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Purpose. Using spectral and frequency analysis methods, to determine the indicative events characterizing a
process condition on a control channel “content of useful mineral in ore — content of useful mineral in a concentrate”
of ore concentrating plant with ball grinding to exclude the operator from control contour.

Methodology. Spectral and frequency analysis of control object.

Findings. The analysis of the logarithmic amplitude-frequency characteristic of an enrichment section showed
that the control strategy of a section and an ore concentrating plant in general through the “content of useful min-
eral in ore — content of useful mineral in a concentrate” channel should be based on reaction to a parameter value
deviation of saleable concentrate from the set values. The spectral analysis of useful mineral content in ore and sale-
able concentrate and the frequency characteristics obtained on the basis of commercial operation data allowed al-
locating some indicative events which characterize an enrichment process condition through the specified control
channel.

Originality. It has been shown for the first time that automatic control systems for the enrichment section and
concentrating factory in general through the channel described above should be constructed according to the reaction
to the deviation of saleable concentrate characteristics from the set ones. The analysis of dispersion spectrum param-
eters of general iron content in initial ore and a concentrate and amplitude-frequency characteristics through the
control channel obtained during commercial operation at an ore concentrating factory has been carried out for the
first time.

Practical value. The obtained results can be used for creation of automatic system of situational management of an
ore dressing process of ferrous and non-ferrous metals both at separate sections with ball crushing and at factories
consisting of these sections.

Keywords: automation, indicative events, system of situational control, spectral analysis, frequency analysis, iron ore
dressing, ore concentrating factory with ball crushing

Introduction. The estimation of ore dressing stages
preceding ore feeding on entering an ore concentrating
factory (OCF) shows their recurrence: ore is delivered to
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an entrance of a crushing factory in dump trucks with a
certain frequency; the beginning and the end of ore drift
in a career, which has various properties influencing
concentrate production also has a certain frequency. As
a result, there is a problem of the previous ore dressing
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stage influence on controllability of OCF through the
“useful mineral content in ore — useful mineral content
in the concentrate” channel.

Analysis of the recent research and publications.
Modern Ukrainian and foreign researchers conduct re-
searches in the direction of use of the indicator spectral
analysis of various ore properties of ferrous and non-
ferrous metals at an entrance of the first enrichment
stage with ball crushing to set tasks for local systems of
regulation and management [1, 2]. Niceties of control-
ling separate devices, processes and enrichment stages
are considered: the crushed ore classifications at the first
crushing stage [3], magnetite declamation [4], the ore-
water ratio at the exit of the first enrichment stage ball
mill [5], the first enrichment stage on the basis of
FUZZY system [6] and intellectual identification ap-
proaches, neuromanagement, classification manage-
ment and evolutionary optimization [7], the OCF power
consumption during the periods of a capacity limitation
of power supply systems [8].

The correlation analysis of indicators by extraction of
useful mineral from ore feed stream showed that the top
management level of OCF-1 and a separate enrichment
section through the “useful mineral content in ore — use-
ful mineral content in the concentrate” channel makes
the management by deviation of useful mineral content in
a concentrate from a preset value possible [9].

Unsolved aspects of the problem. Earlier, conceptual
and semantic models of the first stage of iron ore enrich-
ment were developed [10] (Fig. 1).

Within the models each parameter group describes
the appropriate knowledge domain participating in en-
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richment: “A” — ore; “B” — a ore dressing; “C” — a
mill; “D” — the classifier; “E” — magnetic separation;
“F” — a magnetic separator; “G” — the enriched prod-

uct; “H” — the impoverished product; “I” — techno-
logical variables which can be controlled on a real-time
basis. Its analysis allowed unifying an approach to pro-
duction situation identification which corresponds to
the set operation mode of i-stage of grinding, in the fol-
lowing parameters: the ore expenditure in a mill (I.1), a
circulation coefficient (I.3), the ratio of solid to liquid
in mill discharge (1.4), density of the qualifier discharge
(1.6), the active power of the mill drive engine (1.7), the
useful mineral content in the enriched product (1.10).

