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THE CONTROL REGULARITY DETECTION OF THE USEFUL MINERAL
EXTRACTION FROM THE ORE FEED STREAM WITH AUTOGENOUS
GRINDING. PART 1. CORRELATION ANALYSIS

Purpose. For an operator exception out of a concentration process control circuit to identify the patterns that de-
termine the indicative events characterizing the process state along the control channel “useful mineral content in the
ore —useful mineral content in a concentrate” in an ore-concentrating plant with autogenous grinding (AG).

Methodology. Correlation analysis of the control object parameters: the technological process at the concentrating

plant with AG.

Findings. According to the type and parameters of the correlation functions between the useful mineral content in
the feedstock and concentrate, a number of indicative events characterizing the process state along the control chan-
nel “useful mineral content in the ore — useful mineral content in the concentrate” were identified.

Originality. The control regularities of concentration process control by comparing the numerical values of the
decay time and the equivalent retardation of the autocorrelation and correlation functions of the total iron content
and the time constant of the technological line with AG are revealed for the first time.

Practical value. The obtained results can be used to construct an automatic system for situational management of fer-
rous and non-ferrous ores concentrating process, both at separate sections with AG, and at plants including these sections.

Keywords: automation, indicative events, situational management system, iron ore dressing, ore concentrating factory

with autogenous grinding

Introduction. Difficulty in concentrating process
control consists in their random and unsteady character.
The dressing technology devices are objects with vari-
able parameters and, moreover, with random parame-
ters. In the case of AG for the useful mineral disclosure
additional difficulties create feedback between the dress-
ing stages. At Ukrainian plants for all dressing sections
operators determine the choice of vector components of
the controlling influences, their values and the issuing
moment on control channel “useful mineral content in
ore — useful mineral content in a concentrate”. For their
exception from a control circuit it is necessary to under-
stand response of a control object to the change in con-
trolling influence values.

Analysis of the recent research and publications. The
development of proven solutions for determining the
level of AG mill loading with material, needed to be re-
duced in size, does not make it possible to completely
eliminate the operator from the control circuit of the
grinding cycles. This problem is attempted to be solved
through the integrated use of several indirect methods
for determining the mill load with AG, while simultane-
ously using the “intelligent” pressure sensors indication
in centralized oil-lubrication systems of the two sup-
porting bearings of the feeding and unloading mill pins
and the acoustic characteristics of the noise emitted by
the crushed material [1].

Systems are proposed where, for the same purposes,
the stabilization circuit of the mill material reserve is
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used according to the power sensor consumed by in-line
mill engine and the stabilization circuit of mill material
reserve by its weight [2].

The closed AG cycle management is based on the
interaction of automatic control systems (ACS) of ore
consumption into the mill, the ratio of solid to liquid in
the mill discharge port and the classifier discharge den-
sity [2, 3]. This architecture allows acting without an
operator’s intervention only within narrow limits,
caused by the crushed material properties instability.
Namely, the last factor causes the operator’s interven-
tion to change the local ACS tasks.

System designers understood this and made further
steps in the direction of using the AG process model [4]
or expert systems, and mainly, their joint use to exclude
the operator from the control circuit [5]. The authors of
the article obtained positive application results of the
correlation analysis of the ore concentrating plant
(OCP) operation with ball grinding for the indicative
event determination characterized the process state
along the control channel “useful mineral content in the
ore — useful mineral content in the concentrate” [6].
Moreover, a retrospective review of the Russian segment
state of mining management systems in ferrous metal-
lurgy [5] is indicative and fully corresponds to the Ukrai-
nian mining and processing enterprises state.

Unsolved aspects of the problem. To build the expert
part of the OCP automatic control system (ACS) with
AG, it is necessary to determine the indicative events
characterized the process state along the control channel
“useful mineral content in the ore — useful mineral con-
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tent in the concentrate”. This allows the OCP automatic
control system to “understand” the control object re-
sponse to the control action value change under the con-
ditions of the permanent grinding ore property changes.

