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The object of this study is an effective
approachto designing automatic control systems
with amodel of complextechnological processes,
which include interrelated and complementary
stages from the formulation of the task to the
implementation of the control system at the
Jacility. It includes a set of measures, starting
with the analysis of the process in its hardware
design with the construction of an information
and logical scheme to the development of all
types of security and commissioning.

The main problem in the implementation of
a control system with a technological process
model is the limited ranges of adequacy of
mathematical models. Therefore, when
changing the load on the unit, changing external
and internal perturbations, it is necessary
to constantly ensure the necessary level of
adequacy of the models. It is proposed to use
a combined model as a mathematical model of
the control object, combining the advantages of
analytical and experimental-statistical models.
This makes it possible to significantly expand
the information base of the resulting model.
A simple and effective iterative algorithm
Jor calculating this model is also proposed.
It includes sequential steps to determine the
parameters of the model by basic dependences
(the deterministic part of the model), followed
by clarifying them according to the current data
Jrom the object (experimental statistical part of
the model). The effectiveness of the approach
is confirmed by the example of ASC TP of the
ammonia synthesis column. By improving the
accuracy of determining the control parameters
and narrowing the range of their change around
the optimal value, the volume of ammonia
release increases by 5—8 %.

The application of the described approach
on the example of the development of an
automatic control system for the technological
process of ammonia synthesis confirmed
the economic feasibility of implementing the
proposed solutions

Keywords: control system, control with
model, information-logical scheme, combined
mathematical model, algorithm, optimization
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1. Introduction

Modern chemical and technological processes are char-
acterized by a large number of high-tech equipment with
complex and multiple internal connections. Much of these
processes are continuous and multi-tonnage with a large
amount of energy and raw materials consumed. Despite the
study of existing technological processes and schemes, they
have an unrealized technological reserve. It can be used by
supporting the technological process under optimal con-
ditions of the required volume of production with minimal
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consumption of raw materials and energy under any loads
and any disturbances. It is impossible to solve such a complex
problem using typical automation solutions and relying only
on the experience of technological personnel. However, the
use of control systems with a model of technological pro-
cesses allows one to solve such a problem. Despite the large
number of works in this area, a unified approach with the
established principles for the creation of such systems has
not yet been proposed.

Ammonia production is a source of synthetic ammonia.
Ammonia is a raw material for the production of nitrate acid,




ammonium nitrate, urea, and other chemical products con-
taining nitrogen, and is also used in medicine, in agriculture
as a fertilizer, etc. That is why reducing the cost of ammonia
will reduce the cost of a number of its derivatives, and there-
fore increase their competitiveness. The cost of raw materials
in recent years in the world has been constantly growing,
which negatively affects the competitiveness of Ukrainian
industries, which are characterized by high consumption
of natural gas in the production of ammonia in particular.
It is necessary to solve the issues of more efficient use of
raw materials, energy resources, to carry out work on the
reconstruction and modernization of production. To do this,
it is necessary to increase the efficiency of technological pro-
cesses, including control systems. This problem is solved by
reducing energy and resource consumption. Positive results
can be obtained either by improving the existing one or by
developing a new management system.

At the same time, ammonia production is complex in
technological, hardware, and circuit solutions. It is charac-
terized by extremely high values of technological parameters
(temperature, pressure of reaction media), a large number
and interconnectivity of parameters. Therefore, when de-
veloping a mathematical model, it is necessary to solve the
non-trivial task of ensuring its adequacy with maximum
simplicity for effective implementation in control systems. At
the same time, it should be understood that the functioning
of the real technological process is associated with a change
in its parameters in a wide range. Therefore, enabling the
accuracy of the mathematical model of the process and its
adequacy is a separate complex task.

It should be understood that no mathematical model of
a physical system is absolutely accurate. It is possible to in-
crease the accuracy of the model, increasing the number and
complexity of equations. But at the same time, the form of
solving high-order equations will also depend on the values
of the coefficients of the model. This, on the one hand, makes
it impossible to use algorithms that will work automatically,
and on the other hand, it requires the use of approximate
solution methods, which significantly reduces the accuracy
of the resulting solution. That is, the model must be both one
that adequately reflects the behavior of the physical system,
and quite simple. Therefore, research into this area is relevant.

2. Literature review and problem statement

Maintaining the technological process under optimal con-
ditions with minimal consumption of raw materials and energy
under any loads and disturbances is a difficult task, which is
impossible to solve only with a typical approach to automation.

In [1], it is shown that adaptive systems make it possible
to accumulate and process information about the behavior
of an object in real time. This feature makes it possible to
reduce the shortcomings of the lack of information about the
system during its design, but in systems with extremely high
values of technological parameters (temperature, pressure
of reaction media), a large number and interconnectivity of
parameters do not solve the problem of optimal control.

