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Abstract. It is well known that a crushing process is one of the most energy intensive technological processes in mineral
processing. The aim of this process is to achieve the required size of the processed raw material. The course of the
crushing process is characterized by the influence of a number of basic factors: multidimensionality, multiple connec-
tions, nonlinearity, physical and mechanical properties of the mineral, shape and size of rock lumps, position of the
crushing material inside the crushing chamber, lumps movement speed, wear of a liner and elements of the crusher, as
well as design parameters of the crusher. Efficiency of the crushing process in the process flow of solid mineral pro-
cessing is achieved by applying reasonable operation parameters of crushing equipment, ensuring the set performance
and particle size distribution of the crushed ore at minimum electricity consumption. When processing minerals, the
size is often monitored between individual operations. Objective. The objective is to provide an innovative solution in
developing intelligent systems for automatic control, resulting in adaptive control, depending on changes of the material
size distribution by making measurements “inside” the technological equipment. Methods Applied. Methodology of
fuzzy logic theory and fuzzy sets was used. Originality. We made it possible to distinguish frame differences in a video
stream to detect defects and wear of a crusher liner. Result. The paper identifies an approach to monitoring the dis-
charge slot width for crushing and milling complexes using intelligent control methods.
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PA3PABOTKA NOJIE3HbIX UCKOIMAEMbIX

O BO3MOXKXHOCTH PEAJIM3ALIMNA CUCTEMbI KOHTPOJISA IIUPUHBI
PA3I'PY3OYHOU HIEJIX B KOHYCHBIX IPOBUJIKAX

T'punmn U.A.", Boukos B.C.%, Benkanos B.C.%%, lépuna H.B., Cyposuos M.M.', Mopesa I0.A."

1MaFHI/ITOFOpCKI/Iﬁ rocyJapcTBEeHHbIN TexHuueckuid yausepcureT um. I'.J1. Hocosa, Maraurtoropck, Poccus
ZypaHLCKI/Iﬁ rocylapCcTBEHHBIH ropHbIi yHUBepcuTeT, ExatepunOypr, Poccus
3Ypanbc1<1/1171 (denepanbHbIil yHUBepcuTeT UMeHH nepBoro [Ipesunenta Poccun b.H. Enbriuna, ExarepunOypr, Poccust

Annomayus. OOLIEU3BECTHO, YTO NPOLECC APOOJICHUS SBISIETCS OJHHM M3 CaMBbIX YHEPrOEMKHX TEXHOJIOTHYECKHX
MPOLIECCOB B TepepadOTKe MOJIE3HBIX MCKOMaeMbIX. Llenb maHHOro mporecca 3aKIro4YaeTcsl B JIOCTIKEHUN TpeOyeMon
KPYITHOCTH IepepadaThIBAEMOr0 ChIpbsi. X0/ MPOTEKaHUsI Mpolecca IpoOiIeHHs XapaKTepu3yeTcsl BIUSHUEM psijia Oc-
HOBHBIX (DaKTOPOB: MHOTOMEPHOCTh, MHOTOCBSI3HOCTh, HEJIMHEHHOCTh, (M3MKO-MEXaHHYECKHE CBOMCTBA IOJIE3HOTO
HCKOomaeMoro, (opMa u pa3Mep KyCKOB TOPHOH MOPOJBL, MOJIOXKEHHE IPOOMMOT0 MaTepuaia BHYTpH KaMepsl qpooiie-
HUSI, CKOPOCTb JBIDKCHUS KyCKOB, N3HOC (DyTEpOBOYHON OpPOHM M 3JIEMEHTOB arperara, a TakKe KOHCTPYKTHBHBIC I1a-
paMeTpsl ApoOMIKH. B TexXHOIOrHYecKoW Lemodke mepepabOTKM TBEPIBIX IMOJE3HBIX HCKOMAeMbIX 3(deKTHBHOCTH
nporecca ApoOICHNUS TOCTUTAeTCs pealn3aiet paroHaIbHBIX PEKUMHBIX TAPaMETPOB pabOTHl JPOOHIBHOTO 000py-
JIOBaHMS, 0OECTICUNBAIONINX 3aJaHHYIO0 IPOU3BOJUTEIHFHOCTD M TPAHYJIOMETPUIECKHI COCTAaB APOOIEHOW pyAbl Ipu
MUHHMAJIBHBIX 3aTpaTax 3JeKTpodHepruu. B mpomecce mepepaOGOTKH MONIE3HBIX HCKOMAEMBIX KPYHMHOCTH Yallle BCETo
KOHTPOJIUPYETCS MEXKAY OTIeNbHbIMU omnepanusamu. Lleab mcciienoBanus. VIHHOBaLMOHHOE pelieHne B 00JacTH CO-
3aHHUsI MHTEJUICKTYaJbHBIX CHCTEM aBTOMATHYECKOTO YIPaBJICHHs, CIEACTBUEM YEro SABISETCS BO3MOXHOCTH ajarll-
TUBHOTO YIPaBJICHUSA B 3aBHCHMOCTH OT U3MEHEHHUS I'PaHyJOMETPUYECKOTO COCTaBa MaTepuala 3a CHYeT M3MEpEeHUi
«BHYTpPHW» TEXHOJIOTHUECKOT0 00opynoBanus. Mcnosib3yemble MeToabl. Vcnoip30BaHa METOJONIOTHSI TEOPHU HEYET-
KO JIOTUKHU M HeYeTKUX MHOKecTB. HoBHM3HA. Peann3oBaHa BO3MOXKHOCT PACIO3HAHUS Pa3IMYUi KaJpoB BUAEONOTO-
Ka 171t oOHapy»keHus Ae(eKToB U n3Hoca (pyrepoBouHoit OpoHH ApobmiIok. PesyasTar. B padote onpenenen moaxon B
KOHTpOJIE MIMPUHBI Pa3TPy309HON IIENH I JPOOHIHbHO-H3MENIbYNTEIBHBIX KOMIUIEKCOB C HCIIOIb30BAHHEM METO/OB
MHTEJJIEKTYaIbHOTO YIPaBICHHUS.