Presentation of the main research and explanation of
scientific results. To extract a useful mineral from ore
flows with AG Ukrainian mining processing plants
(MPP) use technological schemes with the following
features (Fig. 1):

- within one ore concentrating plant at least ten sim-
ilar sections work in parallel;

- at each dressing stage a finite number of operations
are performed: opening (Fig. 1, block [), screening
(Fig. 1, block 2), separation (Fig. 1, block 3), extraction
(Fig. 1, block 4) of a useful mineral (separation accord-
ing to the useful mineral content), desliming (Fig. 1,
block 5) and filtration of the saleable concentrate
(Fig. 1, block 6);

- feedbacks on material flows cross the boundaries of
individual dressing stages.

The initial ore arrives from the bunker, saleable con-
centrate is transported to a warehouse, and rejects are
transferred to the rejecting storage.

Just as for OCP-1 (ball mill grinding) [6], the initial
ore comes from the bunker, the saleable concentrate is
transported to the warehouse, and the rejects are
pumped to the rejecting storage.

This research is based on the data obtained from the
results of normal technological testing of all sections of

Ore Concentrating Plant No. 2 (OCP-2) with AG of In-
hulets Mining and Processing Plant (InMPP) under the
conditions of stationary season (summer). The observa-
tion duration is five days, the discreteness is one hour. In
total, more than 1450 values for each of the following
technological parameters were obtained: ore processing
(1), production (#/h), concentrate output (%), moisture
in concentrate (%), total iron content (%), magnetic
iron content in ore (%), total iron content in concen-
trate (%), total iron losses in rejects (%), loss of mag-
netic iron in rejects (%),extraction of magnetic iron in
rejects (%), extraction of total iron in concentrate (%).

The obtained initial data has the following features:

- the input of all OCP-2 sections is fed with the orig-
inal ore with the same useful mineral content;

- the content of total and magnetic iron in the rejects
is determined to be the same one for all sections: at the
place of their final mixing;

- the total iron content in the concentrate is deter-
mined for each section;

- during the period of information collection OCP-2
was idle for five hours, therefore each series of observations
consists of two observation series: 64 and 43 respectively;

- in addition to the total idle hours of OCP-2, due to
reasons beyond our control, there are no data of total
iron content in the concentrate in the first observation
series for sections No. 3 and No. 10 for 9 and 11 hours
respectively, and also for the first 4 hours for the second
series for section No. 1.

| 2M dressing
i stage

T Saleable

1 concentrate

v

Saleable concentrate

Fig. 1. Flow chart of the OCP ore flows with AG
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Based on these data, there were constructed the au-
tocorrelation functions of the total iron content in the
initial ore (a) (Fig. 2), in the concentrate () (Fig. 3) at
the output of each section, in the rejects (v) (Fig. 2) and
the correlation functions @ of the total iron content in
the concentrate from its content in the initial ore for
each section (Fig. 4). This allowed evaluating the main
parameters and distribution laws of the decay time and
the equivalent retardation of the autocorrelation and
correlation functions of the useful mineral content in
the ore fed flow of the OCP-2 (Fig. 5).

The decay time of the autocorrelation function of the
total iron content in the initial ore (Fig. 2) is 22 for the
first series (K, ) and 5 hours for the second series (K, ).
For rejects this value is not determined for both observa-
tion series, since the autocorrelation functions have never
crossed the abscissa axis over the all observation period.
This circumstance indicates that the presented indicators
cannot be attributed to the considered observation total-
ity. They must be excluded from consideration.

For the first observation series the minimum decay
time of the autocorrelation function of the total iron
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Fig. 3. Autocorrelation functions of the total iron content in the concentrate
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Fig. 4. Correlation functions of the total iron content in the concentrate from its content in the initial ore
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Fig. 5. Distribution of the decay time and equivalent retardation of the autocorrelation and correlation functions of the

total iron content:
a — concentrate; b — initial ore — concentrate

content in the concentrate (Fig. 3) was recorded at the
twelfth section (K, p12) and was equal to 4 hours. For
the second observation series the minimum decay time
was 2 hours. It was fixed at the second section (K, gg,)-
The maximum decay time for the first observation series
was recorded in the sixth section (K, gge) — 17 hours,
and for the second — in the thirteenth section (Ks; pg13) —
15 hours.