In [2], it is shown that the collection of information from
standard sources in production does not always fully meet
the requirements of the development and design of modern
automation systems. In this case, it is advisable to apply the
collection and processing of expert information. Experts
involve specialists with significant practical experience and

knowledge of the studied technological process. But it is
impossible to solve a complex problem based only on the
experience of technological personnel.

Paper [3] proved the effectiveness of using models of the
second-fourth power for the development of mathematical
models of technological control objects in order to use these
models in automatic control systems. But these models re-
tain adequacy in fairly narrow load ranges on the synthesis
column and constantly need to be adjusted by recalculating
the coefficients of the model.

In [4], it is shown that the parameters of a complex object,
synthesis column, have complex and multiple internal con-
nections. Therefore, a change in the flow rate of synthesis gas
through any of the cold bypasses leads not only to a change in
temperature on the corresponding shelf but also to a change
in all costs through the physical channels of the column. That
is, by changing the flow rate of synthesis gas in the pipeline of
any of the cold bypasses of the column, the entire temperature
regime of the column will change, and, as a result, the concen-
tration of the target component at the outlet of the column.

In [5], it is shown that in order to achieve the maximum
possible production efficiency, synthesis gas costs should be
distributed in this way through the physical channels of the
synthesis column so that the concentration of the target com-
ponent at the outlet of the column is maximum. At the same
time, the temperature on the shelves of the methanol synthe-
sis column should not exceed the permissible value. But the
problem of creating a mathematical model and tracking the
current state of the control object and constantly comparing
the initial coordinates of the process, calculated according to
the object model, with their current values, is not considered.

The statement of the features of the technological process
has found its justification and in-depth analysis in work [6].
It is shown that the impossibility of directly solving the
problem is associated with the fundamental features of the
object, namely the abundance of technological parameters,
the change of each of which will shift the extremum of con-
centration. But the approach to the solution and measures
to improve the efficiency of work to the creation of optimal
control systems with the model is not considered.

In [7], the issue of developing a mathematical model of a
technological object is considered but the fact that in order
to create a mathematical model of a complex process, it is
necessary to solve the non-trivial problem of ensuring its ad-
equacy at maximum simplicity for effective implementation
in the control system was not considered. Because the func-
tioning of the real technological process is associated with a
change in its parameters in a wide range. Therefore, ensuring
the accuracy of the mathematical model of the process and
its adequacy is a separate complex task.

This approach is used in [8]. However, the model of ideal
pushing out with a gradient of parameters along the spatial
coordinate was chosen as a model. The use of such a model
is impossible because of the complexity of identifying the
parameters of the model. An option to overcome this problem
is to use a control system with a model.

Analysis of [9], which considers the development of a
static and dynamic model of the shelves of the synthesis
column and the internal heat exchanger, confirms the con-
clusions drawn. But the issue of creating a control system for
a technological object has not been considered.

In [10], the algorithm of functioning of the control sys-
tem with a model is proposed. But the ways of implementa-
tion and configuration of control systems with a model are



not indicated because when developing a control system
with a model of an ammonia synthesis column in ammonia
production, the question of the possibility of practical imple-
mentation of the proposed solutions is important.

Taking into account the analysis, we can say that the use of
a technological resource to optimize production in full requires
a unified approach to the creation of control systems for com-
plex processes, which includes interrelated and complementary
stages from setting a task to implementing a control system at
the facility. It includes a set of measures, starting with the anal-
ysis of the process in its hardware design with the construction
of an information and logical scheme to the development of all
types of security and practical implementation.

object model, with their current values. This will make it
possible to constantly monitor the adequacy of the mathe-
matical model of the object and, in the event of significant
deviations between the measured and calculated values,
signal the need to adjust the mathematical model.

As an example of the application of the proposed ap-
proach, ammonia production was chosen. The principle of
development of control systems with a model of technologi-
cal process was proposed. Structurally, the principle of cre-
ating a control system with a model of complex technological
processes is shown in Fig. 1.

The principle covers all stages of building a control system
with a technological process model, the implementation of

which requires a significant amount of work. In this paper,
the authors focused on the development of some of them, for-

3. The aim and objectives of the study

mulating the methodological foundations for creating control

The purpose of this work is to de-
velop an approach to the management
of complex technological processes
with a model, including an algorithm
for functioning on the example of a
synthesis column in ammonia pro-
duction. This will make it possible
to narrow the range of parameters of
the technological process around the
optimal value, which will lead to a
real economic effect.

