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DEVELOPMENT OF AN ALGORITHM FOR ADAPTING A MATHEMATICAL
MODEL OF THE PROCESS OF MIXING AND MELTING COPPER
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The paper describes the information base of the system, which is formed by algorithms of centralized control,
automated analytical control system and control data of material flows. The data processing algorithm according to
a special program generates additional information necessary to solve the control tasks of the system and includes
algorithms for processing analytical data information, as well as data for monitoring material flows, calculations
of additional electric furnace variables, loading of charge into furnace bunkers and technological variables by
department. The simulation model of the functioning of the complex “technological process — control system”
is implemented in the form of a package of interconnected software modules. The package implementing the
simulation model is divided into three complexes: a set of programs for "Data collection and processing”; a
complex for "Optimal process control”; a set of programs for “optimal energy regime management”.
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Makanazia opTajablKTaHOBIPBUIFAH 0acKapy alropuTMIEpiMeH, aHATUTHKANBIK OaKblUIayAblH aBTOMATTaHbIPbI-
JIFaH )KYHeCiMeH KoHe MaTepUasIIbK, AFbIHAAPIb OaKbUIay JepEeKTepiMEeH KAJbINTACATBIH KYHEeHIH aKNapaTThiK
6azachl cunartanraH. ApHaiibl Oargapiama OOMBIHINA IepeKTepai OHJIey aropUTMi XKyHeHi 6ackapy Macesenepin
LIy YITiH KQKETTi KOChIMIIIA aKTapaTThl )Kacai/Ibl KoHe aHAIMTHKAJIBIK aKIIapaTThl OHJIeY aITOPUTMIEPiH, COH/AM-
aK MaTepuaIbIK, AFBIHAAPABI OaKpLIaY, AMEKTP MElliHiH KOCHIMIIIA TapaMeTpIIepiH ecemnTey, NelITiH OyHKepiepiHe
IIMXTaHbl )KYKTEY kKoHe LieXTap OOMbIHIIA TEXHONOTHSIBIK MapaMeTpiaepii KaMTuIbl. « TeXHOMOTHSUIBIK poLece
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«JiepeKTepi KUHAYFa )KoHe eHJIeyre» apHaJIFaH OaraapiaMaliap )KUbIHTBIFbI; «TEXHOJOTHSIIBIK, TPOLIECTi OHTAIIBI
Gackapyra» apHAJIFaH KellleH; «OHTAMJIbl SHEPTeTHKAJIBIK pPeXUM/Ii OacKkapyra» apHajFaH Oargapramanap KUbIH-
THIFBL.
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B cratbe onucana nngopmarioHHas 6a3a cUCTeMbl, KOTopas (popMupyeTcs aaropuTMaMy LEHTPaIM30BaHHOTO
yIIpaBJIeHHs], aBTOMAaTU3MPOBAHHOM CUCTEMOW aHAJIUTUYECKOr0 KOHTPOJIS M JaHHBIMU KOHTPOJISI MaTeprabHbIX
TIOTOKOB. AJITOPUTM OOpaOOTKU JaHHBIX IO CIELUAIBHON MporpaMMe TeHeprpyeT IOMOJHUTENbHYI0 HH(pOpMa-
110, HEOOXOIMMYIO JIJIs1 PellieH s 33/1a4 YIPABJICHUsI CUCTEMOI, ¥ BKJTIOUAET B ce0s1 aJITOPUTMBI 00paOOTKH aHATIU-
THYECKOH MH(OPMALIUH, a TAKXKe JaHHbIE [ MOHUTOPHHIA MaTepPUaJIbHBIX TIOTOKOB, PACYETOB JAOMOIHUTEIbHBIX
MapamMeTpoB EKTPOIEUH, 3arpy3KU IIUXTHI B OYHKEPHI M€Y M TEXHOIOTMYECKHX MapaMeTpoB 1o 1iexam. Vimura-
LIMOHHAsI MOZIEJTb (DYHKIIMOHUPOBAHUSI KOMITJIEKCA ~TEXHOJIOIMYECKHI MPOLIeCC — CUCTEMa YITpaBJIeHHUs pean30-
BaHA B BUJIE TTAKETa B3aMMOCBSI3aHHBIX ITPOrPaMMHBIX Moyiel. [laker, peanu3yonmii IMUTAIMOHHYI0 MOJEb,
pasfenieH Ha Tpy KoMIuiekca: Habop rporpamm uist “Coopa 1 00paboTKU AaHHBIX”; KOMIUIEKC Jiist ”ONTUMATBHOTO
yIpaBIeHHsI TEXHOJIOTMYECKUM ITPOoLieccoM”; HAOOp IpOrpamm [is ”yHpaBieHHs] ONITUMAJIbHBIM SHEPreTHYECKUM
pexumom”.

