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Hoxazano, wo cyuachi pobomu, npucesueni onmumizauii mexHo-
JI02IMHUX NPOUeECcie, He 6PAXOBYIOMb Y 6JACHUX MOOENAX CUCMEM i 8
Kpumepiax eumozu 00 3azanvioi eexmusnocmi npouecy i 6ionoeio-
HOCMI YINAM BIIACHUKA KOMEPUIIHO20 6UPOOHUM020 nionpuemcmea. s
Ub020 HEOOXIOHO 3HUICYBAMU EUMPAMU | MAC MEXHON02iuHOT onepauii, a
maxoxic maxcumizyeamu 000any apmicms 0CHOBHOZ20 NPOOYKMY.

Ouinka eexmuenocmi cucmemu nomoxoeoi 00poOKU CUPOBUHHOL
npooyKUii UKOHYEMLCA 3 GUKOPUCMAHHAM CneyuianvHoi modeni, axa
Oyna cunmesosana 6 x00i danoi pooomu. 3anpononosana modens 6i0pi3-
HAEMbCA MUM, WO 6KAI0UAE OIOKU 00UUCTEHHS 6apmMOCmi 00UHUYL nPo-
OyKuii 8 3aneHcHoCmi 810 AKICHO20 NOKAZHUKA | cmyneHs 6i10nogionocmi
BUCYHYMUM KIAOKICHUM 1 AKICHUM 00MedxcenHam. € Guoku oduucnienus
QuUHAMIKYU 3MIHU AKICHO20 NOKA3HUKA 20M06020 NPOOYKMY 6 3ANeHCHOCMI
6i0 nomoxy cupoeunu i emepeii, wo nideodumvcsa na oopooxy. Taxoow
HeoOXi0HI O10KU 00UUCTIeHHS BUMPam Pecypcy i enepeii 018 mpancnopm-
Hoi ma 06po6A0HOT HacmuH cucmemu Ha IHMeEPBAli, WO 6UIHAMAEMbCSL
SIK aC NPOX0OHCEHHS YMOBHOT NOPUil uepe3 Yycmanoexy.

Buxopucmanns po3poonenoi modeni 0036015€ 8UHAMUMU 3HAYMEH-
HA noxasnuxa eexmusnocmi 0nsa 6yo0v-aK020 0ONYCMUMOZ0 MEXHONO-
2iuno020 pexcumy i npoeecmu enodanviy onmumisauiro npovecy. Taxum
yuHoM, 301UCHIOEMBCA nepexio 6i0 euMoz ehexmuenocmi 6 3a2arbHOMY
6uz150i 00 HANAWMYBAHL NAPAMEMPIE MEXHOI02IUHO20 NPOUECY.

3anpononosano 6 ananimuunii Popmi noxasnux eexmusnocmi, wo
nioxoo0umov 6 AKOCMI Kpumepito ONMuMi3auii Pej’cuMie mexHoL02iMHoT
ycmanosxu 3 GesnepepeHuUM nOOABAHHAM CUPOBUHHO20 MA eHepzemu-
HO020 NpooyKmie.

Excnepumenmansno 00caioncena modens npomouHozo eeKmpunHozo
6odonazpieana 3 O10KAMU POIPAXYHKY MUMUACOBUX | 6APMICHUX naApa-
Mempie, axa nokasana ceoto adexeamuicmo. Ilposedena eepudpixauis
PO3PO6IEH020 KpUumepito onmumairbHocmi i 006e0eHa MOIHCAUBICMY 1020
BUKOPUCMAHHA Ol BUSHAMEHHS ONMUMANGHUX OONYCMUMUX DEHCUMIE
pobomu mexnonoziuinozo ooaadnania 3 bGesnepepenoro nodaueio cupo-
8unu i enepeii

Kntouosi cnosa: nokasnux epexmuenocmi, mexnono2iuna ycmamnos-
Ka, nomoxosa oopodKa, Modenb ONMUMANLHOT cUCmeMu
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Solving a scientific-applied problem on the synthesis

Systems processes at any enterprise should proceed in
such a way that operating results are maximally consistent
with the purpose of the owner [1].

To ensure such an alignment, it is required to reduce
costs and duration of a technological operation, as well as
maximize the added value of the primary product [2]. In a
general case, the extrema of these functions do not match
[3]. A solution could be found while resolving the problem
on global optimization for a single unified criterion [4].
It should be noted that a large number of technological
equipment in ore-mining and chemical industries, and these
include almost all the tools that perform basic technological
operations, operate at continuous supply of raw materials
[5]. Enterprises solve the low-level automation tasks, im-
plement workshop SCADA systems and primary elements
of MES-systems [6]. However, they still have not applied
mathematically substantiated models and methods of con-
trol over technological equipment, in order to ensure their
optimal functioning in global terms [7].