To accomplish the aim, the fol-
lowing tasks have been set:

—to analyze the processes in a
three-field reactor (column) of am-
monia synthesis with a built-in heat
exchanger;

—to build appropriate informa-
tion and logical schemes;

—to develop direct and inverse
mathematical models of ammonia
synthesis column and heat exchanger;

— based on the analysis of the in-
formation-logical scheme of a three-
field gas reactor with a built-in heat
exchanger, to develop an algorithm
for the functioning of the control sys-
tem with a model;

— to propose the practical imple-
mentation of the proposed algorithm;

4. The study materials and methods

Based on the generalization of
many years of experience in the de-
velopment of automation systems, the
authors propose a unified approach
and measures to improve the efficien-
cy of work to the creation of optimal
control systems with a model of com-
plex technological processes.

The basis of such systems is the
study of the current state of the con-
trol object and the constant compar-
ison of the initial coordinates of the
process, calculated according to the

Stages

TP analysis
as OK

systems with a model of complex technological processes.
At the first stage, it is necessary to analyze the techno-
logical process as a control object.
Results

—— Determination of input and output parameters of TP
—— Determination of logical relationships between TP parameters
—— Determination of control actions on TP
— Determination of parameters to be controlled
——— Determination of the conditions of operation of protection and
& Determination of methods for measuring technological parameters

—— Drawing up equations of material and thermal balances

U

Development
of
mathematical
models

—— Partial mathematical models OK

—— General mathematical models OK for all output coordinates
——— Reverse mathematical models OK

—— Transmitting functions OK by channels of influence

————— Mathematical models of control system elements

U

Development
of a control
system with a
model

—— Block diagram of the TP control system with a model
—— The choice of a complex of technical means of automation
Calculation of the parameters of the system links (setting up
regulators, etc.)

—— Organization of the workplace of operational personnel
Measures to improve the reliability of the system (duplication,
redundancy, etc.)

Determination of the frequency and composition of major repairs

—_— .
and maintenance

U

Algorithm of
the control
system

— Listings of programs that implement the elements of the system
—— Algorithm for checking the adequacy of the model
—— Algorithm for adjusting a direct mathematical model
— Algorithm for correcting the reverse mathematical model

—— Algorithm for calculating control actions on TP

U

Commissioning
works

—— Starting the system into operation
—— > Identification and elimination of errors in the system
—— Project adjustments

—— Training of operational personnel

—— Implementation of service and system support

Fig. 1. The principle of creating a control system with a model of complex

technological processes



To develop a control system for a complex technological
process, it is necessary to perform an analysis of the techno-
logical process as a control object. To do this, an analysis of
information transformations accompanying technological
transformations is made.

5. Results of development and research of the
mathematical model of the ammonia synthesis column in
ammonia production

5. 1. Analysis of processes in a three-field reactor

The task of this stage of system development is to deter-
mine the input and output coordinates of the process and
establish logical connections between them, determine the
control actions. It is also necessary to determine the parame-
ters to be controlled, determine the conditions for triggering
protection and signaling systems, determine the methods for
measuring technological parameters, and draw up equations
for material and thermal balances.

Data for analysis can be obtained from technical litera-
ture, technological regulations, operator logs or databases of
values of controlled parameters, etc.

But practice shows that the collection of information from
standard sources in production does not always fully meet
the requirements of the development and design of modern
automation systems. In this case, it is advisable to apply the
collection and processing of expert information [1]. Experts
involve specialists with significant practical experience and
knowledge of the studied technological process. The use of ex-
pert data can significantly reduce the amount of experimental
research, as well as the need for statistical data on production.

For parameters, whose technological relationship is not
obvious (for example, fixed in technological regulations), if
possible, additional research should be carried out and data
for correlation analysis should be collected. Such parameters
are likely to be perturbation parameters and will be proba-
bilistic in nature.

If we consider the technological process as a connected
information network that implements causal relationships of
parameters, then it is convenient to arrange the analysis of
this process in the form of a graphic information and logical
scheme [2].

When carrying out the process of ammonia synthesis
in the production of ammonia, it is necessary to ensure the
maximum degree of conversion of the nitrogen-hydrogen
mixture into ammonia in the reversible synthesis reaction
by maintaining the optimum temperature along the height
of the synthesis column. The temperature on the shelves
of the column is regulated by changing the flow rate of the
nitrogen-hydrogen mixture through the channels of «cold»
bypasses on each shelf of the column. The mathematical
model of the ammonia synthesis column is a system of equa-
tions, which includes mathematical models of the shelves of
the column synthesis and mathematical model of the heat ex-
changer. At the same time, the algorithm of the model, for ex-
ample, for the first shelf of the column, is similar for both the
second and third shelves. The information-logical scheme of
the shelf of the ammonia synthesis column is shown in Fig. 2.

The output parameters (coordinates) of the process are the
concentration Q of ammonia at the outlet of the reactor shelf,
the temperature T at the outlet of the reactor shelf, and the pres-
sure P. In the production of ammonia, pressure P is determined
by the operation of the compressor, that is, it is a disturbing

parameter. When controlling gas reactors, only temperature is
regulated, and the concentration is only controlled.

