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OINTUMAJIBHOE YIIPABJIEHUE CTALIMOHAPHBIMU PEXKUMAMUA
PEKTU®UKAIIMOHHOMN KOJJOHHBI HA OCHOBE HEJIMHEVMHOW MOJEJIN
OPTIMAL CONTROL OF STEADY-STATE REGIMES OF A RECTIFICATION
COLUMN BASED ON A NONLINEAR MODEL

AnHOTanusi. B wuccienoBaHuy 3a7ada ONTUMAIBHOTO YINPABICHUS CTAllMOHAPHBIMU
pexuMaMu (pYyHKITMOHUPOBAHUS PEKTH(PUKAIIMOHHONW KOJOHHBI (DOPMYJIHUPYETCS KaK ONTHMHU3AIUS
OHCPICTUYCCKOI0 HJIM SKOHOMHYCCKOI'O0 KpUTCpUA IIPpHU HEJIMHENHEBIX OrpaHU4YCHHUAX MOACIIN.
CTaI_II/IOHapHOC IMOBEACHNE KOJIOHHBI OITUChIBACTCA MAaTEPHUAJIIBHBIMU U KOMIIOHCHTHBIMU 6aJ'IchaMI/I,
COOTHOILIEHUSIMH TIOTOKA Ha Tapeikax, (pa3oBbIM paBHOBECHEM M YHEPTETHUECKUMH ypaBHEHHSIMU,
YTO MPUBOAUT K MHOTOMEPHOM HEJIMHEHHONW CHUCTeME YypaBHEHUW. B CBS3M ¢ CHUIIbHOMU
HEJTMHEHWHOCTHIO, BBI3BAHHON 3aBHUCUMOCTBIO (DAa30BOTO paBHOBECHS OT TEMIIEpaTyphl U COCTaBa,
npeaiaracTcsa alrpoKCUuManusa 3TOIo 0JI0Ka C WHCIOJIB30BAHUEM HeﬁPOHHOﬁ CCTH B paMKax
ruOpuaHoN Moxenu. Jlns moajepkaHus ONTHUMAJIbHOTO pPEKKMMa IPU HAIMYUU BO3MYIIECHUN
IPUMCHACTCA MCXAHU3M HAa OCHOBC CKOJIB3ALICTIO PCXKHUMaA B pCaJIbHOM MacIirtade BPCMCHHU. Taxoi
MIO/IXO0JT MTO3BOJISIET OTCIIEKHUBATH SKCTPEMYMBbI 0€3 M3MEpPEHUsI IPOU3BOJHON LIEIEBOM (PYHKIMM U
IOBBIIIACT DHEPTCTUICCKYIO U SKOHOMHYCCKYIO 3(1)(1)CKTI/IBHOCTB pa6OTI>I KOJIOHHBEI.

Abstract. In this study, the problem of optimal control of the steady-state operating modes of
a distillation column is formulated as the optimization of an energy or economic criterion under
nonlinear model constraints. The steady-state behavior of the column is described by material and
component balances, tray flow relations, phase equilibrium, and energy equations, resulting in a high-
dimensional nonlinear system of equations. Due to the strong nonlinearity caused by temperature—
composition dependence in phase equilibrium, the approximation of this block using a neural network
is proposed within a hybrid modeling framework. To maintain the optimal mode in the presence of
disturbances, a mechanism based on a sliding mode in real time is used. This approach enables
extremum tracking without measuring the derivative of the objective function and improves the
energy and economic efficiency of the column’s operation.

KiroueBble cioBa: PexTHduKanvoHHAas KOJOHHA, CTAIMOHAPHBIN DPEXUM, HEJTHMHEWHas
MOACIb, HeﬁpOHHa}I CCThb, YIIPABJICHUEC CKOJIL3AIIUM PEIKUMOM.

Keywords: Rectification column, steady-state regime, nonlinear model, neural network,
sliding mode control.

Distillation columns are the principal units used for separation and purification in the chemical
and petrochemical industries. Since the high degree of separation required in such columns is usually
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achieved through a significant reboiler heat duty, the optimal selection of operating conditions
becomes a critical factor from the perspectives of both energy efficiency and economic performance.
The steady-state representation of a distillation column is formed by the simultaneous solution of
total and component material balances, tray-to-tray flow relations, phase equilibrium equations, and
energy balance equations. Depending on the number of trays in the column, this structure leads to a
high-dimensional system of coupled and nonlinear algebraic equations. The primary source of
nonlinearity arises from phase equilibrium relationships. Consequently, steady-state optimization of
the column essentially becomes a nonlinear constrained optimization problem in which the objective
function must be optimized subject to these nonlinear relationships [1-8].

