IRSTI 50.47.31 https://doi.org/10.58805/kazutb.v.2.23-392

RESEARCH AND CONSTRUCTION OF A MATHEMATICAL MODEL USING
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This paper describes the construction of an optimal schedule for a metallurgical workshop using discrete
programming, and in particular, the method of branches and boundaries. In this regard, a heuristic approach
to solving this problem is proposed, which includes: building an initial graph that satisfies the constraints of
the optimization problem, as well as sequential search optimization of the initial graph according to a given
criterion. To test the effectiveness of using the task of forming a melting schedule as part of the operational control
subsystem in the converter department, experimental studies were conducted. Considering that the creation of
the automated process control system of the copper plant provides for the introduction of systems using modern
software and hardware controls, cargo flow control, and an automated conversion process control system, the
efficiency of using optimal melting schedules will significantly increase.
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MbIC KOHIIEHTPATTAPBIH HINXTAY KOHE BAJIKBITY YIHIIH JUCKPETTI
BAT TAPJTAMAJIAY 9 AICTEPIMEH MATEMATHUKAJIBIK MOJIEJIb/II
3EPTTEY KOHE KY¥YPY
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'F.)IgykeeB aThIHIAFBl AJIMAThl SHEPreTHKA JKoHe OaiylaHbIC yHUBepCcUTeTi, Anmartel, Kaszakcras,
2AKHapaTTbIK xoHe ecenteyimm TexHonorusuiap nHetutyTel KP F7KBM T'K, Anmarsr, Kazakcran,
3 AJTMATBI TEXHONOTHSITBIK yHHUBepcuteTi, Anmarsl, KazakcraH,
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Byt xkyMbIcTa TUCKpeTTi OarqapiaMaliay apKbUIbl, atar alTKaHna, OyTakrap MeH IeKapaiap 9ficiMeH MeTa-
Jyprusi IIEXbIHBIH OHTAMIIbI rpadurid Kypy cunarrairaH. OcpiFaH OaiIaHbICThI OCHI MACEJIEHI LIeNIyre SBPUCTHU-
KaJIBIK, TOCLT YCBIHBLIAbI, OFAH MBbIHAJIAP Kipeli: OHTAlIaHAbIpy MOCEJIEeCiHIH IIEeKTeyIepiH KaHaraTTaHIbIpaThIH
Gacranksl rpaduKTi KYpy, COHIal-aK, OepiireH Kputepuii OoubIHINA OacTarKpl rpadMKTi IOWEeKTi i3/1ey Kyiecin
oHTailanpipy. KoHBepTopIiblk Oesnimiliesie xeaen 0ackapy Killli KyHeciHiH KypaMbiMeH OaJIKbITy KeCTeciH Ka-
JIBINITACTBIPY MIHJETIH MaiilaylaHy/IbIH TUIMALTIMH TeKcepy YIIiH SKCIEPUMEHTTIK 3epTTeyiaep Kyprizingi. Meic
3aybIThiHbIH 02k TIT Kypy 3amaHaym GarnapiamMaibK-TeEXHUKAIBIK, 6acKkapy KypasigapbiH, KYK aFblHbIH OaKplia-
yaBl, aipIpOacTay MporeciH OacKapymblH aBTOMATTAHIBIPHUIFAH JKYHECIH KOJNIaHa OTHIPHIN KyHeepii eHri3ymi
KO3JEUTIHIH eCKepe OTHIPHII, OaTKpIMATAPIBIH OHTAIIH KeCTeNlepiH MaifanaHy THIMIUTITI alTapIbIKTall apTa/ibl.

Tyiiin ce3/aep: MbIC IMKi3aThl, APAIACTHIPY, OATKBITY.
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VCCJIEJOBAHUE U IIOCTPOEHUE MATEMATHYECKOM MOJIEJIN
METOJAMMU JUCKPETHOI'O ITPOI'PAMMMPOBAHUA AJIA HIIMXTOBKU U
IIJTABJIEHUA MEJHBIX KOHIHEHTPATOB

V.Nman6exoBa'™, A.Kammkanosa®!, A.Ko3zoakosa>’, A.iman6exosa®, A.Vrerenopa'?