The type of autocorrelation functions made it possible
to conclude that all processes are stationary and ergodic:
both for the first observation series, and for the second
one. All of them are comparable to each other. However,
the first series characteristics were completely different
from those of the second one. For example, the decay
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time of the autocorrelation functions of the first series
has a relatively stable value (with some acceptable vari-
ance). The decay time of the same function for the sec-
ond observation series has also a stable value but is much
smaller than for the first series. This fact indicates that
the dressing process is influenced by completely differ-
ent parameters, conditions and actions. As a result, it is
possible to make such a conclusion in the first approxi-
mation. In the first series, the disturbances occurred in a
natural way, without controlling effects. In the second
case, reactions to disturbances were faster and more fre-
quent. The minimum equivalent delay time of the cor-
relation function of total iron content in the concentrate
from its content in the original ore (Fig. 4) was observed
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being 54 hours for the first observation series on seventh
section (K 4p7), and for the second series — 30 hours on
the third section (K, ,43). The maximum delay equiva-
lent time for the first observation series was recorded at
the ninth section (K, ,g9), and for the second series —
twelfth section (KS2 af312), and amounted to 30 and
37 hours, respectively.

An investigation of the correlation functions of the to-
tal iron content in the concentrate from its content in
the initial ore for the first observation series revealed that
there is a close positive correlation between the contents
of the useful mineral in the initial ore and the concen-
trate, which is largely natural. For the second series —
there is a stable negative correlation between these pa-
rameters. This phenomenon may indicate that the for-
mation of technological indicators was simultaneously
influenced by factors of ore hardness or dissemination.
The order of the observation duration for both series is
the same. This made it possible to use all observation
series with duration of 43 and 64 hours to construct the
distribution functions of the decay time and the equiva-
lent retardation of the autocorrelation and correlation
functions of the total iron content in the concentrate.
Based on the minimum values (2 and 17 hours) for the
construction of the decay time distribution function, the
interval is taken equal to the half of the working shift
duration (Fig. 5, a), and for the construction of the time
equivalent delay distribution function the interval length
is equal to three hours (Fig. 5, b). This is due to the fact
that the interval length of the equivalent delay time for
the first observation series is 9 hours, and for the second
observation series — 12 hours.

The indicator distribution nature (Fig. 5, b) shows
that there are two different sets. But their location order
allows making such a conclusion. The second observa-
tion series was obtained after an emergency stop and the
desire to achieve quickly the required parameters led to
frequent management of the technology when the tran-
sition process was not completed.

With manual sampling to determine the total iron in
the concentrate, the result is obtained after 2 hours. This
time is equal to the minimum decay time of the autocor-
relation function of the total iron content in the concen-
trate (Fig. 5, a). The results of such tests usually come at
the shift end, i.e. in 6—7 hours after its beginning. Thus,
in the current organization state of determining the total
iron content in the concentrate, the operator does not
receive information that does not become obsolete by
the control action time issuing according to the objec-
tive control function over the channel “useful mineral
content in the ore — useful mineral content in the con-
centrate”, both for a separate section and for the plant as
a whole one. An exit from the collapsed situation can be
the automatic control introduction of both the individu-
al section and the factory as a whole, since the time for
analysis will be reduced practically to zero.

To estimate the managing possibilities of the wet AG
section through the channel “useful mineral content in
the ore — useful mineral content in the concentrate”, let
us compare the decay time of the corresponding corre-
lation functions t,; and the equivalent delay time of the
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correlation function of the total iron content in the con-
centrate from its content in the initial ore t,; (Fig. 5)
with the transient process time 7.

Let us estimate the controlling possibility of the wet
ball grinding section along the channel “useful mineral
content in the ore — useful mineral content in the con-
centrate” by comparing the decay time of the corre-
sponding correlation functions t, (Fig. 5, a) with the
transient process time 7.