Optimization is difficult due to a changing demand, vola-
tile prices for raw materials and energy resources, instability
of raw material quality indicators [8].

of optimal systems for the flow processing of raw materi-
als makes it possible to improve efficiency of enterprises
through better management of resource-intensive processes
[9] at each stage of production based on a single criterion for
effective use of resources.

2. Literature review and problem statement

Most often, the concept of “system” is defined as “a set of
interrelated elements that act as a whole with all its internal
and external relationships and properties” [10, 11]. The sci-
entifically grounded approach to the synthesis of production
systems is based on the idea that the result of development is
the derived generalized class of minimal structures [12, 13]
that describe the technological and managing aspects for
specific processes. Correspondingly, the system, in addition
to the modules for calculating dynamic indicators of energy
and product conversion [14], should include the subsystems
that calculate a set of parameters to assess the optimality of
the process. It is obvious that the management part of these
structures, as well as computational models, based on them,
is determined by the applied criteria of optimality.




Papers [15, 16] tackle the optimization of technological
processes of drying while increasing energy efficiency.
Study [17] addresses control over a group of pumping units
and reduction of specific energy consumption. The con-
sidered works are typical in that they employ traditional
approaches to forming the optimality criteria. They imply
description of quality requirements to the process, as well
as the proposed constraints, in the form of weighted sums
that form the additive criterion. The disadvantage of a
given approach is that there is no strict mathematical justi-
fication for the weighting coefficients chosen by a method
of expert estimations, which could lead to the inappropriate
underestimation of the system’s performance and might
increase costs.

It is worth noting that the models described in papers
[17, 18, 19] are aimed at increasing the observability over a
technological system and improving the quality of control,
while not comprehensively resolving the task on maximizing
the profits from an operation when reducing physical and
material costs. The issue on the synthesis of a fully-fledged
system could be resolved if the optimization criterion to be
used is the resource utilization efficiency formula.

The estimation indicator reported in [20] has passed
all stages of verification to be applied as an indicator of
efficiency [21].

For the process of a batch product treatment, which
takes into consideration the total costs (including the cost
of raw materials, cost of energy, the cost of the resource
used), the value of the output product, time cost, the crite-
rion takes the form:
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where PE is the cost of the resulting product, RE are the
total expenditures, T} is the dimensionality ratio, T, is the
operation duration.

The well-known criterion (1) is subject to limitations
associated with its insensitivity in the region of negative
assessments of added value and low sensitivity to a change in
registration signals at small degrees of freedom in control. In
addition, this criterion does not take into consideration the
technological limitations set for a qualitative or quantitative
characteristic of the finished product, which is required to
optimize the entire technological chain at an enterprise.

3. The aim and objectives of the study

The aim of this work is to synthesize a cybernetic model of
the optimal system with a continuous supply of a raw material
product that would enable determining the effectiveness of
the current process, applying the verified optimality criterion.

To accomplish the aim, the following tasks have been set:

— to develop a generalized model of continuous operation;

— to modify and verify the estimation indicator of process
effectiveness in order to use it as the optimization criterion;

— to synthesize a functional structure of the system with
a continuous supply of raw materials and to generalize its
model at the cybernetic level;

— to conduct experimental research into processes in the
synthesized system and to search for the optimal controls
based on the modified criterion.

4. Modification and verification of the estimation
indicator for the effectiveness of continuous operations

One can distinguish separate stages in the technological
processes of chemical and mining production, characterized
by a continuous and space-extended material treatment
with a power supply at separate regions. These could include
the following technological processes: grinding of the ore,
roasting and heating of iron-ore pellets, the synthesis of
technological carbon in chemical reactors, drying of loose
products in drum dryers, heating of liquids and gases in heat
exchangers and pipelines.

In general, based on papers [3, 5], such processes can be
described by the following scheme (Fig. 1).
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EP1 > Model of — >
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Fig. 1. Conceptual model of the one-stage flow processing
of a product: ADP - a flow of product with directed impact;
FP - a flow of the finished product; EP1 - a flow of the
input energy product; EP2 — a flow of the secondary energy
product; TP_IN - a flow of the input technological product;
TP_OUT - an output technological product

The term “product with a directed effect” refers to the
raw material, which is treated or converted into a finished
product during this technological operation.

The primary energy product includes all the energy con-
sumed by a technological installation (mostly electricity and
hydrocarbon fuels). The secondary energy product is typi-
cally the thermal energy of flue gases utilized at additional
technological operations of a given enterprise.