Ti(z) Q (2) T, () Q (2) F» (z5) P (%) F (z)

F (x))

Fig. 2. Information-logical scheme of the shelf of a gas reactor

The input parameter of the process is the gas flow through
the “cold” bypass Fy. The flow rate of the gas mixture along the
main course at the inlet of column Fy and at the inlet of each
shelf cannot be adjusted, so it is referred to as perturbations.

Also, disturbing coordinates are the temperatures of the
input streams T; and T5 and the concentration Q; and Qs in
their target component.

All coordinates at the output will change if at least one
input parameter or disturbing coordinate changes. That is,
they are interconnected.

To obtain a complete MM column for ammonia synthe-
sis, it is also necessary to develop a MM for a shell-and-tube
heat exchanger. The process of obtaining a mathematical
model of a heat exchanger is standard.

The information-logical scheme of the remote shell-and-
tube heat exchanger is shown in Fig. 3.

F,z) Fo@ T(@z) T,(@)

Tw (y ! )
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Fig. 3. Information-logical scheme of remote shell-and-tube
heat exchanger

For the internal heat exchanger of the column, the output
coordinates are the temperature of the circulating gas at the
outlet of the heat exchanger T, and the wall temperature
through which heat transfer T, is carried out. There are no
input regulatory coordinates because there are no costs that
could be changed at the input of the templo-exchanger. The
remaining coordinates: synthesis gas flow rate along the main
cours Fy, F; g, the temperature of the circulating gas at the out-
let of the third shelf (at the inlet of the heat exchanger) T3 and
T, 4, the temperature of the gas along the main course, shown in
Fig. 3, should be attributed to the disturbing parameters.

The task is to develop a methodology for creating effective
control systems with a model of complex technological processes.
The system was based on the study of the current state of the
control object. This will make it possible to constantly monitor
the adequacy of the mathematical model of the object and, in the
event of significant deviations between the measured and calcu-
lated values, signal the need to adjust the mathematical model.

This analysis shows that in order to obtain a general
mathematical model of the ammonia synthesis column, it is



necessary to compile models of three shelves of the column
and the internal heat exchanger.

Technological audit of ammonia production allows us to
conclude that the technological resource of the scheme is not
fully used. It can be increased by maintaining the optimal
mode of operation of the ammonia synthesis column at all pos-
sible loads and permissible values of disturbing parameters.
In addition, when developing a control system with a model
of an ammonia synthesis column in ammonia production, it
is important to resolve the issue of the possibility of practical
implementation of the proposed solutions without losing the
level of economic feasibility that needs to be achieved.

5. 2. Creation of information and logical schemes

A generalized information-logical scheme of the am-
monia synthesis column with the built-in internal heat ex-
changer was compiled. Schematically, a three-shelf ammonia
synthesis column with a built-in internal heat exchanger can
be given in the form of Fig. 4.

dmsy — mass of ammonia that enters the reactor with a
second flow;

dm,, — mass of ammonia, which is formed in the reaction;

dm, — mass of ammonia that accumulates in the reactor
with volume V;

dm — the mass of ammonia that is discharged from the
reactor.

The equation in technological variables is:

dm, = EQ, dt, @
where F is the consumption of nitrogen-hydrogen mixture
along the “main” course at the entrance of the shelf, kg/s;

Q1 — concentration of ammonia in the flow of the “main”
course, mass fraction;

dt — time increase, s.

dm,=F,Q, dt, (3)
where F, is the consumption of nitrogen-hydro-
gen mixture by “cold” bypass at the entrance of

F
o Q Ted P the shelf, kg/s;
S 2N 25 S Q» — concentration of ammonia in the “cold”
—F, " F, F.. 1 bypass, mass fraction;
DI | T, L | T |
FeeFy | TO I dm, =pVK(Q-Q,)dt 4
el i g, meeKe-g) @
D2 'QF{T P T P P I where p is the density of nitrogen-hydrogen mix-
e l T I ]E C'% T YVY VT | ture in the reactor (determined from the Mende-
Fa, | e, > P = leev-Clapeyron equation), kg/m?;
H1 i H?2 H3 | .
Fo | Q, ’—) Q, Q, Q, V — reaction volume of the gas reactor, m?;
X8, < . .
. | K — chemical reaction rate, 1/s;
Fo o _ _ _ _ _ _ _ _ _ _ __ _: Q and Q, — ammonia concentration at the

Fig. 4. Information-logical scheme of a three-field gas reactor with a built-

in heat exchanger

In Fig. 4, H1, H2, H3 are the shelves of the synthesis col-
umn, TO — internal heat exchanger, D1, D2 — mathematical
flow division operators

Thus, as a result of the analysis of the technological pro-
cess occurring in the ammonia synthesis column, the input
regulating, input disturbing, and output coordinates of this
process were determined, and a logical connection between
them was established. This analysis shows that in order to
obtain a general mathematical model of the ammonia synthe-
sis column, it is necessary to compile models of three shelves
of the column and the internal heat exchanger.