In our case the standard control section has three
stages. Simple calculation shows that for identification
of a production situation which corresponds to the set
section operation mode it is necessary to use eighteen
parameters at least. It leads to unacceptable increase in
search space of production situations which correspond
to an optimum section operation mode in the existing
operating conditions.

Thus, from the point of view of situation-dependent
control, the set operation mode identification according
to a spectrum of the useful mineral content in a concen-
trate is of interest. Such information makes it possible to
reduce search space for setting determination of sepa-
rate enrichment sections and OCF with ball grinding
which will allow minimizing specific power consump-
tion and materials on obtaining the maximum volume of
a concentrate with the given useful mineral content.

Presentation of the main research and explanation of
scientific results. The frequency response defines filtra-
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Fig. 1. Conceptual and semantic models of the first stage of iron ore enrichment
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tion properties of the control object, i.e. it defines in
how many times disturbance spectrums of the known
frequency are extinguished while the polyharmonic pro-
cess is passing through a process line. For the “the use-
ful mineral content in ore — the useful mineral content
in a concentrate” control channel the perturbing influ-
ence is the general iron content determined by natural
field conditions. Remaining initial ore properties influ-
ence section productivity with the given useful mineral
content in a concentrate.

To obtain an amplitude-frequency characteristic of
the enrichment section, the transfer function (4) [9]
transformed to the relation of two polynomials by means
of the MathCAD software is given

W(p)- a,+a,-p+a, ~pz +ota,y, p;Z W
by+b -p+b,-p”+--+by - p
Further a and b polynomial coefficients (Table) were
found.
Coeflicients were used for creation of the logarith-
mic amplitude-frequency characteristic of the OCF-1
enrichment section of Inhulets Mining and Processing

Table

The polynomial a and b coefficients of transfer function
of enrichment section

Indication
Index
a b
0 7.6028 12.75
1 37.079 163.53
2 59.39 900.44
3 42.356 2807.9
4 15.125 5524.8
5 2.826 7253.9
6 2.8713°10°! 6563.5
7 1.5729°1072 4171.3
8 4.2996'10* 1882.3
9 4.8968°10°° 606.43
10 1.908°10°® 139.83
11 -2.1853°10°"12 23.114
12 -1.8169°10°"3 2.7443
13 -1.09251074 2.3432°10°!
14 -4.7292°10°'¢ 1.4378°1072
15 -1.465°10°" 6.3199°10*
16 -3.2277°10°" 1.9802°10°
17 -5.0237°10%! 4.3991°1077
18 -5.4604°10°% 6.8891°10°
19 -4.0464°10% 7.522°10°1
20 -1.9468°10% 5.5933°10°"3
21 -5.481°10% 2.6981°10°13
22 -6.8552°107% 7.6122°10°'8
23 0 9.5367°10%!
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Plant (InMPP) in an application program package of
Matlab. Only a part of this characteristic is of interest to
us on which w. — the frequency of a cutoff is visible
(Fig. 2). The characteristic shows that w, = 0.22rad /hour,
which corresponds to initial ore property oscillations at
an enrichment section input with the period over four
and a half hours (T = 1/, = 4.54 hours).

Regarding the control through the “the useful min-
eral content in ore — the useful mineral content in a
concentrate” channel the logarithmic amplitude-fre-
quency characteristic of OCF-1 enrichment section of
InMPP showed that it is necessary to react to input ore
property change no sooner than in four and a half hours
after their fixing by monitoring means. Thus, theoreti-
cally, the control strategy of the enrichment section
should be built on fixing of an essential deviation of the
given saleable concentrate properties.

