Ha 00beKm HeonpeoeieHHbIX
BO3MYWEHUNl, A MaKdce nepesodd annapama ¢ OOHOU NPOU3BOOUMENbHOCMU HA Opyeylo (3a0aHHYI0) C COXpaHeHuem
mpebyemozo Kauwecmea Yeieeo20 KOMNOHEHMA NPeoNodtCceH Memoo, OCHOBAHHBIU HA CUHEP2EMUHYeCKOM HNoOXode.
Paspabomana mamemamuueckaa modenb npoyecca HA OCHOGe CMEXUOMEMPUHECKOU Mampuybl ¢ Y4emom @usuxo-
Xumuueckux ceoticmg npoyecca. Cunmes ancopumma YnpAaeieHus OCYWeCmenancs MemoooM aHATUMUYecKO20
KOHCIMPYUPOBAHUA ASPeSUPOSAHHO20 pe2yamopa, obecneuusaroueco HeoOXo0umoe ceolicmeo cucmemvl YNpasieHus
Xumuueckum peakmopom. Mamemamuueckas Mooenb npoyecca Cryicunda OCHO8oU Ol 8b160pa ammpakmopos hazoevix
nepemennuvix. Ilpeonoscennviii cnocobd cunmesa cucmemuvl YNpasieHus Ha OCHO8e CUHEPLEMUYECKO20 NO0X00a NO380UL
bonee kauecmeeHHo cmabunU3UpOsams MeMnePamypHuill Pe’CUM NPoyecca U KOHYeHMpayuu XUMU4eCcKux peazeHmos.
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Introduction

One of the main apparatuses of food industry enterprises in the technological scheme for
producing butyl alcohol is a chemical reactor, the purpose of which is to ensure at its output a
predetermined optimal concentration value provided for in the technological regulations of the target
product. It is known that a chemical reactor is an energy-consuming object. In this regard, the
economic efficiency of the entire production largely depends on ensuring the normal functioning of the
chemical reactor and its performance. The main feature of chemical reactors as control objects is their
multidimensionality, as well as the uncertainty of the concentration of the initial mixture. Currently,
there are a sufficient number of publications related to the automation and control of chemical reactors,
the problem of the synthesis of control systems that ensure the maintenance of optimal operating
conditions, which has not been solved, is related to the complexity of the processes occurring in the
reactors. Modern complex systems of diverse nature constitute a complex of various subsystems that
perform certain technological functions and are interconnected by processes of intense dynamic
interaction and energy exchange of matter and information. The indicated super systems are nonlinear,
multidimensional, and multiply connected, in which complex transient processes occur and critical and
chaotic regimes arise. The control problems of such dynamic systems are very relevant, difficult and
practically inaccessible to the existing control theory [1].

A huge number of various chemical processes are implemented in the chemical industry and
related industries, differing in the type of chemical reaction, thermodynamic parameters, Kinetic
characteristics (conversion scheme, kinetic model), phase composition of the starting reagents and
reaction mixture, as well as the design and type of reactors [2]. In many cases, the reactor subsystem is
central in the general scheme for converting the starting reagents into target products and to a large
extent determines the resources and energy saving, the economic efficiency of the production process
as a whole, and the degree of satisfaction of consumer demand for certain products. In the class of
linear systems, to ensure robustness, adaptive automatic control systems with parameter adjustment,
inertialess state controllers, robust systems based on typical PID controllers, and fuzzy control systems
are used. However, these approaches are ineffective in the synthesis of control systems for essentially
nonlinear objects. The ADAR method, developed in the framework of the synergetic theory of control,
seems to be promising in this regard [3]. Synergetic methods based on nonlinear dynamics and
nonequilibrium thermodynamics allow both successful research of various chemical-technological
processes and efficient control of them [4].

Research Methods and the Received Results
A chemical reactor is a continuous capacitive apparatus operating in the polytropic mode
(Fig.1). As a model reaction, a liquid-phase series-parallel reaction of butyl alcohol hydroxyethylation
was chosen, which is of great practical importance [5]. The stoichiometric reaction equations have the
form:
CH; —CH, +C,4HgOH —% ,C,H40C,H,OH
0]
C,H,0C,H,0H +CQ2—9H2—>"2 C,H,0(C,H,0),H
© 1)
C,H,0(C,H,0),H +CH, —CH, —X ¢ ,H,0(C,H,0),H
\O/

For the mathematical formalization of the process, we introduce the following notation:
A-CQ2 ~CH,
0

50



MANAGEMENT OF TECHNOLOGICAL PROCESSES

B-C,H,OH ;
C, - C,H,0C,H,0H ; (2)
C, —C,H,0(C,H,0),H;
C,-C,H,0(C,H,0),H ;
Taking into account the notation (2), chemical reactions (1) will take the following form:
A+B—>C,

A+C, —>C, 3
A+C, >C,
Matrix of stoichiometric coefficients v,,i=19, j=14, The corresponding kinetic equations are

presented in Table 1.