! ATMATHHCK Mt YHUBEPCUTET dHepreTuku u csasu uM. . [laykeeBa, Anmarsl, Kazaxcras,

2I/IHCTI/ITyT MH(pOPMAIMOHHBIX U BerauciuTenbHbIX TexHonmornii KH MHBO PK, Anmmvartsr, KazaxcraH,

3 AJIMATHHCKAH TEXHOMOTHIECK I yHUBepcuTeT, Anmarsl, Kazaxcran,

“Tapasckuii permonanbHblil yauepeuter uM.M. X. Tynaru, Tapas, Kazaxcran,

e-mail: uli.08 @mail.ru

B nanHoii paboTe onuchIBaeTCsl HOCTPOSHUE ONITUMANIBHOTO Ipahrika METaJLTy privdecKoro Lexa ¢ IIOMOIIBIO AWC-
KPETHOT'O IPOrpaMMIPOBAHUSI, U B YaCTHOCTH, METOIOM BETBEH U IpaHUIl. B c3s131 ¢ 9TUM Tpe/yiaraeTcsi SBpUCTH-
YeCKUH TIOIXOM K PEIICHUI0 JTAHHOM 3a/1a9M BKJTIOUAIOIIHIA B ceOs: TOCTPOSHUE MCXOIHOTO rparKa, yIOBIETBOPSI-
IOIIEro OrpaHNYEHUSIM ONTUMI3ALMOHHON 3aJa9H, a TAKKe MOCIeI0BATEIbHYIO TOMCKOBYIO ONITUMHU3AIINIO HCXOLI-
Horo rpaduka no 3agaHHoMy Kputepuio. 1 mpoepku 3¢ eKTUBHOCTH UCTIONb30BaHMS 3a1a4u (POPMUPOBAHUS
rpacuKa IJIaBKU ¢ COCTaBe MOJICUCTEMBI OIIEPATHBHOIO YIIPABJICHUsI B KOHBEPTOPHOM OT/IEJICHUM ObLIH IIPOBEjie-
Hbl SKCIIEPUMEHTAJIbHbIE UCCIIeJOBaHUs. YuuThiBasi, 4to coznanueM ACY TII meap 3aBoaa npeaycMaTpuBaeTcs
BHEJPEHUE CHCTEM C MPUMEHEHHEeM COBPEMEHHBIX MPOrPaMMHO-TEXHUIECKUX CPENCTB YIPABJICHUs, KOHTPOIS
TPY30IIOTOKOB, ABTOMAaTU3MPOBAHHOW CHCTEMBI YIIPABJICHHUS MPOIIECCOM KOHBEPTUPOBAHMUS, 3((PEKTUBHOCTD ¥IC-
TIOJIb30BAaHMSI ONITUMAJIBHBIX IT'PahHKOB IJTABOK CYIIECTBEHHO TTOBBICUTCS.

KuroueBsble cioBa. MenHoe chipbe, KyMaXHpOBaHHUe, IUIaBKA.

Introduction. The solution of the formulated
problem of constructing an optimal graph using discrete
programming methods, and in particular, the method
of branches and boundaries, involves a large amount of
calculations, difficult when implementing the system.
At the first stage of the procedure, an initial graph is
constructed that satisfies all the constraints of the task.
i.e., itis valid [1].

Restoration of the process state in each unit of the
site (at the time of the start of the algorithm) based
on the initial information and using a mathematical
model of the process: formation of the initial section of
the graph by entering the first heats of each unit into
the Gantt table, calculation based on a mathematical
model of the characteristics of an exemplary melting
with a given average blast consumption and an average
number of buckets of loaded matte, assignment of
the characteristics of all swimming trunks (except
the first ones) to the values of the characteristics of
an exemplary melting, filling in the Gantt table with
swimming trunks, taking into account the restrictions
and if the condition is met, the first stage of the
procedure is completed [2].