5. 3. Development of direct and inverse mathematical
models of ammonia synthesis column and heat exchanger

The algorithm for determining the mathematical model
of the ammonia synthesis column is similar to the assembly
of MM for an ammonia synthesis column [3]. To determine
the MM of the column, it is necessary to make two partial
models: by the concentration Q of the target component (am-
monia) and by the temperature 7.

The equation of material balance for the target compo-
nent takes the form.

dm,+dm,+dm,=dm, +dm, )
where dmy is the mass of ammonia that enters the reactor
with the first flow;

outlet and at the reactor shelf inlet, respectively.

In the case of the first shelf, the concentration
of ammonia in the flow of the “main” flow and the
“cold” bypass Qq and Q, are equal, and, in the cal-
culation, they can be equated to the value of Q,. In the case
of the second and third shelves, the concentration of ammo-
nia Q, is obtained by mixing two streams and, accordingly,
will be determined by the formula:

EQ+FEQ,
=1t 2= 5
Q, FF, )
The dependence of the rate of chemical reaction K on the
process temperature is determined by the Arrhenius equation

K=K, exp(—IfT}

where Kj is the reaction rate constant, 1/s;
E — reaction activation energy, J/mol;
R — universal gas constant, J/(mol K);
T — reaction temperature, K.

(6)

dm, =pVdQ, (7)
where p is the density of the gas mixture of the reactor, kg/m3;
V — free volume of the reactor, m?;
dQ - change in the concentration of ammonia in the
reactor, mass fraction.

dm=FQ dt, ®)



where F is the gas mixture consumption at the outlet of the
reactor shelf, kg /s;

Q — concentration of ammonia at the reactor outlet, mass
fraction.

In technological variables, the equation takes the form:

FQ, dt+FQ, dt+pVK, exp(—RET)x

X(Q FQF1+IF:Q2Jdt =—pVdQ+(F,+F,)Qdt. )

After the necessary mathematical transformations (the
method of obtaining mathematical models is set out in [4]),
we obtain a partial model of the shelf of the ammonia syn-
thesis column in ammonia production (excluding the delay
time) in canonical form.

d%
d
K32, + K2, + K525+ K.

+y, =K 0+ Kz, +
(10)

In equation (10), the designations of dimensionless
coordinates correspond to the notation adopted in Fig. 2.
Kiy, ..., Kig are dimensionless coefficients, and 14 is the time
constant measured in seconds.

In order to develop a partial mathematical model of the
shelf of the ammonia synthesis column by temperature, it is
necessary to make an equation for the thermal balance of
the shelf (reactor). Heat enters the reactor with two streams
of incoming reagents and is released during the synthesis of
ammonia. This heat accumulates in the volume of the shelf
(heat accumulates in the volume of the catalyst and in the
volume of the nitrogen-hydrogen mixture on the shelf) and
leaves the shelf with a flow rate equal to the sum of the input
costs. The general equation of heat balance is:

dq,+dq,+dq,=dq, +dgq, 11
where dgy is the amount of heat that comes with the first flow;

dqy — the amount of heat that comes with the second
stream;

dq, — the amount of heat that is released as a result of
the reaction;

dq, — the amount of heat that accumulates in the volume
of the shelf;

dq — the amount of heat that comes out with the output
flow.

We write the heat balance equation in technological
variables:

dq, = Fie, T, 12)
where Fj is the consumption of nitrogen-hydrogen mixture
on the main course, kg/s;

— heat capacity of nitrogen-hydrogen mixture in the
main stroke flow, J/(kg K);

T; — the flow temperature of the main course at the en-
trance of the shelf, K:

dg, = Fy,Tdt, (13)
where F, is the consumption of nitrogen-hydrogen mixture
by “cold” bypass, kg/s;

¢y — heat capacity of the flow supplied by the “cold” by-
pass, J/(kg K);

T, — the flow temperature of the “cold” bypass, K.

dg,=rpVK(Q-Q,)dt (14)
where ris the specific heat of reaction, J/kg;

p — density of the gas mixture in the reactor (determined
from the Mendeleev—Clapeyron equation), kg/m?;

V — free volume of the gas reactor, m?;

K — chemical reaction rate, 1/s;

Q and Q, is the concentration of ammonia at the outlet
and at the inlet to the reactor, respectively, mass fraction.

dq, =pVcdT, 15)
where p is the density of the gas mixture in the reactor (de-
termined from the Mendeleev—Clapeyron equation), kg/m3;

V — free volume of the reactor, m?;

¢ — heat capacity of the gas mixture in the reactor, J /(kg K);

dT — temperature change in the reactor, K.

dq=FcT dt, (16)
where Fis the gas consumption from the reactor (determined
by the sum of the costs Fy and Fy, kg/s;

¢ — heat capacity of the gas mixture that comes out of the
reactor, J/(kg K);

T — temperature in the reactor, K.