The input technical product constitutes the initial re-
source of equipment prior to the onset of a technological
plant operation. During its operation, the resource is con-
sumed at a certain rate, which is why one can argue about
a flow of the technical product that is spent on treatment.
At any time point, it is possible to determine the residual
resource of the installation, which would act as the output
technical product of the subsequent technological operation.

The continuous mode of flow treatment of a raw material
is typically characterized by the performance efficiency of
a functional system. However, evaluation of effectiveness
can only be performed based on the results of the completed
operation. The time of an operation within a continuous
technological process is the time it takes for a conditional
batch of a raw material to pass through a technological in-
stallation.

The price of the output finished product may vary de-
pending on a certain qualitative indicator (for example, the
degree of grinding the ore, output temperature, humidity,
etc.). In the process of forming technological modes the val-
uation of the output products of an operation could turn out
to be lower than the valuation of the input products of the
operation. Since expression (1) is not sensitive to the nega-
tive outcome of the operation, it is required to modify the op-
timization criterion. The resulting expression takes the form:
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In some cases, a situation occurs where a subsequent
technological process requires improvement in productivity
of processes in the examined system, however, in this case,
effectiveness of the studies process decreases.

In such cases, productivity growth could be improved
by reducing the quality of the output product, provided its
quality parameters are within acceptable limits. In this case,
the valuation of the output product naturally decreases.
In order to take into consideration a change in the value
depending on performance, expression (2) is supplemented
with function Yr():
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where Yr=f(Fyy, Fue) is the function of product’s value
adjustment depending on the qualitative or quantitative
indicators; Fy, F,er are, respectively, the assigned and actual
magnitudes of the indicator.

Function of product’s value adjustment Yr(Fy, Fe) for
criterion (3) can be built based on the Gaussian function
whose values might populate the range [a; 1]:
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where o is the factor that assigns the width of a bell-shaped
function, b is the factor that assigns the height of a bell-
shaped function.

To comply with the conditions for finding the set of
values of function Y7 in the range [a; 1], it is possible to in-
troduce condition:

a+b=10<a<1.

At a zero deviation of the limitation indicator, the val-
ue of a correction function equals unity; when ascending,
it exponentially decreases depending on the o factor. It
should be noted that the exponential function in criteria (3)
equally describes the positive and negative deviations of
the parameter from assigned values. In the case where the
deviations are not equivalent, one should use the product of
two sigmoid functions or a two-way Gauss function, known
from the theory of fuzzy systems to describe membership
functions.

For expression (3), verification should be undertaken to
determine whether the expression might be employed as a
criterion for effectiveness.

The principles of verification of performance criteria are
set out in [21, 22]. This procedure is based on the argument,
proven in [20], on that out of possible operations, all other
things being equal, the more effective is the following:

— an operation that takes less time;

— an operation that requires fewer summary costs;

— an operation that requires a smaller value of resources
and raw materials;

— an operation that produces the output product that is
greater in value;

— a closer regulatory indicator value to the desired value
(for criterion (3)).

Results of test calculations are summarized in Table 1.
Function Yr(Fsy, F.) acquires the following parameters:
0=2,a=0.3, b=0.7.

The modified performance indicators are sensitive to the
sign of the difference between the value of the output product
and cost. Indicator (3) is sensitive to the deviation of regulatory
indicator F from the desired value Fy, thereby lowering the
value for process efficiency at an increase in absolute deviation.

If, all other conditions being equal, the value of the out-
put product increases, cost or operation duration decrease,
the performance indicator then increases its value. Verifica-
tion results affirm the possibility of applying indicators (2)
and (3) as optimization criteria for a continuous operation of
transforming the product with a directed effect.