KuroueBnble cioBa. MenHoe chipbe, CMEIIMBaHUE, UTaBKa, MAaTeMaTHUECKasi MOJie/b, CMEIIMBAHKE U 1IABKA.

Introduction. To predict process variables using
an adaptive mathematical model, constant updated
samples containing a certain number of observations
of the process must be stored in the PC memory [1].
When the operator enters the code of a certain equation
of the model, the corresponding values of the model
parameters, object variables and algorithm constants
are received at the algorithm input, the adjusted model
parameters and the predicted value of the object
variable are printed [2].

The analytical information processing algorithm
generates information about the chemical compositions
of material flows necessary for solving functional
control tasks using information arrays generated by an
automated analytical control system based on X-ray
spectral equipment [3]. The data is sent to the computer
of the automated control system of the metallurgical
workshop via interprocessor communication channels
as they are formed. The data on the chemical
composition of the melting products relate to the
moments of discharge of these products, which are
random in nature [4]. The output information of
the algorithm is preprocessed information about the
chemical composition of material flows [5].

Based on the data of the daily work schedule of
the electric furnace department, which determines the

number of processed granules, revolutions, limestone,
liquid converter slag, a given electrical power, taking
into account the current chemical composition of the
loaded materials, a table of initial data was filled in,
which were transmitted via communication channels to
the information and computing center [6]. The obtained
data of the optimal technological regime were printed
out and transmitted to the shift foreman in the form of
a task for implementation during the process [7].

Materials and methods. During the tests, the
following values characterizing the electric melting
process were recorded in the observation log: date
and shift number, set and actual, number of loaded
materials (by type), power consumption, electric power
of the furnace, current and voltage at the electrodes,
the amount of matte produced, the amount of fused
slag; the results of chemical analyses of the loaded
materials and the products received; the surname of the
replacement master; the time of solving the problem on
the PC [8].

The tests were carried out in two stages: at the first,
data was collected during the usual (existing) control of
the electric welding process, at the second — during the
implementation of the process according to the optimal
control algorithm [9].

The choice of a working algorithm for adapting a
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mathematical model that best satisfies the condition of
accuracy of approximation by the model of the output
variables of an object over a time interval of length is
reduced to determining the type of operators 1{.}, {.}
of the sequence type [k, the value of constants 7, and
the minimum sample length [10].

We present a working algorithm for adapting the
mathematical model of electric melting.

The adaptation algorithm calculates the current
values of the parameters of the mathematical model
based on the initial data:

a) the current values of the output and input variables
of the adapting equation (model).

b) the values of the parameters obtained at the
previous step of the algorithm;

¢) values of constants;

d) the calculated value of the output variable
obtained at the previous step of the algorithm.

The output information of the algorithm is the

adjusted values of the equation parameters to the
following Equation 1.

ey

Minimizing the square of the mismatch between the
actual (measured at the nth instant of time) value of the
output variable to its calculated value to the following
Equation 2.

@

Where £[n] is the output variable of the model, Here:
¥;[n], (i = 1, m) - input variables of the model,
n=1,2,..

09, 9,;(i = 1,m) - equation parameters.

. - discrete time,

Calculation formulas to the following Equations 3-
10:

(K] = k= 1]+t [HAcln. b~ 1 5
5Tk] = 1% — 1]+ 2R, [ Al k — 13,

Sk = 8.k —1](i = 0,1,...), )

Acfn, K] = =[n] — Z[n, ] )

£, k] = bl + ia (KT9in) ©

2] = 2[n — 1] + Tia(s[n] —En—1], (i=T,m) %

2[n] = 2n—1] + T%(s[n] e —1)) @)

th] =1+ r/Acln— 1,k — 1] + Acln — 2,k — 2] )

¥ = constif nly] =1
T 2 i) = o o

Where:

S[n] - the number of steps of the algorithm after the
next violation of the condition Ae[n, k]| < A.