Taking into account the above, the heat balance equation
in technological variables will take the form

FeTdt + Fye,T,dt +
PV koo £ Yoo FQTEQ. ),
RT RT F+F,
PVCdT+(F +F,)cTdt. an

After all the transformations, the model will take the
following form:

dy
T d & +Y, =Ky 2 + Kz + Kypz, +
+K,2, + Kysz, + Kooz + Koz + Kogy,, 8)
where 19 is the time constant, s; Koy; K99 — coefficients of the
model.

Thus, we have a system:

dy,
dt
+K32, + Ky 2, + K525 + Ky,
dy
T
2 dr
(K25 + K52, + K25 + Ky 26 + Koy,

Y Y =K, x + K,z +

(19)

ay,
+Y, =Ky 2, + Kppz + Kz, +

The solution of the system of equations with respect to y4
is a dynamic mathematical model of the shelf of the synthesis
column by concentration, and to 5 — a dynamic mathemati-
cal model by temperature.

The dynamic mathematical model of the shelf of the am-
monia synthesis column by ammonia concentration is:
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— time constants.
Dynamic MM for temperature on the first shelf of the
ammonia synthesis column takes the form:

d’y dy dx
T221 dt22+T227t2+y2=K41 7;37;"'951 +

+K,

4

ﬂ

dz dz
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The system of equations (21) is a static MM of the first
shelf of the ammonia synthesis column in ammonia produc-
tion. Solving this system of equations with respect to the
concentration of ammonia at the output of the shelf of the
synthesis column or with respect to the temperature of the
nitrogen-hydrogen mixture at the output of the shelf, we
obtain an equation that connects this output parameter with
all the input parameters of the process.
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The difference between obtaining MM of the second and
third shelves of the synthesis column is entirely that the output
flow from the first shelf is the input flow of the main course for
the second shelf. The flow that comes out of the second shelf is
for the third. At the same time, the parameters of cold bypass
fed to the second and third shelves will be the same.

Static MMs of the second and third shelves of the ammo-
nia synthesis column take the following form:
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Equation (25) is a dynamic MM for an internal heat
exchanger of an ammonia synthesis column in ammonia
production.
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A system of equations (25) is a system of equations that
is a static MM for an internal heat exchanger of an ammonia
synthesis column.

Ty’

25
FOCnan +0‘252 (TEmO _TWO) =FcT, ( )

n

{FFOC’I‘TF,O =05, (Tuno =T, ) +Fo, T,
T 00Vt nyy

Systems of equations (22) to (24) and (25) make up a
system of static models of the ammonia synthesis column.
The solution of this system of equations with respect to the
concentration of ammonia at the output of the third shelf of
the column (at the output of the column) is actually the re-
verse mathematical model of the ammonia synthesis column.
It can be given as follows.

a,0i +a,0; + 4,0} +a,0, +a, =
=0, (Fy )+ 0, (Fun) + 0, (Fy)+
@, (Fys Fly ) + @ (Fpn By ) +
@y (Flpos Py )+ QFy FynFlps ) +

+Q(F,.T,,0), (26)

where ay, as, as,ay, ag are the coefficients of the model;

Q — concentration of ammonia at the outlet of the column;

Fea, Fept, Fapo, Feps — synthesis gas consumption over all
input flows of the reactor (main course and “cold” bypasses);

T.s, Qo, P — temperature, concentration of the target
component, and pressure of the circulating gas;
‘Q(FCg,Tcg,Q) — functionality of the influence of disturb-
ing parameters;

01, P2, 3, P12, P23, P13, P123 — functions that take into
account the effect of changes in costs on changes in ammonia
concentration at the outlet of the column.

Equation (26) is a mathematical model of a three-shelf
ammonia synthesis column. The deterministic approach
allowed for structural identification and determination of
the type of mathematical model of the ammonia synthesis
column in ammonia production. As a model, the fourth-or-
der equation for the concentration of ammonia is adopted.
This model is the starting point for a control system with a
methanol synthesis column model in methanol production.
The model is quite simple: in a fourth-order equation, an un-
known quantity can always be determined through the co-
efficients of the equation. That is, when adapting the model,

the functional appearance of dependences will not change,
and only the coefficients will change.

The solution of this equation can be used as a criterion
equation to solve the optimization problem. In general, it can
be written as follows

Q= f(Ey Eyr By Eipn T QP o) 27)

Thus, in the proposed technique for creating automatic
control systems with a model of complex technological ob-
jects, direct and reverse mathematical models can be obtained.