For more complete estimation of filtration OCF-1
properties through the “the useful mineral content in
ore — the useful mineral content in a concentrate” con-
trol channel, amplitude-frequency characteristic was
determined proceeding from a ratio of dispersion spec-
trums of an output signal — Sy(w) to a dispersion spec-
trum of an input signal — Sy(w)

el 22 )

where SX(w) is a dispersion spectrum of general iron con-
tent in the initial ore (Fig. 3); SY(w) is a dispersion spec-
trum of general iron content in the concentrate (Fig. 4).
The average value of general iron content in the con-
centrate and its dispersion are constant for each obser-
vation series. Therefore, spectrum analysis was carried
out by means of autocorrelation functions. Since this
function is the even one, before spectrum analysis it was
amplified with the appropriate values which settle down
to the left of ordinate axis. Thus, for the first observation
series the length of implementation made 128 hours for
spectrum analysis, and for the second one — 86. For
both observation series sampling rate makes one hour™'.
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Fig. 2. The logarithmic amplitude-frequency character-
istic of OCF- 1 enrichment section of InM PP
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Fig. 4. The dispersion spectrum of the general iron content in the concentrate for OCF-1:

a— SY(w), series 1; b — SY(w), series 2

The dispersion spectrum types (Figs. 3, 4) of the
general iron content in the initial ore and a concentrate
for OCF-1 show that low frequencies for all observation
series have the largest amplitude. In dispersion spec-
trums of the general iron content in the initial ore am-
plitude is significantly less; however, amplitude of fre-
quencies closed to the average spectrum is considerable.
The first observation series is especially demonstrative
in this sense. For dispersion spectrums of the general
iron content in the concentrate, the tendency of ampli-
tude recession from low to average frequencies under
the exponential law is observed. Amplitude of a high-
frequency component is present at all dispersion spec-
trums; however, it is close to zero.
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The dispersion spectrum of the general iron content
in the initial ore shows frequencies of the ore dressing
operations before enrichment process after ore supply
from accumulative OCF-1 bunker to the enrichment
section input. Processes of the initial raw material for-
mation in a career correspond to lower frequencies,
whereas frequencies which are closer to the average
ones, correspond with high probability to processes of
accumulation and segregation of the initial ore while
filling the OCF-1 bunker.

Comparison of dispersion spectrums of the general
iron content in the initial ore and in the concentrate for
both observation series shows that enrichment sections
let through at the output only low frequencies corre-
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sponding to ore dressing processes at a stage of extrac-
tion and ore transportation to aggregate inputs of its
crushing. At the same time amplitudes of frequencies
corresponding according to our hypothesis to the pro-
cesses in the OCF-1 bunker are smoothed and trended
to accept values close to zero, without reaching a middle
part of the spectrum.

To obtain the general spectrum of an OCF-1 output

signal for each observation series on each separate fre-
quency, the average amplitude values of output signal
spectrums for each section were received. Then for each
observation series using expression (2), the OCF-1 am-
plitude-frequency characteristic through the “the useful
mineral content in ore — the useful mineral content in a
concentrate” control channel proceeding from basic
data features (Figs. 5, a, b) was obtained. The basic data
features were described [9] earlier.

The amplitude-frequency characteristic of the sec-

ond observation series is not similar to the amplitude-
frequency characteristic of the first observation series at
all and has the following features:

- the maximum amplitude of the general iron con-

tent is four times lower than the maximum amplitude
value in the first observation series;

- a constant component amplitude is almost zero

that means absence of influence of the initial raw mate-
rial parameter;

- the maximum amplitude values belong to high fre-

quencies.

From these observations it is possible to make a con-

clusion that spectrum formation of the second observa-
tion series is influenced by change of concentrating pro-
cess parameters, i.e. perturbation that could arise when
putting the factory into operation rather than by raw
materials properties. Most likely, they are connected
with the staff’s actions for deduction of enrichment in a
necessary status.

Conclusions and recommendations for further research.

1. The analysis of decibel-log frequency characteris-
tic of OCF-1 enrichment section of InMPP allows
drawing a conclusion that, theoretically, the control
strategy of the enrichment section through the “the use-
ful mineral content in ore — the useful mineral content
in a concentrate” channel should be built on fixing of an
essential deviation from the given properties of a sale-
able concentrate.