[n],E[n] - variables formed by sliding averaging
over intervals, respectively T;u 7;

0;[k],(i = 0,m) - equation parameters
corresponding to the kth step (iteration) of the
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algorithm;

g[n.k] - calculated values of the output variable
corresponding to time n, obtained using the parameters
o; [kl

v;|k], (i = 0,m) - The iteration step is positive
numbers that determine the amount of parameter
correction at the kth step of the algorithm;

t[k] - accelerating multiplier;

n[v] - a constant that defines the type of sequence
vilk](k=1,2,..);
A > 0 - the threshold value of the misalignment of

the value e[n|é[n, k].
Results and discussion. The flowchart of the
algorithm is described in this way:

Block 1 performs the sequential formation of arrays
necessary for calculation from the total array of data.

Block 2 checks the completeness of information
generation.

Block 3 checks the receipt of new analytical
information.

The block diagram of the algorithm for processing
analytical information in Figure 1.

(=)

Formation of an array of
source data

v

Smoathing (ayveraging) of
variables

Y

memory.

(

Storage in,

s

Figure 1 - The block diagram of the algorithm for processing analytical information

Block 4 calculates the interpolated value of the content of the i-th component of the j-th material of the k-th

furnace to the following Equation 11:
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(Xijk (] — Xijk [M]) (” - Tu)

Tut+1 — Ty

Xijrln] = Xjulu] — an
Where: X [1] - the content of the i-th component in the j-th material for the k-th selection furnace;

Tys Tyq1- accordingly, the time of the p and pi+1 sampling of the analyzed material

n - discrete time, the hour for which the content of the i-th component in the j-th material is determined.

Block 5 performs preliminary processing of the received information — smoothing to the following Equation
12:

Cln = Cln— 1] + % (Cn] = Cln — 1)) (12)

where C[n] - the smoothed value of the variable at the n-#h instant of time;
Cn] - the current value of the variable at the n-th moment in time;
T - the smoothing interval (averaging).

Block 6 stores a sequence of values of analytical variables to the following Equation 13:

Cln—1],i=0,1,2,...,N (13)

where N is the memory depth. The average values of variables are stored per hour, from the beginning of the
shift, per shift, from the beginning of the day, per day for each furnace.

The block diagrams of these algorithms are shown in Figure 2.

Process management,
subsystem
Formation Comection Optimization Determination of Optimization
of the information of mathematical the chemical of the energy
base subsystem parameters, composition, regime,
Formation The adaptation Matrix formation i Preparing data for
of the information algorithm, pnd optimization Creating an array solving
matrix from problem solving of source data the optimization
the centralization problem
b Ll
| Solving the Solving the
- problem problem
for i of optimization of| | | of optimizing the
B tical & the chemical energy
information ition |
| Calculation of the Qutput,
The algorithm for chemical of the selution
processing composition of results,
data from the - *
control of
The algorithm for
processing
the data of the
control
£ o obneial
The algorithm for
calculating the
loading
of the charge into
the fy

Figure 2 - The block diagrams of these algorithms
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Block 1. Enters the values of these variables X ., Y, into the machine.

igr Lig
Block 2. Checking the values of variables for va11d1ty.
Block 3. Checking for data sufficiency, in case of insufficiency, the display unit 4 is triggered.
Block 5. The average values of the variables are found.
Block 6. The solution of equations is performed with the previous values of the coefficients, the calculated g [n]
data are compared with the experimental 3 [n, K|. Ay[n, K| =y [n] — ¥ [n, K] is calculated.
Block 7. The comparison block. If the condition IAy[n,K]I=A is fulfilled, block 8 is executed, which, using block
9, leads to an adaptation, as a result of which new coefficient values are obtained.
Block 10. Calculation of the optimal composition of the charge. At the same time, we use the “Optimization”
subroutine of block 11.

The algorithm for adapting the mathematical model of the process of mixing and melting copper concentrates
is given below to the following Equations 14-25:

s = Qg 1Glg — KcGpes — Kpeen Gl — atls ™ }9;; =0 (14)

fCu25' = agh, IsHGgu s — KoGeouys — GeuysGreo — mechGgJZS O‘IC%SIV gjzsf;z =0 (5
fhio = a6 Geao +16a0G™ = 1ca0Gl =0 (16)

156, = ool Gio, +780,G" = 7si0,G5 =0 (17

oo = 00 G0 + VE0GN = Ypeo Gl = 0 (18)

Gl = B,GUT ¢+ B,GHI , + B,GIIT (19)

4 =mGEy (20)

Fil'=p8 + k\Ggi0, + ksGouo + k3G peo + Kty 21

U
5[ - KpRI2 + Gblsltsl _a<tsl _tm)Olem _a<tsl _tst)Fst - Ggrllsltsl _Z OéIII?IVGeCetsli =0 (22)

sl

gl—;v g]
féi,s = St ", “Vy—pe,,s6m = 0 (23)

ICII—SZV ICII
Flg = 20 — PGl = 24)

sl
tst _tsl N
= (Z ’YZGstC>tsl + Oé(tsl - tst)Fst - )‘(T)hstsn - ?(tst - tn)Fn =0 (25)
l

The block diagram of the algorithm for optimal control of the energy regime can be described as follows:
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Blocks 1-6 . Collects, processes and generates mass data.