3. 4. Development of an algorithm for the functioning
of the control system with a model

The main tasks of this stage are listing programs that
implement the elements of the system; development of algo-
rithms for checking the adequacy of mathematical models;
development of algorithms for correcting direct and reverse
mathematical models; development of an algorithm for cal-
culating the optimal control effects.

The main problem in the implementation of a control sys-
tem with a technological process model is the limited ranges of
adequacy of mathematical models. Therefore, when changing
the load on the unit, changing external and internal perturba-
tions, it is necessary to constantly check the adequacy of the
obtained models. If the deviation between the measured and
modeled process parameters exceeds the established limit, the
mathematical model should be adjusted. It is proposed to do
this as follows. If a situation arises in which the model ceases
to be adequate, the left side of equation (27) is equated to the
measured value. Using the least squares method, we calculate
the values of the coefficients of the left side of the equation.
After that, the coefficients of the right side of the equation
are recalculated. If the adjusted mathematical model becomes
adequate again, the coefficients of the reverse model are re-
calculated. Thus, in the proposed method of creating control
systems with a model of complex technological processes, it
is proposed to carry out the procedure for maintaining the
adequacy of the mathematical model.

To search for the extreme of the criterion equation (27)
of the dependence of the ammonia concentration at the out-
put of the column on the values of synthesis gas consumption
by cold bypasses, an algorithm based on the Hook-Jives
method is proposed on the first or third shelf of the column.

3. 5. Development of a control system with a model

The main tasks of this stage are the development of a
block diagram of the control system with a model, the choice
of a set of technical means, the calculation of the parameters
of the system links; organization of the workplace of opera-
tional personnel. It is also necessary to develop measures to
improve the reliability of the system, determine the frequen-
cy and composition of major repairs and maintenance.

Schematically, the control system with the model of the
ammonia synthesis column in ammonia production, which
implements the strategy of optimal control over the ammo-
nia synthesis column, is shown in Fig. 5.

Commissioning works.

The last stage of creating a control system with a model of
complex technological processes is commissioning. It includes
installation of the system; starting the system into operation;
project adjustment; training of operational personnel; imple-
mentation of service maintenance and system support. As a
rule, this stage is implemented by special organizations.



F[,

Fg\r

F;*

Object of control

) F\‘L F1¢ F_;#

Mathematical

Yi

Yr

F

the expenditure of “cold” bypasses, equal to
zero. After that, there is the maximum possible
concentration of ammonia under these condi-
tions at the outlet of the synthesis column and
the corresponding values of the costs of “cold”
bypasses. The obtained cost values of “cold” by-
passes are listed in the degree of opening of the

model

A A A

do

optimization problem

corresponding valves. These values converted
into a control signal are fed to the control valve.
When changing the costs of “cold” bypasses and

Solve

Calculate coefficients in
the left part of the model

I

Compare values in
the left and right
parts of the model

o
B

Y

Vi

Calculate coefficients in

* Vi_|the right part of the model

Fig. 5. Block diagram of the algorithm for the functioning of the control

system with a model

6. Discussion of results of the study of the control system
with the model of the ammonia synthesis column in
ammonia production

Thus, using the proposed method of developing control
systems with a model of complex technological processes, a
control system with a model of ammonia synthesis column
in ammonia production was developed as an example. The
proposed system works as follows. The cost values of “cold”
bypasses, the “main” course, as well as all other parameters of
the column, which are included in the model by the concen-
tration of the ammonia synthesis column, are measured using
appropriate information and measuring channels. The values
are converted to digital form and fed to the input of the math-
ematical model of the column by concentration. At the output
of the ammonia synthesis column, values of ammonia con-
centration and gas temperature are formed. These values are
also measured by the corresponding information-measuring
channels. At the output of the algoblock, which implements
the mathematical model of the synthesis column, the calculat-
ed values of the ammonia concentration and gas temperature
at the outlet of the column are formed (Fig. 5). The calculated
value of the ammonia concentration is compared with the real
measured value of the ammonia concentration at the output of
the column, and the calculated temperature value is compared
with the real measured temperature value at the output of
the column. If the difference between the measurements and
the calculated values at the output of the column of ammonia
concentration and gas temperature exceeds a certain specified
value, then the model adjustment algorithm starts.

After performing the procedure for adjusting the co-
efficients of the mathematical model (26), the difference
between the measurements and the calculated values of
ammonia concentration and gas temperature at the output of
the column will not exceed the specified value.