Checking the possibility of changing the average
flow rate of the blast in the required direction and
calculation of the required value by which the average
blast consumption must be changed and adjustment of

the average blast consumption by this value. Checking
the possibility of changing the matte loading of the
smelts [3]. If possible, the transition to is carried out,
otherwise at the end of the first stage of the procedure.
The choice of melting, which can change the matte
loading in the required direction and adjust the number
of loaded matte buckets [4].

Materials and methods. At the second stage of
the procedure, a direct search for the optimal schedule
is carried out by step-by-step improvement of the
original schedule. The search step is to select a pair of
swimming trunks for which it is possible to redistribute
the material (matte) or temporary (duration of the
first period and downtime after melting) resource,
redistribute the selected resource, evaluate the newly
obtained schedule option and, if unsatisfactory, return
to the old option. The choice of two melting points
in the redevelopment of the schedule, for which it is
possible to redistribute the resource [5]:

1. Adjustment of the characteristics of the selected
melts in accordance with the redistribution performed.

2. Checking for violation of the condition. If this
condition of redistribution is violated, the transition
to paragraph 7 is rejected and made, otherwise to
paragraph

3. The schedule (Gantt table) is adjusted in
accordance with the production redistribution of the
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resource.

4. Evaluation of the change in the criterion AF. If
AF < 0, then the step is considered successful and the
transition is made to point 1, otherwise to point 6.

5. Return to the previous version of the schedule
(reverse adjustment of the Gantt table).

6. Return resource redistribution for previously
selected swimming trunks.

7. Checking for a decrease in the value of the
criterion after conducting cycles of redistribution of all
types of resources. If the decrease in the criterion value
is not marked, the optimization procedure is completed,
and the cycle is repeated from point 1.

We present an algorithm for forming the work
schedule of the converter department together with a
semiotic model, which form a system for forming the
optimal work schedule of the converter section [6].

The purpose of the research was: to determine the
feasibility of optimal schedules of converter melts
generated by the system; identification of the reasons
causing the deviation of the actual values from the
specified melting schedules (start and end times of
operations, the amount

of processed and received materials, etc.),
development of recommendations to increase the
degree of use of optimal melting schedules [7].

The development of an algorithm for operational
control of the converter department involves testing
the control algorithm together with the control object.
However, conducting experiments with an algorithm
that has not yet been debugged at the facility is not
possible due to the strenuous operation of the separation
units in industrial conditions. The output of the latter's
operating modes beyond the scope of the regulated one
entailed significant production losses. In addition, there
are difficulties caused by the need to simultaneously
measure a large number of parameters involved in
evaluating the operability and effectiveness of the
control algorithm. In real production conditions, this
can only be done with a long delay, low accuracy and
insufficient data collection frequency [8].

Results and discussion. In these conditions, it is
advisable to debug the control algorithm based on
experiments with a simulation model of the converter
compartment [9]. The process of forming and using
a simulation model includes the following steps:
clarification of information flows into the modeling
system and schemes of their transformation; assessment
of the probabilistic characteristics of the material flows

of the converter unit in order to form a model of
compensating effects; development of the structure
of a software system that simulates the functioning
of a control object based on a mathematical model
of the process, development of a software system
simulating the functioning of an object (with active
disturbances) in conjunction with a control system;
conducting simulation experiments with the software
system; evaluation by a specialist of the results of the
simulation experiment; adjustment of the parameters
(structure) of the control algorithm [10]:

Block 1 organizes a cycle for all units in operation.

Block 2 generates the initial information for
simulating the process at the time interval 7 in the i-th
unit of the site. For this purpose, values characterizing
the state of the process at the end of the ¢/ time interval
(composition, quantity and temperature of the mass
and slag in the bath), as well as the values of control
actions on the time interval 7 (flow rate of blast, ore,
amount of poured matte and drained slag, the moment
of commencement) are rewritten into the working
array from the general memory area of the system or
the end of blowing). These values are considered as
mathematical expectations of the corresponding values.

To obtain noisy values, each of the listed parameters
is exposed to interference according to the following
Equation 1.