In accordance with the technological connection
scheme of OCP-2 devices, which is shown in Fig. 1 (the
third volume of the “Handbook on the ore dressing”,
edited by Bogdanova O.S.), the transfer function of the
whole dressing technological line (DTL) has the form

WA(p) = (W(p) s + WD) g) WD) W(p), x
xW(p)sW(p)sW(p)sW(p)sW(p);W(p)x (1)

xW(p)uW(p)1sW(p)1aW(D) k53,

1 is the feed-
1- W(p)] W(P)z W(p)371
back operator at the first dressing stage; W(p)pg =
1

- 1- W(p)l W(P)z_] + W(P)z W(P)3 W(P)4 W(P)s W(P)FB3

1
W(D)ss 1

is the feedback between the second and the first dressing
stages in which the denominator has the following form

W(P)F33_1 =1- (W(P)GW(P)sW(P)9W(P)l()W(P)7_1 +
+ W(p)eW(p)7x W(p)1oW(p)u(W(p)1p 1 +

+ W(p)is W(P)is 1)

Members of the complex function (1), which repre-
sent the transfer functions of individual devices, have
the form

where p/( D) g =

is the feedback at the second stage; W(p) p; =

1 04 06
W= » Wy = > M T 0 a1
0.28p+1 0.001p+1 0.001p+1
0.5
Wy=W, =
3T 012p41
0.5
AT S 0.0055p+1
1 0.7
Wg=—o——— Wym———
0.18p+1 0.0033p+1
031
710.0033p+17 Y 0.32p+1
09 01
®70.001p+1" -1 0.001p+1
0.9 0.1
02 0.0055p+17 -t T2 0.0055p +1
0.8 0.2 095
W = > i = s W ="u="rnee. . 12
p+l1 p+l1 0.0055p+1

63




SOLID STATE PHYSICS, MINERAL PROCESSING

0.05 0.95
Wis ) =Wy =3 W=
BT 0.0055p+17 " 0.01p+1
005
P 0.01p+1

The coefficients in the above function denominators
were obtained on the basis of the ratio of the techno-
logical device volumes to their volumetric productivity
taken at nominal operating conditions. The device vol-
umes of the technological iron ore dressing line of
OCP-2 are known and their numbers correspond to the
numbers of the transfer functions in expression (1).

Substituting the device transfer function equations
into expression (1) and performing the identical trans-
formations for reducing this expression to the correct
algebraic fraction (MathCAD packet), we obtain in the
denominator the polynomial, which is the characteristic
equation of the differential equation of the transient
process in the DTL. The transformation result is ob-
tained as a regular algebraic fraction of a rather high or-
der (the denominator is of more than 20" order with
respect to the argument p). As a result, the transition
time 7 for OCP-2 was determined, which was 20 hours.

Calculation of the transient time by means of transfer
functions assumes that the impact was due to volumetric
productivity change when the regime parameters of the
dressing devices change. When the change occurs due to
a deviation in the dressing rating indicators, then in the
technological dressing line, static changes occur that
change the correlation relationships and can therefore be
detected by means of mutual correlation functions.

So 1, < T (Fig. 5, a), therefore, by the end of the
transient process, the initial information is hopelessly
obsolete, and consequently, deviation control from the
position of comparing these parameters becomes im-
possible. On the other hand, the input effect — the
change in the dressing characteristics — has not yet
manifested itself as a concentrate because t,, > T
(Fig. 5, b), although the technological process contin-
ues to work out the static connection of the valuable
mineral content in the concentrate from its content in
the initial ore. And the change in the quality of the con-
centrate continues its trend in accordance with the ini-
tial ore quality, which entered the DTL T time ago.
Therefore, there is more than enough time to determine
the need for management.

Observing the change in the concentrate quality ac-
cording to the on-duty technological tests (the sampling
period Af), we see a trend in the change of this indicator.
And if for 2At the quality increments have the same sign,
then it is possible to make a decision on the expediency
of control, but it is required to determine what the initial
ore quality was at the moment 7"+ 2Af backward. For a
number of observations, we determine the indicator val-
ue of the raw material dressing characteristics, simulate
technological transformations, and decide on the need
for management. Thus, the management is carried out
by deviation.

Conclusions and recommendations for further re-
search.
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1. Comparison of the decay time and the equivalent
retardation of the autocorrelation and correlation func-
tions of the total iron content and the time constant of
the processing dressing line showed that the channel
“useful minerals content in the ore — the useful mineral
content in the concentrate” is possible to control ac-
cording the deviation of the useful mineral content in a
concentrate from a given value.