Table 1

Results of verification calculations of the modified
performance indicators

PE | RE | Top | Fer | Faut YrQ) Eff1 Eff2

1 2 3 4 5 6 7 8

4 2 2 6 5 | 0957589 | 0.12500 0.10933

5 2 2 6 5 | 0957589 | 0.22500 0.20292

4 3 2 6 5 | 0.957589 | 0.02083 0.01500

4 2 3 6 5 | 0957589 | 0.05556 0.04859

4 1 2 6 5 | 0957589 | 0.56250 0.52286

4 2 1 6 5 | 0957589 | 0.50000 0.43732

3 2 2 6 5 | 0957589 | 0.04167 0.03314

5 2 1 6 5 | 0957589 | 0.90000 0.81169

3 2 3 6 5 | 0957589 | 0.01852 0.01473

4 2 2 6 4 | 0.845161 | 0.12500 0.07048

5 2 2 6 4 | 0.845161 | 0.22500 0.14655

4 3 2 6 4 | 0.845161 | 0.02083 0.00357

4 2 3 6 4 | 0.845161 | 0.05556 0.03132

4 1 2 6 4 | 0.845161 | 0.56250 0.41911

4 2 1 6 4 | 0.845161 | 0.50000 0.28192

3 2 2 6 4 | 0.845161 | 0.04167 0.01414

5 2 1 6 4 | 0.845161 | 0.90000 0.58618

3 2 3 6 4 | 0845161 | 0.01852 0.00628

4 2 2 6 | 7.5 | 0908171 | 0.12500 0.09172

5 2 2 6 | 7.5 | 0908171 | 0.22500 0.17772

4 3 2 6 | 7.5 | 0908171 | 0.02083 0.00918

4 2 3 6 | 7.5 | 0908171 | 0.05556 0.04077

4 1 2 6 | 7.5 | 0908171 | 0.56250 0.47699

4 2 1 6 | 7.5 | 0908171 | 0.50000 0.36690

3 2 2 6 | 7.5 | 0908171 | 0.04167 0.02408

5 2 1 6 | 7.5 | 0908171 | 0.90000 0.71087

3 2 3 6 |75 0908171 | 0.01852 0.01070

4 | 43| 2 6 | 7.5 0908171 | —0.00131 | —0.00713
5 |53 2 6 | 7.5 0908171 | —0.00085 | —0.00599
4 | 43| 2 6 | 7.5 | 0908171 | —0.00131 | —0.00713
4 | 43| 3 6 | 7.5 | 0908171 | —0.00058 | —0.00317
4 | 43| 2 6 | 7.5 | 0908171 | —0.00131 | —0.00713
4 143 1 6 |75 0908171 | —0.00523 | —0.02851
3 | 43| 2 6 | 7.5 | 0908171 | —0.03275 | —0.05297
5 |53 1 6 | 75| 0908171 | —0.00340 | —0.02395
3 43| 3 6 | 7.5 | 0908171 | —0.01456 | —0.02354

5. Synthesis of the cybernetic model structure for a
continuing transformation of the channeled product

Based on papers [23, 24], with respect to indicators (2)
and (3), one can select those elements in the examined sys-



tems without which the estimation accuracy of the formed
mode’s effectiveness decreases while the search for optimal
controls becomes impractical.

This provides the basis for the synthesis of a cybernetic
model of the system for a continuous transformation of tech-
nological products.

When calculating the valuation of input products, it is
required to take into consideration the following parame-
ters [3, 6]:

— cost of the input product — PE;,;

— cost of energy for product treatment — RE,,,o;

— cost of energy for product transportation — RE;s7;

— cost of the used resource of the treating part — RE, 7,

— cost of the used resource of the transporting part — RE,s;

— fixed costs that do not depend on the mode of operation
of equipment, which include the cost of staff time, tax and lease
payments attributable per time unit — RE, .

Thus, the calculation of costs should be performed accord-
ing to formula:

RE=PE, +RE, +RE,,, +

proc

+RE__.+RE,

res1 res2 proc

t2 t2
+RE,, =C,[F-dt+C, [P, dt+
3% 3l

t2 t2 (5)
CE2_[PL‘mff 'dt+cres1jf‘/1(Ppmc)'dt+
3l t1

t2 t2
+CresZ J‘ vaZ (I)tra/f ) : dt + Cadd J’ 1 dt
t1 t1

where ¢1, ¢2 is the starting and end operation time of the
installation; C;, is the cost per unit of the input product (a
raw material); Cgq is the energy cost per unit for product
treatment; Cgsis the cost per unit of energy for transporting
the product; C,. is the cost per unit of resource of the treat-
ing part of the technological installation; C, is the cost of
a resource unit for a transporting part of the technological
installation; C,4q is the cost per unit of time of operation
of the technological installation regardless of mode; F is a
product flow (for example, kg/s); Py, is the power of the
treating part of the technological installation; Py is the
power of the transporting part of the technological installa-
tion; fVi(Pproc), J Va(Prrafr) are the functions that determine
the rate of resource utilization of, respectively, the treating
and transporting parts of the technological installation de-
pending on the used power.

It can be assumed that the difference between ¢1 and
t2 matches the time it takes for a conditional batch of the
product to pass through the technological installation, and
then Top=t2—t1.

A change in the instantaneous resource consumption
depending on the intensity of equipment operation is de-
scribed by a power function, while the cost of staff time and
related costs are constant.

The cost of the output product (excluding a secondary
energy product) depends on its quantity and the quality
indicator (for example, in the case of flow heating - on
temperature):

PE = Cf(Q)TF»dt, (6)

where Cf(Q) is a function that determines the cost of prod-
ucts depending on the value of a qualitative characteristic; Q

is the qualitative characteristic (in the case of a flow heater,
temperature; for a drying plant, humidity).