2. Given the fact that ball grinding OCF represents
the same parallel operating sections (at least 10), then the
automatic factory management system in general through
the “the useful mineral content in ore — the useful min-
eral content in a concentrate” channel should be built on
fixing of the advent moments of an essential deviation of
prescribed properties of the saleable concentrate.

3. The analysis of dispersion spectrums of the gen-
eral iron content in the initial ore and the concentrate
and OCF-1 amplitude-frequency characteristics showed
that OCF-1 control opportunities through the “the use-
ful mineral content in ore — the useful mineral content
in a concentrate” channel for the purpose of maintain-
ing the given useful mineral content in the concentrate
are restricted to its content in the initial ore and weakly
depend on the processes proceeding at other stages of
ore dressing.

4. The amplitude-frequency characteristic of OCF-1
can be OCF-1 operation mode indicator through the
“the useful mineral content in ore — the useful mineral
content in a concentrate” control channel:

- a constant component exceeding more than by
2.5 times the amplitude values of all the other frequen-
cies, except for noises, is a sign of the set factory opera-
tion mode;

- an indication of transient factory operation mode is
an offset of the maximum amplitude values in a high-
frequency spectrum part and insignificant amplitude
difference of a high-frequency spectrum part from am-
plitudes of its other parts.
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Fig. 5. OCF-1 amplitude-frequency characteristics:
a — the first observation series; b — the second observation series
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Merta. [1151 BUKJIIOUEHHSI OIlepaTtopa 3 KOHTYpY Ke-
PYBaHHSI METOJAMM CIIEKTPaIbHOTO il YaCTOTHOI'O aHa-
JIi3y BUBHAUUTHU IHAMKATUBHI MOMil, 10 XapaKTepu3y-
FOTh CTaH IIPOIIECY 10 KaHaJY ,,BMiCT KOPUCHOTO MiHE-
pajly B pylli — BMIiCT KOPUCHOI0O MiHepajly B KOHLICH-
TpaTi“ pyno-36arauyBaibHOIO (haOpUKOIO 3 KYJIbOBUM
NOAPiOHEHHSIM.

Metoauka. CrieKTpaJbHUI i YaCTOTHUI aHani3
00’€eKTa yIrpaBIiHHSI.
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Pe3ynbTaT. AHaji3 JorapudMidyHOI aMILTITyIHO-
YaCTOTHOI XapaKTepUCTUKU CeKIlil 30arayeHHsI MoKa-
3aB, 1110 CTpaTerisi KepyBaHHSI CEKIIi€o i pyno30arauy-
BaJIbHOIO (paOPHKOIO B IIiJIOMY IO KaHaJy ,,BMIiCT KO-
PUCHOTO MiHepaly B py/li — BMiCT KOPMCHOI'O MiHepay
B KOHILIEHTpAaTi“ MOBUMHHA OymyBaTUCS 1O peaklii Ha
BiIXMJIEHHS 3HA4YeHb MapaMeTpiB TOBAPHOIO KOHIIEH-
TpaTy Bia 3amaHux. CeKTpajJbHUI aHali3 BMiCTy KO-
PUMCHOTO MiHepaJly B py/i i TOBapHOMY KOHILIEHTpaTi Ta
YacTOTHI XapaKTEpUCTUKM, 110 OTPUMaHi Ha OCHOBI
JaHUX IIPOMUCIIOBOI €KCILyaTallii, J03BOJIUIM BU3HA-
YUATU PSI IHOIMKATUBHUX TOMiM, SIKi XapaKTepus3yloTh
CTaH Ipoliecy 30araueHHs 1o BKa3aHOMY KaHally Kepy-
BaHHSI.