2. By the correlation functions type between the use-
ful mineral content in the feedstock and concentrate,
the following indicative events characterizing the state
of the process along the control channel “useful mineral
content in the ore — useful mineral content in the con-
centrate” can be shown:

- a weak correlation or its absence indicates that the
process of a useful mineral extraction from the raw ma-
terial proceeds in a steady state;

- a positive correlation indicates a natural depen-
dence of the concentrate quality on the ore quality;

- negative correlation signals about a transient pro-
cess, which is related to subjective actions of the techno-
logical personnel for supplying the process with the de-
sired direction or for changing the ore grindability;

- the form of the function that does not correspond
to the classical notions about it, shows that the effect of
management of the dressing process was not neutral-
ized, and the dressing process proceeds in a transitional
regime.

3. The next step in determining the indicative events
characterized the process state along the control chan-
nel “useful mineral content in the ore — useful mineral
content in the concentrate” should be spectral analysis
and determination of the amplitude-frequency charac-
teristic of the OCP-2.
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BusBieHHs1 3aKOHOMIpPHOCTEl KepyBaHHS
BUJIYYEHHSM KOPHUCHOTO MiHepaJsy
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Yacruna 1. Kopensuiiinmii anaJis
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Merta. [1;151 BUKJTFOUEHHSI OIlepaTtopa 3 KOHTYpY Ke-
pYBaHHSI TIPOIIECOM 30aradeHHsI BUSIBUTH 3aKOHOMIip-
HOCTI, 1110 BU3HAYAIOTh iHAUKATUBHI TOMIII, SIKi Xapak-
TEpU3YIOTh CTaH IIPOLIeCY 3a KaHAJOM KepyBaHHS
,,BMICT KOPMCHOTI'O MiHepaJly B py/li — BMiCT KOPUCHOTO
MiHepally B KOHLIEHTpaTi“ pynosbarayyBajibHOO (a-
OPHMKOIO i3 CAaMOTIOAPIOHEHHSIM.

Metomuka. KopensuiiiHuii aHani3 TOKa3HUKIB
00’eKTa KepyBaHHS — TEXHOJIOTIYHOro Ipolecy Ha
30arauyBajibHili (pabpulli i3 caMOMOAPIOHEHHSIM.

Pe3yabTaTu. 3a BUIOM i mapamMeTpaMu B3aEMOKOpe-
JAUIRHUX QYHKIINA MiX BMiCTOM KOPUCHOTO MiHEpaLy
Y BUXiHIil CUPOBUHI 1 KOHLIEHTPATi BUIIJIEHO Psif iH-
MTUKATUBHUX TIOMIl, 110 XapaKTepU3yIOTh CTaH IIpolie-
Cy 3a KaHAJIOM KepyBaHHSI ,,BMiCT KOPMCHOTO MiHEepay
B pyIi — BMiCT KOPUCHOTO MiHepaay B KOHIIEHTpaTi®.

HaykoBa HoBHM3HA. YTiepliie BUSIBJIEHI 3aKOHOMip-
HOCTI yIIpaBJIiHHS MPOLIECOM 30arayeHHs ILJISIXOM T10-
PIBHSIHHSI YKMCEJIbHUX 3HAYeHb 4acy CIaay Ta eKBiBa-
JICHTHOTO 3alli3HIOBaHHS aBTOKOPEISALIIHHUX i KOpesi-
HWiHHUX QYHKLIM BMICTy 3arajibHOTO 3ajii3a i MOCTili-
HOI1 Yacy TeXHOJIOTiYHOI JIiHi1 i3 caMOTIOIPIOHEHHSIM.

IIpakTuuna 3Hauynmicts. OTpUMaHi pe3yabTaTu MO-
XyTh OYTWM BUKOPUCTaHI IS MOOYIOBA aBTOMAaTUYHOT
CHCTeMHU CUTYAILifHOrOo KepyBaHHS IPOIleCOM 30ara-
YeHHS Py YOPHUX i KOJbOPOBUX METAJIIB SIK Ha OKpe-
MUX CEKIIisIX i3 caMOITOAPiIOHEeHHsIM, TaK i Ha (adbpu-
Kax, 10 CKJIaay SIKMX 1li CeKIii BXOISTb.

KmouoBi cioBa: asmomamusauis, inouxkamueui no-
dii, cucmema cumyayiiiHoeo ynpaeninHs, 30aea4eHHs 3a-
Ai3HOI pyou, pydo3baeauysanvra gadbpuxa 3 camonoopio-
HeHHAM
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H. K. Maadeyxuii', 4. I. Kysaee', H. C. [Ipadko?