Since a change in control influences, both along the
transportation channel and the processing channel, leads
to a change in the quality of the resulting product, we must
agree to that it has a variable cost, determined by a continu-
ous differentiable function from the quality indicator (shown
in Fig. 3).

The price of the obtained corresponding energy product
may depend on the amount of a heat carrier, temperature, as
well as actual need.

The structure of the model shown in Fig. 2 is composed
of the following units:

— calculation of the dynamics of change in the quali-
tative indicator of the finished product, depending on the
amount of supplied raw materials and energy for treatment
per unit of time, as well as on other external significant
parameters;

— calculation of the amount of the finished product and
a change in the load to the treating part of the technolog-
ical installation depending on the amount of supplied raw
materials and energy for treatment and transportation per
unit of time;

— determining the price of input raw materials and the
finished product depending on qualitative indicators;

— determining the price of the output accompanying
energy product depending on qualitative and quantitative
indicators;

— determining the amount of supplied raw materials and
the resulting finished product;

— calculation of the consumption rate of the treating
part’s resource depending on the amount of energy supplied
for treatment per unit of time;

— calculation of the consumption flow of resource of the
transporting part depending on the amount of supplied raw
materials and energy supplied for transportation per unit time;

— calculation of the energy consumed by the treating and
transporting parts of the installation;

— calculation of cost of all raw material and energy ex-
penditures;

— calculation of the time that a conditional product batch
would take to pass through the treating part;

— calculation of performance indicator.

In the context of a given scheme (Fig. 2), controlling
variables are P, — the power of the treating part, and
Pyqsr — the power of the transporting part of the techno-
logical installation. Based on the assigned parameters, we
determine F - a product flow (kg/s), time points for gener-
ating the reset pulses (RP) for integrators that calculate
valuations of the output products and costs.

The structure given here is universal and minimally
required; the results of its operation do not depend on the
specific technological process that undergoes the process of
optimization. With its help, it becomes possible to construct
models for well-defined operations and to compare efficiency
of the formed modes. In addition, the search optimization
methods make it possible to identify the most efficient mode
of operation and to achieve an optimum within the limits
assigned. Even if the global optimum is beyond the natural
limitations of technological equipment, in the presence of
two or more control channels, it is required to determine a
working point with the greatest possible indicator of effec-
tiveness. That cannot be done in the absence of such models
and criteria.



Calculation function of product cost depending on

quality indicator Cf{)

—a corresponding range of change

in a pump power, W: 200—-400;

—a range of change in a heating
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Fig. 2. Structure of a cybernetic model for the continuous transformation

of the channeled product
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Fig. 3. Dependence of the product unit
cost on temperature

6. Experimental study of processes in the synthesized
system; search for optimal controls

To confirm the adequacy of the above consideration, we
shall construct a model for the flow-through water electric
heater, which could be applied to verify the validity of the
proposed approach, to optimize control and to perform the
verification of criteria.

The unit cost of a product depending on a qualitative
indicator, temperature, is assigned by the dependence
shown in Fig. 3.

Accept the following parameters for the study model:

— weight of a conditional product batch, kg: 2.6;

— arange of change in water feed, kg/s: 0.02—0.09;

It is worth noting that the magni-
tude of instantaneous heat losses de-
pends on the temperature difference
of the product and the environment
and affects the magnitude of the prod-
uct’s resulting temperature. The time
taken for the conditional batch of liq-
uid to pass determines the integration
time of costs, the amount of input and
output products.

For criterion (3), we accept as
the limiting technological parameter
a temperature, which has the desired
value of 73 °C, and which should not
leave the range of [67; 79] °C. Func-
tion of product’s value adjustment
Yr(Fyop, Fue) for criterion (3) can be
built based on the exponential bell-
shaped function whose values could be
in the range of [0.3; 1]:

> PE. : Y cost of electricity, the cost of resource for
G, x 0 order a transporting and treating part of the
- " REvyy |+ extrapolator installation, a function of dependence of
RP REyac ol y| pp resource utilization rate on power used by
_+_ the transporting and treating parts of the
Ji REreSZ - . . .
—(< >+ installation, a function of dependence of
— RErest o + Value for energy losses on the qualitative indicator
-k performance  of 3 product. Dependence of energy losses
1 criterion . .
>3 on a product flow is disregarded.
ret

(Fu=E)’ (73-Fp)*

Yi(F, F,)=03+07¢ > =e¢ %

where o is the factor that assigns the width of the bell-
shaped function.