Table 1.
Matrix of stoichiometric coefficients
Q. - /CHZ C,H,OH C,H,0C,H,0H C,H,0(C,H,0),H C,H,0(C,H,0),H
0
o, -1 -1 -1 0 0
o, -1 0 -1
@, -1 0 0 -1

The resulting matrix is a matrix of stoichiometric coefficients, which formally represents the
rate of change of the components of a chemical reaction. According to the law of the acting masses
and the matrix of stoichiometric coefficients (Tab.l), the kinetic equations corresponding to the
chemical transformation scheme (3) for the process can be expressed by the equations

@, =K CxCx,;
@, = K,CX,Cx,; (4)
), = Kk,Cx,Cx,;

where, ¢, - vector of molar concentrations of substances, mol/m®; k, —k,— rate constants (sec™)

chemical reactions of the corresponding direction.
The rate of change of each X; — component has the following form [6]:

9y, =—0,— @, — Wy,

9y, =@,
Oy, = & — @y, ®)
9y, =@, — s,
Oy, = @35
The kinetics of the reaction is described by a system of equations
%:—k1~x1~xz—kz-xl-xa—k3-><1-x4
B g (6)
%:kl-xl-xz—kz-xl-x3
ddit“:kz-xl-xs—ks-xi-x4
d(%:k3~x1-x4
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where X,, X,- are the concentrations of reagents A and B; X,, X,, Xs - concentration of reaction
products; k, , K,, k, —stage speed constants [7].

Glf “'[’-lr."z % % G} ] ng

inl
Xg

4 N\ 6.

|
A
V =x;
G,.x! —— k\

% »

Xy, Xy, Xy, Xy, X

Fig. 1. Flow scheme of chemical reactor.

The apparatus implements a three-stage series-parallel exothermic reaction:
A+B—%5C,, A+C,—2>C,, A+C,—8>C, @)
where A and B starting reagents; C,, C,, C, — reaction products; k, , k,, k; - stage speed constants.

The target component is the substance C,. Starting reagents A and B with concentrations x;, x;" —
served in the device in separate streams with costs G,,G,—and temperatures xJ*,xg” — respectively.
G,, — refrigerant consumption at the inlet and outlet of the apparatus; x;*,x, — refrigerant temperature
at the inlet and outlet of the apparatus; - mixture consumption at the outlet of the apparatus;

X, ,X,, X3, X, — component concentrations A, B, C, c, in the reactor; x; — the temperature of the
reaction mixture in the apparatus; V = x, — apparatus volume; G, — shirt refrigerant volume [8].

The mixture from the reactor is taken by the pump. Since an exothermic reaction proceeds in
the apparatus, a coolant is fed into the reactor jacket to cool the reaction mass [9].

A mathematical model of the dynamics of a chemical reactor consists of material balance
equations for each component in the reactor, heat balance equations of the reaction mixture and the
coolant in the shirt:
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%:R1+Gl'xlin_e'x1’
dt \ Vv
%:R2+GZ~X'2H_&

dt Vv v 8
dx, G- X, ()
—2 =R, -
dt \Y
dA:R4_G'X4Y
dt \Y

%_Gl-x;”1+62-xé"2_G 'XG+AH1'k1'X1'X2+AH2'k2'X1'X3+AH3'k3'X1'X4_KT’FT'(X67X7)

dt % % % p-C V.p-C
dﬁ_Gr.x;“_Gsv.x;””+KT.FT.(XG—X7)

Y vV V,-p,-C

r r

where R, ==Ky X, X, =K, - X, - X5 —Kg - %, - Xy, R, =—kK, - X, - X, Ry =Ky - X, Xy =Ky Xy - X5 Xy s
R, =Kk, - X, - X; —K; -, - x, — Is the rate of reaction on components. AH,,i =1,...,3—thermal effect of the
corresponding reaction stage; k., r. - heat transfer coefficient through the wall and heat transfer
surface of the apparatus; p,c - density and heat capacity of the reaction mixture; p ,C, - density and

heat capacity of the refrigerant.

Analysis of the ODE system (8), which describes the dynamics, shows that the object is
multidimensional, nonlinear, and multiply connected. Suppose that, based on the conditions of
physical feasibility, the flow rate of the input stream of reagent B and the flow rate of the refrigerant,
i.e.u =G, u,=G,.