The objective of this study is to justify the optimal control of steady-state operating modes of
a distillation column. As a result, a mathematical framework is proposed that enables both the
computation of the optimal operating regime and its maintenance under disturbances, ensuring
improved energy efficiency and economic performance. The problem of optimal control of the static
operating modes of a distillation column can be formulated as the optimization of a nonlinear system
of algebraic equations according to an economic or energy performance criterion. The steady-state
behavior of the column is described through material balances, component balances, phase
equilibrium relations, and energy balance equations.

The tray-by-tray material balance for the i-th stage of the column is written as

LiviXiv; +VieiYiog + Fizi = Lix; + Viy; 1)

When this system is written for all trays of the column, a high-dimensional nonlinear system
of equations is obtained. Phase equilibrium in real systems exhibits nonlinear behavior due to the
non-constant nature of relative volatility. In a simplified form, it can be represented as

ax;

Yi = Fahm ()
However, in a more general formulation, the distribution coefficient is written as
yi = Ki(Ti, Py, x;) x; 3

(T ) pSAt .
where Ki:w_

P
The functions y; and P%are strongly nonlinear. Therefore, approximating this part of the
model using a neural network becomes an effective approach:

(xi, Ty) = Fyn 1) 4)
The neural network is represented in a two-layer feed-forward structure as follows:
n
1 1
hj =g, < - Wj(i)xi+wj(0)) (5)
14
2 2
]:
The parameters of the network are determined by minimizing the error function:
EW) =520 1 y@®,w) —9® |17 ™

This hybrid modeling approach allows the preservation of the physical structure of the
distillation model while replacing the most computationally demanding nonlinear relationships with
data-driven approximations.

The optimization update step using the gradient descent method is given by

w(@+) = @ — nVE(w®) 8
Accordingly, the steady-state model of the column can be written in the general form:
F(x,u, Fyy(x)) = 0 (9)

where x is the state variables (tray concentrations, temperatures), and u is the manipulated
variables (reflux ratio, heat duty, etc.).
The reflux ratio is defined as

gMemz{yHaponHmﬁ HayuHbIi xKypHan "®narman Hayku" Ne3(38) Maprt 2026
www.flagmannauki.ru | 8(812)9052909 | info@flagmannauki.ru



PA3JIEJI: nxeHepHOe 1e10, TEXHOJIOTUN U TEXHUYECKUE HAyKU
Hamnpasnenune: TexHnueckrue HayKu

R="2 (10)
and the reboiler heat duty can be approximately expressed as
Qreb ~ VN/1 (11)
The objective function for minimizing energy consumption is taken as
J = Qren (12)
or, in an economic formulation, as
I =ppD +ppB — ppF — peQre» (13)

These expressions serve as the basis for formulating the optimization problem for the column's
steady-state operation. The static optimization problem is formulated as:
rghn J(x,u) (14)
subject to the constraint F(x,u, Fyn(x)) = 0.
The Lagrange function is written as

L(x,u,A) = J(x,u) + ATF(x,u, Fyy(x)) (15)
and the necessary optimality conditions are given by
V,L=0V,L=0, F(xuFyx)=0 (16)
The Jacobian matrix
]
Jr=5% (17)

can be used to analyze the local stability of the system and the sensitivity of the solution. If
the condition det(Jr) # 0 is satisfied, then the steady-state point is locally unique. Therefore, the
problem of optimal control of the static operating modes of a distillation column is essentially an
optimization problem of a high-dimensional nonlinear algebraic system.

The optimization problem is formulated as

min (V) = ~P(V) (18)
The necessary condition for the optimal point is
J=0 (19)

However, this criterion function is nonlinear in nature, and the extremum point shifts as the
feed composition changes. Therefore, the function V,,, = V;(z¢) is nonlinear, and classical fixed-
parameter optimization approaches do not provide sufficiently reliable results. In this context, a Real-
Time Optimization system based on sliding mode principles provides an alternative and more robust
approach. In this method, the optimization problem is expressed as

J=-P(V),V=u (20)
The sliding surfaces are defined as
O'[=€,O'2=£+6 (21)
where € = g — J and the reference signal dynamics are defined as
% — —pay0; + h(0},02) (22)
The control law is chosen as
u = uy,sign(a;a,) (23)

This mechanism ensures that the system moves toward the extremum direction without
directly measuring the derivative of the objective function. In sliding mode, the system becomes less
sensitive to uncertainties and parameter variations, ensuring stable convergence toward the optimal

point. In this case, the condition must be satisfied:

aj ov
PR (24)

This condition ensures that the system enters the sliding regime and maintains stability. When
the feed composition changes, the optimal boil-up value also shifts. However, the sliding mode
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mechanism automatically tracks this new optimal point, allowing the system to operate stably even
under non-stationary conditions.
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