At a zero deviation, the multiplier’s value is unity;
when ascending, it is exponentially decreasing depending
on the o factor. It should be noted that the exponential
function in criteria (5) equally describes the positive and
negative deviations of the parameter from the assigned val-
ues. The chart of function Yr(Fyy, Fue) is shown in Fig. 5.

Exploring the course of a technological process using a
computational model allows us to build a dependence of the
efficiency indicator based on formulae (2), (5) on controlling
influences at the remaining parameters fixed. Experimental
results for indicator (2) are summarized in Table 1. Maximum
efficiency is achieved at a flow of 0.0619 kg/s and a power of the
heater of 16,400 W.
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Table 2 gives numerical results of simula-
tion; Fig. 6, 7 show the shape of the surface of
indicator’s functions (2). We observe a consid-
erable deterioration of the process in the region
of high performance efficiency of the transport-
ing part and in the region of low performance
of the treating part, when the cost of a product
is too low at a large flow of raw materials. By
increasing the scale in the region of an extre-
mum (Fig. 7), one can see both the presence of
a global extremum for the efficiency indicator
and the local extrema. Such a shape of the
response surface raises higher requirements to
the methods and algorithms for the automated
search for a global extremum in effectiveness.

We shall investigate the dependence of
criteria on process parameters for the neigh-
borhood of an extremum derived from Table 1
using the dynamic model that corresponds to
Fig. 4. The results of our study are summa-
rized in Table 3.

Experiments with an alternate change
in parameters of the technological process
were carried out in order to unambiguously
establish a definite sensitivity of the indica-
tor to them, and the possibility of using it as
a criterion.

Table 2
Results of model study into dependence of indicator (2) on controlling influences
A product flow, kg/s
0.07222 0.0619 0.05417 0.04815 0.04333 0.03939
Power, W
8,000 -2.1E-04 —1.4E-05 —-3.6E-06 -5.5E-07 2.2E-10 2.4E-07
9,200 -1.2E-04 —-3.2E-06 -8.9E-08 3.5E-07 1.3E-06 1.6E-06
10,400 —1.0E-04 —8.6E-08 7.8E-07 2.3E-06 2.3E-06 1.7E-06
11,600 —8.7E-05 1.1E-06 3.7E-06 3.8E-06 2.7E-06 1.4E-06
12,800 -9.0E-05 3.5E-06 4.5E-06 3.0E-06 1.3E-06 2.1E-07
14,000 —1.0E-04 5.5E-06 3.6E-06 1.5E-06 1.5E-07 -3.0E-07
15,200 -9.7E-05 6.7E-06 3.6E-06 9.9E-07 —2.1E-08 —2.3E-06
16,400 —1.0E-04 7.6E-06 3.1E-06 2.2E-07 -1.1E-06 —6.3E-06
17,600 -1.2E-04 6.9E-06 1.7E-06 -9.8E-08 —4.5E-06 —1.3E-05
18,800 -1.3E-04 6.3E-06 6.2E-07 —1.8E-06 -9.9E-06 -2.1E-05
A product flow, kg/s
0.03611 0.03333 0.03095 0.02889 0.02708 0.02549
Power, W

8,000 6.1E-07 5.9E-07 3.9E-07 2.0E-07 4.0E-08 —1.0E-09
9,200 1.2E-06 7.6E-07 3.3E-07 7.4E-08 -2.1E-08 —2.8E-07
10,400 8.5E-07 3.0E-07 1.8E-09 —2.0E-07 -1.1E-06 —2.7E-06
11,600 41E-07 —-1.2E-11 -5.0E-07 -2.1E-06 —4.5E-06 —7.4E-06
12,800 -9.8E-08 —1.6E-06 —4.6E-06 -8.4E-06 -1.3E-05 -1.7E-05
14,000 -3.0E-06 —~7.5E-06 -1.3E-05 —1.9E-05 —2.5E-05 -3.1E-05
15,200 —7.4E-06 —1.4E-05 -2.1E-05 -2.9E-05 -3.6E-05 —4.3E-05
16,400 —1.4E-05 -2.3E-05 -3.2E-05 —4.0E-05 -4.9E-05 -5.7E-05
17,600 -2.3E-05 -3.4E-05 —4.5E-05 -5.5E-05 —6.4E-05 -7.3E-05
18,800 —3.4E-05 —4.7E-05 -5.9E-05 ~7.0E-05 -8.1E-05 -9.1E-05