KeyWOde: IIOJIE3HOC UCKOIIaEMOE€, ;[p061/m1<a, YHpaBJICHUC, JaTUUK, HCUCTKAs JIOTUKA, PETYJIATOP.
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Implementing a Discharge Slot Width Control System in Cone Crushers / T'puinun U.A., Boukos B.C., Benuka-
uoB B.C., Iépuna H.B., CyposiioB M.M., Mopesa 0.A. // BectHruk MarHuTOropckoro rocy[apCTBeHHOrO TeXHUYECKO-
ro yausepcurera um. I.1. Hocora. 2022. T. 20. Ne2. C. 13-22. https://doi.org/10.18503/1995-2732-2022-20-2-13-22

Introduction

The technological steps in the processing of
solid minerals have remained unchanged for sev-
eral decades. Crushing and grinding are energy
intensive processes. According to UNESCO, hu-
manity spends up to 5-7% of all energy generated
on crushing and grinding [1]. For example, the
cost of crushing and grinding in the ore concen-
trate cost reaches 40%. A large amount of crush-
ing equipment is in operation in modern industrial
production. Cone crushers are the most commonly
used type of crushers for the medium (MCC) and
fine (FCC) crushing stages in the mining industry.
In scientific and technical literature the process of
crushing rock in cone crushers, which takes place
between stationary and rotating inner cone, is de-
scribed in detail and the main parts of these
crushers are: cylindrical body, mounted on a base,

stationary cone, movable crushing cone, mounted
on a shaft and supported by a spherical thrust
bearing, drive mechanism. This type of crushers is
used for materials with different physical and me-
chanical properties. Cone crushers do not need
feeders and can work "under the hopper", i.e. with
the working space completely filled with ore com-
ing from the hopper (Fig. 1) [2, 3].

When creating modern automatic control sys-
tems of cone crushers, one of the important factors
in their development is the adoption of a reasonable
efficiency criterion that reflects the objective laws of
the crushing process. The application of reasonable
criterion in realization of crushing process control
method based on material particle size distribution
control will provide increase in productivity and
reduction of energy consumption for crushing [4—6].

When considering this issue, the following cir-
cumstance should be taken into account. Crushing
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equipment is operated in different branches, there-
fore, in our opinion; there cannot be one generalized
criterion of material crushing efficiency. So, for ex-
ample, the specific income E considering relative
output of various commodity fractions of crushed
rock of various costs and most fully conforming to
the enterprise purpose function as a whole is accept-
ed for building branch as criterion of efficiency of
process of crushing [7].

| il

Fig. 1. Medium cone crusher
Puc. 1. KonycHas npoOuika cpeiHero IpoOIeHUs

In [8-10], in continuation of Z. Ganbaatar's re-
search, the author, after adjusting and adapting to
new conditions, especially the fine crushing process
in a closed cycle and reducing the size of the
crushed ore, adopted the "Productive grade yield" as
an efficiency criterion.