HaykoBa HoBU3HA. YTiepllle MOKa3aHo, 1110 CUCTEMU
aBTOMATMYHOIO KEpYBaHHsS CEKIli€l0 30aradyeHHs Ta
30aradyBajibHOIO (PaOPUKOIO B 1IiJIOMY IO BUIlIeBKa3a-
HOMY KaHaJly TIOBUHHIi OymyBaTUCS MO peakilil Ha Bii-
XWJICHHS XapaKTepUCTUK TOBAPHOTO KOHIICHTPATY Bill
3alaHuX. YTepllle BUKOHAHO aHasli3 MapaMeTpiB CeK-
TpiB AMCIEPCiii BMICTy 3arajibHOro 3ajiza y BUXigHii
pyIi it KOHIICHTPATi Ta aMILTITyTHO-9aCTOTHUX XapaK-
TEPUCTHK I10 KaHATy KepyBaHHS, OTPUMAHUX Y TIPOIIe-
Cci MpPOMMCIIOBOI eKcIulyarauii pymo-36aradyyBajibHOT
¢dabpuxu.

IIpakTHana 3HaunMicTh. OTpUMaHi pe3yIbTaTu MO-
XyTh OyTHM BUKOPUCTAHI [Jisl TTOOYI0BU aBTOMATUYHOI
CUCTEMM CUTYalliifHOro KepyBaHHSI MpoliecoM 30ara-
YEHHS Pyl YOPHUX i KOJILOPOBUX METAJiB SIK Ha OKpe-
MUX CEKIisIX 3 KyJIbOBUM IMOAPIOHEHHSIM, TaK i Ha (pa-
OpuKax, 10 CKJIaay SIKMX L CeKIlii BXOISITh.

KmouoBi cinoBa: asmomamusauyis, inoukamueui no-
dii, cucmema cumyayiiiHo2o YNpaeaiHHs, CNeKmpaibHuil
aHaniz, YacmomHuuil ananiiz, 30aeaveHHs 3anizHoi pyou,
pyoo-36azauysanvHa Gadbpuka 3 Kyab08um nOOpiOHeHHAM

Hens. 1 uckiouyeHUs orepaTopa M3 KOHTypa
VIpaBJICHUSI METOIOM CIEKTPaJTbHOTO M YaCTOTHOTO
aHaJIM3a OTPEIeIUTh MHINKATUBHBIC COOBITHS, XapaK-
TEPU3YIOIINE COCTOSTHUE TIpoliecca 1o KaHajy ,,colep-
JKaHWe TI0JIE3HOT0 MUHEpaa B pylde — CoOIepKaHMe
ITOJIC3HOTO MUHEpaJjia B KOHIIEHTpaTe™ pymo-o0oraTu-
TeJIbHOM (haOPUKOIL C IIAPOBBEIM U3METbYCHHIEM.

Metomuka. CrieKTpaJlbHBII U YAaCTOTHBIA aHAIU3
00BEKTa YIIpaBICHUS.

PesyabTaTbl. AHanu3 jgorapu@MUUYecKon amIin-
TYIHO-9aCTOTHOM XapaKTEePUCTUKM CEKIIMKU OOorale-
HHS TI0Ka3aJl, YTO CTPATeTus YIIPaBICHUs CEKINEH 1
PYI0000TaTUTENbHOM (hadbpUKOI B 1IeJIOM IT0 KaHaly
,,COIEepXKaHMe TOJIE3HOTO MUHEpajia B pylae — Comep-
>KaHMe TOJIE3HOTO MUHEpaja B KOHIIEHTpaTe  JoKHA
CTPOUTHCS IO PeaKIUM Ha OTKJIOHEHUE 3HAYCHMI IMa-
paMeTpOB TOBAPHOI'0 KOHIIEHTpaTa OT 3a1aHHbIX. CrieK-
TpaJbHBIA aHAIU3 COACPXKAHUS ITOJE3HOTO MUHEpaia
B pyIe Y TOBapHOM KOHIIEHTpaTe U YaCTOTHBIE XapaK-
TEPUCTUKHU, TTOJTyYEHHbIE Ha OCHOBE JAHHBIX MPOMBIIII -
JICHHOM 3KCIUTyaTalliy, MO3BOJUIU BbIACIUTD PSII MH-
MUKATUBHBIX COOBITUIA, KOTOPbIE XapaKTepU3yIOT CO-
CTOSTHME TTpoliecca 00oTalleHUsI 110 yKa3aHOMY KaHaly
yIpaBJeHMUS.
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Hayuynas HoBu3Ha. BriepBble moka3aHoO, UTO CUCTe-
MBI aBTOMATUIECKOTO YIIPaBICHMS CEKIIMEit oborare-
HUS ¥ 000TraTUTEIbHOM (DAaOPUKOI B 1I€JIOM T10 BBIIIEY-
Ka3aHHOMY KaHaJy JOJKHBI CTPOUTHCS 110 peaKIIMy Ha
OTKJIOHEHUE XapaKTEePHMCTUK TOBApPHOTO KOHIIEHTpaTa
OT 3alaHHbIX. BriepBble BBHIMIOJIHEH aHAJIU3 IapaMe-
TPOB CIIEKTPOB AUCTIEPCUI CONEPKAHUST OOIIETO XKee-
3a B MICXOIHOM pyJe U KOHLEHTPATe U aMILUIMTYIHO-Ya-
CTOTHBIX XapaKTePUCTUK IO KaHay YIpaBaeHUsI, MO-
JIyYEHHBIX B IPOLIECCE MPOMBIIITIEHHON dKCILTyaTallui
pya0-000TaTUTENbHOU (PadpUKU.