When this condition is met, the procedure for finding the
optimal solution is launched. From the revised mathematical
model of the ammonia synthesis column by concentration,
the optimality criterion is formed. In fact, it is a derivative of
the concentration of ammonia at the output of the column for

the “main” course in the ammonia synthesis
column, there will be a redistribution of internal
flows. As a result, transients will begin associ-
ated with a change in the temperature profile
along the height of the column and, as a result,
with a change in the concentration of ammonia
at the outlet of each shelf of the column. As the
system moves to the new set mode, the process of
recalculating the static column model stops. Af-
ter the cessation of transients in the column, an
algorithm for checking the adequacy of a static
mathematical model of the technological process
and, if necessary, an algorithm for adapting a
mathematical model is launched. After adapting
the model, an optimization model is solved, when the optimal
cost values of “cold” bypasses and the “main” course are deter-
mined. The movement to the optimal value will continue until
the moment these values coincide with the current ones.

For more accurate configuration of the system, the Hook-
Jives algorithm is activated.

The implementation of the algorithm proposed in [10]
is quite complex and possible due to the possibility of wide-
spread use of existing powerful computer equipment. Due
to the fact that the speed and volume of computational
procedures ceases to be a critical limitation of the system, it
becomes possible to optimize the structure of the system, im-
prove the friendliness of the interface, as well as the quality
and reliability of the system as a whole [8—10].

When developing a control system with a model of an
ammonia synthesis column in ammonia production, the
question of the possibility of practical implementation of the
proposed solutions is important. To ensure the operation of
the proposed algorithm, it is necessary to have real values of
a number of technological parameters. Among the param-
eters is the consumption of nitrogen-hydrogen mixture on
the synthesis column (load on the column). Other parame-
ters are gas consumption on the «main» course, the cost of
«cold» bypasses on the first, second, and third shelves of the
column. As well as the concentration of ammonia before the
synthesis column and at its outlet, the pressure drop on the
column, the pressure in the synthesis cycle, the temperature
of the nitrogen-hydrogen mixture in front of the column.

The proposed approach allows, on the basis of solving
the optimization problem, obtaining such values of the costs
of «cold» bypasses, in which the column will work under
conditions close to optimal. This allows you to make a quick
«throw» of the system in an area close to optimal. After that,
the optimal value of ammonia concentration at the output of
the synthesis column (maximum value) in practice is using
the Hook-Jives method. A functional automation scheme has
been developed and a set of technical means necessary for
the implementation of the proposed system is analyzed.

An approach to creating control systems with a model
of complex technological processes has been developed. The



main stages of the process of creating such systems and the
main tasks of each of these stages are determined.

On the example of an ammonia synthesis column in am-
monia production, the possibility of applying the proposed
methodology for creating a control system with a model is
given.

In addition, the paper proposes an approach to the de-
velopment of a mathematical model for further optimization
and control of a complex technological object. At the same
time, the combined form of the model allows using the
advantages of experimental-statistical and deterministic
approaches to achieve high adequacy, easy adaptability, and
a wide range of applications, which are key aspects in opti-
mizing and managing complex technological objects. Using
this approach, a model of a three-shelf gas reactor (synthesis
column) in ammonia production has been developed. Based
on the results obtained, programs are developed for the im-
plementation of the proposed algorithms in the automated
process control systems for ammonia production, and work is
underway to adapt them to ammonia production.

The introduction of this system will narrow the range of
parameters of the technological process around the optimal
value, which will lead to a real economic effect. Thus, when
introducing a control system with a model on a computer
imitator for ammonia production, it was possible to increase
the concentration of ammonia at the outlet of the column
from 11-12 % to 11.5-13 % under different loads on the unit.
That is, the introduction of a control system with a model
can increase the volume of ammonia up to 1.1 times, and,
accordingly, reduce its cost by 10 %.

7. Conclusions

1. Analysis of the technological process as a control
object, with the development of an information and logical
scheme is the first stage of an integrated approach to the au-
tomation of complex technological processes. This is due to
the fact that its results determine the possibility of using the
technological reserve through more efficient use of raw ma-
terials, energy resources, reconstruction, and modernization

of production. This is necessary to improve the efficiency
of technological processes, including control systems. This
problem is solved by reducing energy and resource costs.

2. Mathematical models have been built, including di-
rect and inverse mathematical models of control objects. A
feature of this development is the use of a combined form of
mathematical models, which allows using a wider informa-
tion base to obtain adequate mathematical models.

3.1t is shown that at the stage of development of the
control system with the model there should be structural and
schematic diagrams of the control system, the calculated pa-
rameters of the system are determined and a set of technical
means for the implementation of the system is selected.

4. The development of algorithms for the operation of
the control system with the model involves the development
of mathematical models of control objects and control prin-
ciples, which are combined into a single algorithm for the
functioning of the system.

5. At the stage of implementation and configuration
of control systems with a model in accordance with the
conditions of a particular production, a set of measures is
developed for installation, commissioning, operation, main-
tenance, and possible modernization.
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