0; = Mg; + £o, (H

where Eg; - is a random variable distributed
according to a normal law with zero mathematical
expectation and a variance equal to the variance of
the real “played” parameter obtained by statistical
processing of experimental data.

The value of on - is generated by block 8, which
implements a pseudorandom number sensor with a
given distribution law.The compositions of materials
loaded into the converter are also subjected to noise.

Block 3 contains a mathematical model of the
conversion process described in section 2, and the initial
state of the process is transformed into the final one,
taking into account the specified control actions.

Block 4 generates the output technological
parameters of the process (temperature, amount and
composition of the exhaust gas). It is assumed that the
air sucked into the exhaust gas is directly proportional
to the amount of converter gas to the following
Equation 2.
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MAG,[r]} = K,G,l7] @)

The value of the Kcoefficient was found during
the identification of the mathematical model. In this
case, the amount and composition of the gas mixture
is determined by to the following Equations 3-4:

Gpltl = Gl + G, [1] + £G,[7] 3)
e, [r] = a?OZ [T]G,[T]100%/ G, [7] 4
In addition, the block wupdates the values

characterizing the state of the process located in
the general memory area of the system, thereby
preparing for the simulation of the next time interval.

X[n]=X[n—1]+ %Y[n] — X[n—1]

1
n—1

o%[n] =o%[n—1] +

The results generated by block 5 are recorded in the
general memory area of the system.

Block 6 is used to simulate random disturbances
on the process, reflecting fluctuations in the flow rate
of blast and ore into the converter, the amount and
composition of the loaded matte and other materials,
the duration and moments of the beginning and end
of the smelting purges. For these purposes, a standard
procedure for generating pseudorandom sequences
distributed according to a normal law is used. The
variances of the corresponding parameters to be noisy
are transmitted to block 2 and 4 when accessing block
6.

The next stage consists in the development of a
software system, providing simulation of the operation
of the control object together with the control system,
the developed system functions as follows.

Block 1 prepares the initial values of the system
time counter T and the control time interval 1. Block 2
organizes a cycle for all units of the department that
are in operation. Block 3 generates the initial state of
the process in the i-th unit necessary to start the system
in operation, the following parameters are generated:
the start time of the current melting, the average
consumption since the beginning of the current melting,
the number of matte buckets loaded into the current

{X[n] =X [n—1])* —o%[n—1]}

In conclusion, we return to block 1 to simulate the
operation of the next unit.
Block 5 calculates the parameters of the converter

gas flow from the converter compartment by to the
following Equations 5-6:

Gl = Chl ®
o5l =Y al, [CLEHCEE ©

=1

After that, the calculation of the current statistical
characteristics of the total gas flow, the average
downtime of the units, the average deviation of time
parameters, melting parameters from those set by the
graph is performed by to the following Equations 7-8:

)

®)

melting by the time the system starts, the compositions
of materials loaded into the current melting. This sets
not only the initial conditions for the i-th unit, but also
the integral control actions applied before the start of
the system.

Block 4 generates a micro description of the current
technological situation at the site in the language of
a systematic model, thereby preparing information
for the operation of the situational management unit.
Information for the formation of a micro description is
selected from the general memory area of the system
sequentially for each unit of the site.

Block 5 generates a solution for managing the
converter department based on the semiotic model
of the latter. Depending on the chosen solution, a
transition can be made to block 6, 8 or 9 (AB). The
selected solution(s) are recorded in the general memory
area of the system.

Block 6 generates the optimal work schedule of
the department for a given time interval, taking into
account the management decisions developed in block
5. The generated schedule is fixed in the general
memory area of the system. Block 7 organizes the
cycle according to the melts scheduled in block 6 for a
specified time interval. Block 8 generates the optimal
schedule for the next melting, in addition, if block
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5 makes a decision to adjust the schedule of some
melting, it generates a new schedule for it, taking into
account the changed situation in the department.

Block 9 (AB) contains a simulation model of the
converter compartment.