IIpakTuueckaa 3HauMMOCTb. [lonydyeHHbBIE pe3ysib-
TaThl MOTYT OBITH MCITOTb30BAaHBI IS TIOCTPOCHMST aB-
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ANALYTICAL SOLUTION OF THE DIRICHLET GENERALIZED
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AHAJITUYHUN PO3B’SI30K Y3ATAJIBHEHOI KPAMTOBOI
3AJIAYI JTPIXJIE TEIIZIOOBMIHY IBOCKJIAIOBOTO
CKIHYEHHOTO IIWJITHIPA

Purpose. To develop a new generalized 3D mathematic model for calculating temperature fields in the solid finite
cylinder with homogeneous layers in the form of the mathematical physics boundary problem for hyperbolic equa-
tions by the Dirichlet conditions (temperature on the cylinder surface is a continuous function of the coordinate axis),
and to solve the obtained boundary problem.

Methodology. Use of the known Laplace and Fourier integral transformations and application of the new integral
transformation to the space with homogeneous layers.

Findings. A nonstationary temperature field in the rotating double-layer solid finite cylinder in the cylindrical
coordinate system with taking into account finite velocity of the heat conduction was defined. Heat-transfer proper-
ties of the cylinder in either layer are constant at an ideal heat contact between the layers while no internal sources of
the heat are available. At the initial moment of time, the cylinder temperature is constant, and temperature on the
outside surface of the cylinder is known.

Originality. It is the first a mathematical 3D model for calculating temperature fields in the rotating double-layer
solid finite cylinder has been created in the form of the physicomathematical boundary problem for the heat conduc-
tion hyperbolic equations by the Dirichlet conditions and with taking into account finite velocity of the heat conduc-
tion. A new integral transformation was created for the space with homogeneous layers, with the help of which it be-
came possible to present a temperature field in the finite cylinder with homogeneous layers in the form of convergence
orthogonal series by Bessel and Fourier functions.

Practical value. The obtained analytical solution of the generalized boundary problem of heat exchange in the rotat-
ing double-layer cylinder, which takes into account the known time period of the heat-conduction relaxation, can be
used for detecting temperature fields, which occur in different technical systems (forming rolls, satellites, turbines, etc.).

Keywords: Dirichlet boundary value problem, integral transformation, relaxation time, double-layer finite cylinder

Introduction. Analysis of the recent research and pub-
lications. In the world, an essential part of the melt met-
al is subject to further processing in the rolling-mill

shops [1]. Engineering-and-economic performance of
the mill greatly depends on the roller life. Interdepen-
dence between the static and dynamic profiling methods
cannot ensure proper control of the section without
proper regulation of the roller heat state. The key task of
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