Thickness Throughput

Strength

The crushers are currently equipped with local
automated control systems (ACS) for the main and
auxiliary drives. All of the automated control sys-
tems currently implemented in cone crushers can be
divided into two groups: throughput control systems
and gradient control systems. Grain size distribution
control systems are based on the Hydrocone crush-
ers from Sandvik Rock Processing. As an object of
automation a cone crusher can be represented as
follows (Fig. 2) [7].

The size of the crusher's discharge slot and the
rotation speed of the crushing cone are the most
common controlling influences in the ACS of the
granulometric composition.

In researches [7] the analysis of influence of
speed of rotation of a cone on granulometric of
crushed product (crushed rock) is carried out. It is
established, that decrease in speed of rotation of a
cone leads to decrease in productivity, and increase
— slightly increases a output of fraction 5-20 mm
with simultaneous increase in a output of waste
(fraction 0-5 mm).

However, it should be noted that there is no con-
sensus about essential influence of the size of un-
loading slot on granulometric composition.

Thus, the authors in [11] note that in cone
crushers of coarse crushing the possible deviations
of the width of the discharge gap from the specified
value, as a rule, are timely eliminated by the
maintenance personnel during preventive inspec-
tions. In addition, the change in the width of the dis-
charge gap on the grain size distribution during op-
eration is so small that its effect is negligible. This
can be interpreted in different ways, since the
maintenance and repair system (M&RS) has under-
gone significant changes in the plants.

Cone abrasion

RN

s ——
Discharge slot size, 4

Cone crusher

Y1 5-10, mm
p——————

Y. 10-20, mm
e —————

20- - -
L 2040 mm Crushing efficiency
criterion, £

Fig. 2. Cone crusher as an object of automatic control [7]

Puc. 2. KonycHast npoOmiika kak 00beKT aBTOMaTHIECKOTO yIpaBieHus [7]
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The proportion of the crushed product fraction
changes due to a widening of the discharge gap
caused by abrasion of the liner mantle plates and the
inside of the cones. Wear of the liners has a signifi-
cant effect on the crusher's throughput capacity.
This ultimately determines the qualitative deteriora-
tion of the granulometric composition of the crushed
rock. It should be noted that the labour and mainte-
nance costs of replacing the liners is costly. The
analytical dependence which allows calculating the
width of the discharge slot A, (t) at a certain time t
of the equipment operation is as follows [12]:

t t
A, (t)= A, + [V(Adt + [v(A7)dt.
0 0

The laws studies of particle size distribution
formation in a closed cycle "crushing - screening"
have shown that an important factor in the process is
the width of the crusher's discharge slot [13]. In-
creasing the discharge slot width naturally increases
the plus class output of the screening operation
(Fig. 3).

This conclusion is supported by other studies
[14, 15], which point out that the granulometric
composition non-compliance of the crushed rock
with the required values is a determining indirect
indicator of the need to stop the crusher for inspec-
tion and repair.

Output of plus class, %
45

20 y = -0,0874x2 + 9,5495x - 65,387
R?= 0,305
35 Ld
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25 L . °
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Fig. 3. Dependence between the yield of the oversize
products and the discharge slot width
of the KMD-3000T2-DP crusher according
to the common data array [13]

Puc. 3. 3aBucumMocTth BbIXO0/JJa HAAPCIIETHOI'O KJIacca
OT IIMPHUHBI Pa3rPy304HON LIS APOOHIKH
KM/JI-3000T2-A11 o obmiemMy MaccuBy
JaHHBIX [13]

Materials and methods

To date, the particle size distribution control of
the crushed product (hence the width of the crusher's
discharge slot) is usually carried out more between
individual operations on conveyors. A method of
optical control using optical analysers has been
known since the mid-1960s.

In a number of publications the visiometric
analysis method for size distribution of crushing
products is mentioned as a promising direction for
the control of particle size distribution. In terms of
technical implementation, visiometric monitoring
system includes illuminating device, video camera
and processor, etc. (Fig. 4) [16].

Trme o T > 9 |<--- >| 10
[ — 1 —
: A
1 ; 2 ;
= A
Q 5 O

Fig. 4. Schematic diagram and general view of the
Granix visiometric analysis unit [16]:
1, 2 are crushers; 3, 4 are screens;
5 is a conveyor; 6 is a drum mill; 7, 8 are video
imagers; 9 is a processor; 10 is a server

Puc. 4. Cxema u oO1mii B yCTAaHOBKH BU3HOMETpHYE-
ckoro anHanmu3a «I'parnke» [16]: 1, 2 — npo6miKy;
3, 4 — rpoxoTsl; 5 — KOHBelep; 6 — 6apabaHHas
MeJNIbHHIA; 7, 8 — yCTpOHCTBA CheMa BHIEOH300-
paxenuit; 9 — mpoueccop; 10 — cepep

In the development of further research, the re-
search team under the leadership of Professor
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V.V. Morozov (MISIS) created an improved system
and methodology for assessing the grade of copper-
molybdenum ore based on the results of its optical
characteristics measurements using modern algo-
rithms of colour image recognition.