1 — I'ocynapcTBeHHOE BhICIlIee yueOHOe 3aBefaeHue ,, Haimo-
HaJIbHBI TOpHBIM yHUBepcureT”, T. JHemp, YKpauHa,
e-mail: kuvaievig@gmail.com

2 — UHcTutyT Texuuyeckoit Mexanuku HAH Ykpaunsl, ['o-
cynmapctBeHHoe  KocMmuyeckoe  ATEHTCTBO — YKpauHBbl,
r. Inenp, YkpanHa

Henn. Jlng uckiIoyeHUs omepaTopa M3 KOHTypa
yIpaBIeHUS TIPOIIECCOM 00OTallleHUsT BBISIBUTH 3aKO-
HOMEPHOCTH, OIpeAeasIoniue NHINKATUBHbIE COObI-
TUSI, XapaKTepU3YyIOIIMe COCTOSTHUE Tpolecca Mo Ka-
HaJly yIpaBJIeHus ,,colepKaHKe MOJe3HOro MUHepasa
B pyZie — cojiepxKaHue MOJIe3HOro MUHepaia B KOHIIEH-
Tpate“ pynooboratutesibHON (habpukoil ¢ camous-
MeJTbUeHUEM.

Metomuka. KoppensiimmoHHbBIM aHaIu3 ToKas3aTe-
JIeil 00beKTa YIpaBICHUSI — TEXHOJIOTUYCCKOTO TIPO-
lecca Ha oboraTuTenbHOU (habpuke ¢ caMou3Mesbue-
HHUEM.

Pesyabratbl. [1o Buay U mapameTpam B3aMMOKOP-
PeISILMOHHBIX (DYHKIIMI MEXIy COmep>KaHUEM T10JIe3-
HOro MMHepaja B HMCXOOHOM ChIpbe M KOHILIEHTpaTe
BBIZICJICH PSII MHAMKATUBHBIX COOBITUI, XapaKTepu3y-
IOIIMX COCTOSIHME Tpoliecca Mo KaHally YIpaBiIeHUs
,,COIIEPXKaHUe TT0JIE3HOTO MUHEpaia B pyle — COIep-
>KaHMe MOJIe3HOr0 MUHepaja B KOHIIEeHTpaTe .

Hayunasi HoBu3HAa. BriepBbie BBISIBIEHBI 3aKOHO-
MEpHOCTH YIIpaBJICHUS MPOIECCOM OOOTAIllCHMS ITy-
TEM CpaBHEHUS YNCIICHHBIX 3HAYCHUI BpeMEeHH cIiama
1 9KBUBAJICHTHOTO 3aIla3IbIBaHUSI aBTOKOPPEIISIINOH-
HBIX 1 KOPPEISIIMOHHBIX (DYHKIINI comep:kaHus 00-
IIIEro XeJie3a M MOCTOSTHHON BPeMEHM TEXHOJIOTHYE-
CKOIi JIMHUY C CAaMOU3MEIbYCHUEM.

IIpakTHyeckas 3HaYMMOCTb. [lonydyeHHbIE pe3yJib-
TaTbl MOTYT OBITh MCITOJIb30BaHbI IS IOCTPOCHMS aB-
TOMATUYECKON CHCTEMbl CUTYallIMOHHOTO YIPaBJIeHMS
MPOLIECCOM 00OTalleHUs Pyl YEPHBIX U LIBETHBIX Me-
TaJUTOB KaK Ha OTAEIbHBIX CEKIIMSIX C CaMOM3MEITbUe-
HUEM, TaK U Ha (habprKax, B COCTaB KOTOPBIX 3TU CEeK-
LINY BXOJAT.

KioueBble ciioBa: asmomamusayus, uHOUKamueHble
codbimust, cucmema cumyauuoHHO20 ynpaeaerus, 0060ea-
weHue JceaesHoll pyowl, pyoooboeamumenvras gpabpuxa c
camousmenvierHuem

Pekxomendosano 0o nybaikauii dokm. mexH. HAyK
B. 1. Kopcynem. Jlama naoxodocenus pykonucy 15.05.17.
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