The system of equations of the model will take the form:

dx G, -x" G-x
71:R1+ 1M 1Y
dt \ \
%: Z_G‘X2+X72'U11
dt \ \
dx3_R G- X, )
3R, - ,
dt V
dx G-x
Pa_g 2
dt \
dx; G,-x" G 'Xe+AH1~k1-x1~x2+AH2-k2~xl-x3+AH3-k3-x1-x4_KT~FT~(x6—x7)+-xg"2’u
dt v v p-C V.p-C v v
dﬁ_ KT~FT~(XG—X7)+(X;""1’—X7).U
- 2
dt Vl'.pl'.cf Vr

The flow of the initial reagent G, - at the input to the device is suggested as the control effect
for the volume regulation. In addition, one should also choose the control for stabilizing the
concentration x, at the given degree under the action of disturbances. The analysis of the structure of

equations of mathematical model of reactor (8) shows that variables x, and X, may act as the internal

controls and the direct external effect can be performed only on x, by the change of the consumption
of initial reagent G, at the input to reactor. Thus, the control channels of the concentration of the target
component and volume of the mixture in the device are represented as follows: u, — x, — x,,u, — X,
where U, =X, U, =X, [9].

The use of synergism ideas in the problems of control assumes the development and realization
of the directed target self-organization of object-regulator dissipative nonlinear systems. Furthermore,
the aim of the motion of system is formulated as the desired invariant manifold in phase space of

object, which acts as a target attractor. These and other factors determine the creation of an effective
control system, taking into account the features of the current state of the technological process [10].
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In general, the problem of synergetic synthesis of the control system is formulated as follows:
the control principle, u :(ul,...um)T, should be determined as the function of state variables of object

u, =(U,,..u,), - u, =(u,..u ), which transforms the representative point of system in phase space from
the random initial state to the environment of the given invariant manifolds v/ (X..., X, =0, S
=1,..., m and subsequent motion along the intersection of manifolds to somewhat stationary point or to
somewhat dynamic mode [11].

Macro variables  /(X..., X, must satisfy the functional equation T,y (t)+y,(t)=0, (10)
which at ¢(y)y >0 and T > 0. Because the mathematical model of object (8) contains two external

controlling effects u, =G, and u, =G,, we use the ADAR method on the basis of parallel-series

combination of invariant manifolds [13].

Let us introduce aggregate macrovariables to consideration, the first of which determines the
relationship of x with controlled variable x and the second reflects the technological requirement to the
volume of reaction system as follows

W1:X4‘Y4x Wy =X+ V- (X) (11)
where v(X;) is somewhat function, which should be determined at subsequent procedure of synthesis.

Macrovariables (11) should follow the solution of principal functional equation of ADAR method (10).
Let us introduce the macrovariables and of equation (11) to functional equation (10) for the

synthersis of control principle, U= (ul,...um)T . As result, we obtain the following equations [14]:

dx —
'y _x =0 and dx; , ovy dv, =0. 12
Tldr+x4 X, =0, T{dﬁaxe ge | X e 0 (12)
We obtain the following relationships for the control principle from equations (12):
X—=X) =
o =% 5, (13)
Ty
U = (X +v)X Rx. Gx ov, (Ry-X,-%5-G)
2 in N i o in
Tz - X7 X7n X;n axe X1
150 8 : : : : :
SR S B v A e
(130 / : | | | | |
:_, é 4,,,,,,,,,,,,,,,,,,,:, ,,,,,,,, S S ESpp
120 Y O
/ YR f £ NN S N —
110 | | | |
1005 50 100 150 200 250 300 O 50 100 150 200 250 300

t, MEH t, MHH
Fig. 2. Transients of the output variable and control at the initial deviation of state variables from statics:
1 - the first embodiment of the control algorithm, 2 - the second option.

As a result of simulation it was found that the closed-loop control system does not have a static
control error when uncontrolled parametric and signal disturbances act on the object, changes in the set
actions and the initial conditions deviate from static values when implementing the version of the
control law that provides only for partial measurement of the object state variables. Fault detection
schemes which are based on residualgeneration between the measured and some estimated process
states require the investigation of mathematical models of the process [15]. Figure 1 shows examples

54



MANAGEMENT OF TECHNOLOGICAL PROCESSES

of transients in a closed system “chemical reactor - non-linear robust controller” with an initial
deviation of the state variables of the object, which corresponds to a disturbance in the region of large
deviations from the equilibrium state. The deviation of the state variables of the object from the values
in statics can be caused by any parametric or signal disturbance, which leads to the exit of the object
from the desired equilibrium state [16]. In this case, the control system must ensure the transfer of the
object to a given final state, determined by the required temperature.

Conclusion

The problem of analytical synthesis of nonlinear control laws, which stabilizes the temperature
and concentration of the process in the chemical reactor by means of synergistic control methods, is
solved. Computer simulation of the object-regulator isolated system confirmed these properties of
synthesized control system as the ability to switch chemical reactor from one mode of work to another,
disturbance invariance, covariance to the given actions, and asymptotic stability. These facts make
synergetic control theory very promising applied to such complex, manifold, and nonlinear objects of
chemical engineering as chemical reactors. The results of studying the generalized system properties of
the object allow solving the synthesis of the control system in various fields. In other words, they
allow the formation of different types of topological structure of future management systems.
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