Results of verification experiments

Table 3

1
No. of Varied Base value Chla nge(fi ff\@lue fo? fYa.lue fo.r 0
entry parameter Of parameter value o elrciency n- € flCleIle m-
parameter | dicator Eff71 | dicator Eff2 -1
Original variant (P — 16,400 W, F— -2
0.0619 kg /s, operation duration is 78 s, 3
! temperature is 79.63 °C, a conditional 7.5665¢-06 22767e-04 2
batch weight is 2.6 kg) 0.08
p— ) 0.06
peration . _ ~ x10 Power, W
2 | e 78 85.8's 6.25¢-06 1.88¢-04 05002 Flow, ka/s
3 Odpera‘_non 78 s 709 s 9.356-06 9 81e-04 Fig. 7. Response surface (\{wth an enlarged
uration extremum region)
4 Total cost +10 % 2.32e-07 -3.058¢-04
5 Total cost ~10% 2777¢-05 ~1.5550-04 7. Discussion of results of modeling the
4 system of flow treatment
6 Pi‘;h‘je“ +10 % 253¢:05 | —162e-04
The existence of a detailed model of the process
7 Product _10% 5 856-08 —3147e-04 allqws us to perform verification of proposed cri-
value teria (2), (3). The response surface of performance
8 | Heat losses 10% 7 7756-06 9455004 | indicator fpr t.he floxy—through heater at constraints
for a qualitative indicator (temperature) is shown
9 Heat losses +10 % 7.355¢-06 -2.105e-04 in Fig. 8.
- The maximum of indicator (3) is reached, based
Mass of a . . .
10 | conditional 2.6 kg 28 kg 9.0456-05 1.7560-04 on the simulation results, under the following
batch mode: heater’s power (P) - 15,200 W, flow (F) -
0.0619 kg/s, and is 6.683¢e-06 relative units. The
Mass of a qualitative parameter acquires a value for the max-
1 conditional 2.6 kg 2.4 kg 7.1e-07 —2.92e-04 . findi °C. for th .
batch imum of indicator (2) — 79.63 °C, for the maximum
of indicator (3) - 75.12 °C, which confirms the logic
jg |Producttem-i Jg oq0n 90°C 2197¢:05 | —6.025¢-04 | Ofreasoning. .
perature An analysis of the response surface, which de-
Product tem- scribes a change on the indicator of effectiveness
13 perature 79.63°C 73°C 1.36e-06 1.36e-06 due to controlling influences, reveals that it has, in
addition to a global extremum, many local ones. It
14 Pmductt tem-| 79 63°C 71°C 4.435¢-07 ~1.93¢-06 was observed that a decrease in the step of change
peratire of controls leads to a growth in the density of local
(5 |Producttem-| g 0o 67°C _5.846-07 966304 | Minima and maxima. Flpdlng technologlcgl modgs
perature with the maximal effectiveness using classical opti-
Raw material mization methods is difficult and thus it is necessary
16 temperature 18°C 12°C 1.925e-06 9.45e-07 to apply specializgd search and stochastic methods.
: For the considered class of one-stage opera-
17 }:aw matterlal 18°C 29°C 1.218¢-05 ~5.996¢-04 tions with a continuous supply of products and
cmperature constraints for technological parameters, it is nec-
essary to test, using model experiments, the above
4 ) considerations employed for verification. In addi-
<10~ Eff, rel. units tion, in order to successfully verify the criteria put forward, it
0.5 is necessary to compare and demonstrate that the efficiency of
0 the process for parameter (2) is higher in the following cases:
-0.5 — there are lower energy losses during treatment or the
-1 larger output quality indicator of a product;
-1.5 — lower energy costs for transportation;

— the larger output of finished products;

— the larger mass of a conditional batch;

— the higher starting temperature of a raw material;

—a closer value of the quality of output products to the
standard value (for criterion (3)).

The results of verification study (Table 2) reflect a change
in the value of effectiveness criterion in line with formulae (2)
and (3). The corresponding change in parameters that exerting
a direct impact on effectiveness (the cases described by lines 5,

4
x10  Power, W

0.04
0.5 0.02 Flow, kg/s

Fig. 6. Response surface of the performance indicator for
a flow-through liquid heater depending on the flow of raw
materials and power



6,9, 10, 15, 16 in Table 2) leads to a change in the value for each
criterion in the same direction. This confirms the adequacy of
the criteria.

XIO_5 Eff2, rel. units

0.08
0.06

0.04 Flow, kg/s

1
x104Power, w 0.5 0.02

Fig. 8. Response surface of performance indicator for
the heater at constraints for a qualitative indicator

Increasing the parameters that have the opposite effect on
efficiency (the cases described by lines 1-4, 7, 8 in Table 2) leads
to a decrease in the value for the criteria, which also confirms
their adequacy.

Variants 11-14 describe those cases when a technolog-
ical parameter falls within the valid range, or is located at
the border of valid values, or leaves the permissible range.
Criterion (2) Eff1 grows at an increase in the temperature
of the output product, while criterion (3) Eff2 - only when
the controlled parameter approaches the standardized value.