Block 10 increases the values of the accounts 7 and
1 by one, preparing the output for the next simulation
cycle. Block 11 analyzes the value of the system time.
If the simulation of the next shift has ended, a transition
is made to block 12, otherwise to block 14. Block 12
prints the results of the simulation of functioning during
the last shift. Block 13 resets the counter values to zero,
thereby switching to simulating the next shift. Block 14
analyzes the value of the counter 1. If the 1 value is equal
to the control cycle time set when the system is started,
the transition is made to block 15, otherwise to block 9.
Block 15 resets the 1 counter values to zero.

Table 1 - System pe

The developed simulation system allows checking
the operability and effectiveness of the proposed
system of operational management of the converter
department in various modes of its operation. The
data obtained as a result of the next cycle of the
experiment is evaluated by a specialist who makes a
conclusion about the quality of the control system and
decides whether to adjust the control algorithm aimed
at eliminating the identified shortcomings, or to end
the experiment if satisfactory results are obtained, both
the structure of the control algorithm and the values of
its objects, the field can be adjusted then a series of
experiments is repeated.

Simulation modeling of the control system showed
the operability of the system and the possibility of a
significant increase in the efficiency of technological
processes of the metallurgical workshop during its
implementation presented in Table 1.

rformance results

Ne | The name of the indicator Significance in current | Importance in situational
practice management
1 Dispersion of SO content in | 2,89 0,36
converter gases
2 | Downtime variance 212 36

The functioning of the operational management
system of the converter department is aimed at the
formation of work schedules of the department, which
regulate the conditions of the process and are issued
as written instructions to the technological staff. It
is shown above that the algorithm for forming the
work schedule of the converter department ensures
that the schedule is optimal from the point of view
of coordinating the operation of individual units and
is most appropriate to the current situation in the
metallurgical workshop. The size of the planned period
in the formation of the department's work schedule is
determined by the established management practice, is
limited by the dimension of the optimization task solved
at the Central computer and is assumed to be equal
to one day or less (depending on the moment of the
beginning of planning). The results obtained in this case
could be issued for execution once a day. However, the
non-stationarity of the control object, as a rule, leads
to the need to revise the schedule during the day. The
main reasons for non-stationarity are:

- failures of the converter compartment units,
resulting in the need to force the operating modes to

perform the production program with a smaller number
of operating units;

- deviations of the qualitative and quantitative
characteristics of the raw materials of copper matte)
from the regulated norms due to violations in
the operation of the electric furnace and charge
departments, leading to the need to force or artificially
reduce the pace of operation of the converter
department;

- disturbances in the operation of the electric furnace
compartment, leading to excessive downtime of the
converter compartment units, leading to excessive
downtime of the converter compartment units in
anticipation of the next portions of matte.

- the effect of the "human factor” - staff errors in
fulfilling planned schedules, the inability to reach the
planned blast consumption due to a decrease in the
intensity of the work of the shapers, etc.;

- the drift of the characteristics of aggregates due
to their aging, the listed factors, on the one hand, lead
to significant deviations from the specified schedule,
which do not allow using it in the future, on the

51



KasTBY XABAPIIBICHI - VESTNIK KazUTB - BECTHHUK KazVTb

other hand, to the inadequacy of the mathematical
models underlying the algorithm for selecting modes
and, consequently, to the non-optimality or even
inadmissibility of the management decisions being
formed. Under these conditions, the effectiveness of
the control system can be ensured by introducing a
rational frequency of submission of control actions, as
well as on the basis of the application of the principle
of adaptation, involving the introduction of feedback
on the structure and parameters of the control system.

Under these conditions, the appropriate task is
to select algorithms for adapting the mathematical
model of the control object and to develop a general
algorithm for functioning that regulates the sequence
and frequency of operation of individual algorithmic
blocks of the control system.

The mathematical model of the control object is
presented, as well as the structure of the predicate
system. The adaptation of the control system should be
reduced to adjusting the parameters of the analytical
model and the structure of the predicate system based
on current information about the functioning of the
facility and the control system. The first task is solved
on the basis of the use of probabilistic interactive
adaptation algorithms, the type and characteristics of
which should take into account the statistical features
of the current information and is selected during a
special study. The algorithm of the current correction
of the structure of the predicate system is based,
ultimately, on the correction of the values of the
weighting coefficients appearing as arguments in the
corresponding predicates, which, in turn, connect the
concept of different levels of description.