Blocks 7-20. The equations of the mathematical model of the electric melting process are being implemented.
The input of the blocks receives information about the input parameters G, H, U, H Q)., G 5,

Block 7. The equations of the material balance of the process are implemented.
Block 8. The equations of the thermal process are calculated.

Block 9. Dependence of the resistivity of the charge and slag on the input parameters determined on the basis of
a study of factory slags.

Block 10. The equation of the dependence of the height of the slag bath on the input parameters.
Block 11. Expression of the dependence of the slope depth on the input parameters.

Blocks 12-16. The resistances of the equivalent electrical circuit of the furnace are calculated as a function of the
geometric parameters of the specific resistances of the slag and charge and the phase voltage.

Block 17. The dependence of the phase power on the resistance of the equivalent circuit and the phase voltage is
realized.

Block 18. The dependence of the amount of matte on the input parameters is determined.

Block 19. The dependences of the copper content in the dump slag on the phase voltage and the electrode depth
are realized.

Block 20. The specific consumption of electricity is determined,

Block 21. The adequacy of the mathematical model to the object is checked. In case of inadequacy, he refers to
the adaptation unit.

Block 22. The parameters of the mathematical model are adjusted according to the well-known adaptation
algorithm

Block 23. The optimal values of control actions are determined based on the solution of the optimization problem.
Block 24. The optimization problem is solved using the Rosenbrock method.

Block 25. The furnace operation is checked for accidents. In case of failure to fulfill one of the conditions, a
voltage reduction task is issued.

Block 26. The actual voltage value is compared with the optimal one. In the case of U,..,; going beyond the area
|U—U,,|eq, a task is given to switch voltage stages in one direction or the other.

Block 27. The actual conductivity is compared with the optimal one. In case of going beyond the area |q; —
4; opt|€q, a task is given to bypass the electrode in one direction or the other.

Block 28. The condition [ < [

con 18 checked in the case of a voltage increase task. If the condition is met, the
voltage can be increased.

Block 29. The position of the electrode holder is checked. If the electrode holder is in the lowest position, a task
is given to increase the voltage. If not, the control is carried out by increasing the depth of the electrode.

Block 30. It is checked whether the electrode holder is in the uppermost position. If not, the electrode rises if a
voltage reduction task is issued.

Blocks 31-32. The magnitude of the control action (the number of voltage stages) is determined and information
is provided on which voltage stage should be operated.

Blocks 33 - 34. An algorithm for direct control of electrode deepening is implemented.

The results of processing the data obtained during
the two stages of the tests are summarized in a
table. The tests showed: the adequacy of mathematical
models of the process of electric melting of copper
concentrates and control tasks for a real object;

of the stack composition, distribution of material flows
and energy management

The used energy mode of electric melting for copper
sulfide concentrates made it possible to reduce the
copper content in dump slags by 0.18% (absolute)

the effectiveness of the developed algorithms and
programs for solving problems of optimal calculation

and reduce copper losses with slags by 5% (relative),
increase the copper content in matte by 0.97% while
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reducing electricity consumption by 1.8%. The results of theoretical and experimental studies on

Conclusion. Industrial tests and implementation of the control system for the process of electric melting
the electric melting process control system were carried Of copper sulfide concentrates are the basis for the
out in the electric furnace department, pilot tests of the ~design solutions of the Institute of Information and
algorithm for controlling the process of electric melting Computational Technologies CS MSHE RK.
of copper concentrates in industrial conditions were Financing. Research were carried out within the
carried out. framework of the Grant Financing Project No.

The tests were carried out in order to: clarify the AP/9679153 “Research and development of method
coefficients of the mathematical model; verify the and technologies for creating composite structures with
adequacy of the mathematical model of control tasks; built-in photonic sensors PSBC (Photonic Smart Bragg
adjust algorithms and programs in industrial conditions; ~Composites)” Institute of Information and Computational
verify the effectiveness of the developed algorithms ~Téchnologies of the Science Committee of the Ministry
and programs. The tests were carried out in accordance ¢/ Science and Higher Education of the Republic of
with the program and methodology. Kazakhstan.
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