It should be noted that the examined computational model
employed conditional functions describing a change in the
value of products, the cost of the consumed resource, power of
heat losses. For industrial applications, it will be necessary to
establish actual dependences.

The model considered is rather abstract and is suitable for
a limited class of real installations. However, it might form
the base for a possible synthesis of models of extreme efficient
control over existing installations for roasting and drying of
granulated products, as well as installations of chemical synthe-
sis. It will be required to take into consideration the multistage
character of treatment and a large number of controlled process
variables. That would make it possible to develop new con-
trolling software and to obtain a real economic effect.

Known models of technological processes of continuous
treatment do not compute parameters required to evaluate
their effectiveness. These include: the time taken for a condi-
tional batch of a raw material to pass through the installation,
a change in the cost of primary and related products depending
on qualitative indicators, assessment of resource and energy
costs for the transportation and treatment of a channeled prod-
uct. Known optimization methods make it possible to acceler-
ate and automate the process of finding an extremum of quality;
however, the applied computational models do not allow the
unambiguous connection between technological settings that
define the mode and the degree of its efficiency. In this case, it
is not correct to argue about attaining the best regime.

8. Conclusions

1. For the technological process of a one-stage treatment,
characterized by a continuous supply of raw materials, energy
and resource consumption, optimization can be performed by

using a specialized model. It reflects the patterns in a dynamic
process that has two channels of control - over a flow of raw
materials and energy costs related to treatment. In addition,
the model takes into consideration the constantly changing
value of the output product depending on the quality indi-
cator and the imposed constraints on the volume of output
product or its qualitative properties.

2. Solving the task on optimization is impossible without
using a substantiated criterion. It is based on the indicator of
effectiveness as a measure of correspondence of the outcomes
of work of the functional system to the goals of the owner.
The formulated criterion takes into consideration the time
taken for a conditional product batch to pass through the
installation, total expenses, the cost of a conditional batch of
the output product, depending on the quality indicator. The
criterion is also sensitive to the sign of cost difference between
a finished product and its cost, which makes it possible to
unambiguously identify unprofitable modes - the difference
is negative, and the profitable ones — the difference is positive.
The value of the output product is adjusted via a function that
calculates the degree of belonging of the regulating parameter
to the permissible range.

It is appropriate to adjust the cost via the Gauss function
whose values are in the range (0; 1], provided that deviations
from the desired parameter’s value are equal. If the deviation
directions are not equal, one should use, on order to adjust the
value of an output product, a product of two sigmoid func-
tions, or a two-way Gaussian function. The application of a
given correction function makes the criterion more convex in
the region of an extremum and sensitive to the technological
constraints for the parameters of a flow treatment process.

The total cost is calculated as the sum of integral values
of the cost of utilized raw materials and the energy used on
treatment and transportation, the cost of the utilized resource
of the treating and transporting parts, the magnitude of fixed
costs to maintain the operation of a technological installation.

3.Based on the criteria developed, we synthesized a
structure of the functional system with a continuous supply.
It could provide the search for optimal controls, provided one
knows the functional dependences of resource consumption,
the dependence of the cost of the output product on a quality
indicator, the permissible range of the regulatory indicator.
The structure is minimally possible and is suitable for all pro-
duction systems that perform continuous technological oper-
ation, which includes the functions of transporting a product
and treating it using an external energy source.

4. Model study of the water heating system in a flow-
through heater with independent channels of control over the
flow of fluid and the heater’s power confirmed the possibility
to estimate the overall effectiveness of the regime, differenti-
ation of profitable and unprofitable modes. It was established
that for the accepted unit cost of a raw material, finished prod-
uct, energy and resource, the unconditional global optimum is
in the following neighborhood: power of a heater is 16,400 W,
flow rate is 0.0619 kg/s. Introducing a symmetric constraint
for a temperature of 73 °C shifts the optimum in the region of
the heater’s power of 15,200 W. In this case, the value for a
criterion changed from 7.57E-06 to 6.68E-06 (decreased by
12 %), which explicitly confirms that the criterion matches
the requirements put forward.

5. Verification of the proposed criteria for the installa-
tion of a flow fluid heating was performed by independently
alternating change in all parameters that affect performance
by 10 %. The results clearly demonstrate a direct change



in the value for parameters’ criteria that directly affect the  proposed model of a functional system, together with the
efficiency. In addition, for parameters that are inversely  analytical expression of the criterion, ensures the search for a
proportionally influence the effectiveness, we confirmed an  global optimum in the operation of a continuous technological
appropriate change in the values of optimization criteria. The  installation with respect to constraints.
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