The structure of the general algorithm for the
operation of the control system. The main blocks of this
algorithm are:

Block 1 converts the information generated by the
subsystem of centralized control of the automated
control system into a form convenient for further use

Aln] = Aln — 1] +[n]V 4[2°[n] — Z(Q[n], A[n — 1])

where A is the vector of model parameters; Z;-
output of the control object; Z- output of the model; @
is the output of disturbances; U is the vector of control
actions;

Block 6, based on the process model (block 4),
digitally simulates a certain production situation in
the converter department, sequentially simulates the

(in other words, the block restores a micromodel of the
current situation in terms of language) {af } , {Tv}.

Block 2 performs, based on the predicate system
{PE}, the selection of a management solution U that
is optimal for this situation. If the developed solution is
immediately ready for implementation, then it is issued
to the site for execution, otherwise other blocks of the
system are launched in order to specify the sequential
one.

Block 3 is started if the management decision relates
to the formation (adjustment) of the work schedule of
the converter department. At the same time, the initial
state of the converter department is fixed and, taking
into account the previously developed management
decision of the department. At the same time, the initial
state of the converter department is fixed and, taking
into account the previously developed management
decision, Uy, the formation of a work schedule for the
converter department for a day (until the end of the day
from the moment the unit is put into operation);

Block 4 implements a system of equations, which
is an analytical mathematical model of the conversion
process.

The set of blocks 1-4 is a system of operational
control of the converter department by deviation. The
frequency of operation of the system units is 3-4 hours,
which corresponds to the dynamics of the most “rapid”
disturbances (failures of aggregates, the action of the
“human factor”, etc.), the control object in this case
is considered as quasi-stationary. Accounting for the
non-stationarity of the control object, which allows
to increase the efficiency of the control system, is
provided by the introduction of blocks 5-7. Block
5, comparing the characteristics of converter melts
obtained on the basis of an analytical model with the
fixed block 1, adjusts the parameters of the model by
implementing a probabilistic interactive algorithm by
to the following Equation 9:

€))
adoption of each of the available management decisions
by to the following Equation 10:

Ug(¥ =1,2..) (10)

based on the criterion Q(z,u) the effectiveness of
each management decision is evaluated, after which
the optimal management, in the sense of the specified
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criterion, is selected; Block 7 captures the situation [n],
generated by block 6, selects the optimal management
solution based on the predicate system {P&} —
U,,n], compares both U, [n] and U, [n] in case of
their discrepancy, corrects the predicate system in order

to eliminate the resulting mismatch.

The implementation of blocks 5-7 is associated
with significant computational difficulties. The need to
launch blocks 5-7 is due to changes in technology (for
example, the transition to new types of raw materials)
or changes in the organization of work and should be
carried out with a periodicity of about a month.

Conclusion. In the process of long-term operation of
the system for the operational formation of an optimal
work schedule for the converter department, the need
to improve individual units of the system has been
identified. In particular, the technological staff of the
metallurgical workshop expressed the wish that it was
necessary to take into account the raw materials and
energy limitations of the electric furnace electronic
department (FED).

To implement these wishes, the following changes
were made to the algorithm for forming the work
schedule of the converter department: a fragment of an
algorithm has been developed that corrects a given plan
for the production of rough copper, taking into account
the energy and raw material constraints of the FED, as
well as the schedule of the latter's PPD; the procedure
for creating a schedule at time intervals corresponding
to the FED's PPR has been changed. At these intervals,
it is planned to reduce the intensity of the converters,
the melts are spaced over time so that they can be

provided with matte from one furnace; an algorithm has
been developed for the formation of an application plan
for the issuance of a matte FED with the development
of the latter for shift tasks, which specify the time the
output of each stein bucket, as well as the total number
of buckets per shift and per day. The required number
of pellets to be processed and the cost of electricity are
also indicated.

The listed changes and additions are made in the
form of separate fragment programs and independent
programs and will be included in the system software
being developed.
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