From our point of view, promising solutions in
the area of unloading slot width monitoring are:

- the possibility of using video endoscopic
equipment. The idea of using the endoscopic survey
method is not new in principle. The endoscopic re-
search method of disintegration of intracircuit mas-
sif of mine workings was offered by VNIMI at the
beginning in 1970s of the XX century. Currently,
Kuzbass-COT Elektro Ltd manufactures the “"Smart
Partner" explosion-protected video endoscope. The
video endoscope together with other means of min-
ing control allows optimisation of production pro-
cesses and saves time for surveyors and geologists.

Industrial video endoscopes are successfully
used to identify surface defects in lining mantle.
Visual monitoring of any point in the working area
of a cone crusher is carried out through the process
openings (Fig. 5);

- ultrasonic method. In order to establish the ac-
tual values of the lining mantle, an ultrasonic thick-
ness gauge can be used, which has an alphanumeric
data logger and a colour transflective display, allow-
ing the inspection results to be displayed as a cross-
sectional view. The ultrasonic method also makes it
possible to detect latent defects - the presence of
defective cracks that run along the entire depth of
the lining mantle [14, 17, 18].

Fig. 5. Liner surface damage assessment using
a video endoscope [12]

Puc. 5. Onenka pazMepa mOBEpXHOCTHOTO pa3pyIICHUS
(hyTepoBOUHOI OPOHU C UCITOJIE30BAHUEM
BUAEO3H0CKOMA [12]

www.vestnik.magtu.ru

Findings and discussion

The idea of assessing the condition of the crush-
er liner mantle is based on research to establish
quality indicators of materials, products and struc-
tures in industrial safety [19], namely the quality
assessment of concrete samples.

Thus, we propose the following: continuous moni-
toring the condition of the lining mantle using a video
endoscope; data consolidation about the strength char-
acteristics of the mantle material and dynamic charac-
teristics (change in continuity over time) accompany-
ing the mantle destruction; visual analysis of mantle
destruction, using the results of video stream pro-
cessing frames and expert evaluation (Fig. 6).

cone
video mantle
endoscope
closed
position

open position

trajectory of the
unclamped piece

Fig. 6. CCTV monitoring of the crusher liner condition
Puc. 6. CxeMa BUICOHAOIIONEHNS 3a COCTOTHUEM
($yTepoBOUHOI OpOHU JPOOMIKH

The camera is statically installed in the process
opening.

First step: the camera takes a picture of the lin-
ing mantle when it is in perfect condition, i.e. with-
out any damage. This picture will hereinafter be re-
ferred to as Photo_0.

Second step: at certain time intervals, e.g. every
3 days, the camera takes pictures of the lining man-
tle (Photo_1, Photo_2, etc.).

The third step: a program is created which:

1) converts the photos to black and white for-
mat. This is necessary to highlight defects in the
photos;

2) compares the photos obtained later with Pho-
to_0 and determines the differences between the
photos;

3) determines degree of differences between
photos by a percentage, i.e. 30% — degree of differ-
ences is small; 50% — differences are present; 75% —
degree of differences is high;

4) the percentage is stored in a file for further
processing.
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Step four: a second programme is created which
reads the data from the file and, using a plug-in card
and LEDs, sends a signal according to the percentage.

In order to be able to realise an ACS for output
slot control, information on the material flow both
into and out of the crusher is required. This infor-
mation is usually contradictory and uncertain.
Therefore from our point of view it is reasonable to
apply fuzzy control methods. Since the basic provi-
sions of fuzzy sets and fuzzy logic theory are set out
in detail enough in the scientific and technical litera-
ture, then let's turn directly to the practical use side
of fuzzy control methods for the developed ACS for
crusher type FCC-1750Gr-C [20-22]. In our case as
a regulator of width of a discharge gap it is justified
to apply the fuzzy regulator (FR). Adjustment of FR

T able. Formalisation of fuzzy linguistic variables

is carried out in several stages. To synthesize FR
let's define the main fuzzy variables, define their
term-menu and set the membership functions for
each term-menu of fuzzy variables. There are two
control signals on FR input - state of lining mantle
and output of class larger than required maximum
piece, and width of unloading slot on output accord-
ingly.

Experts were involved for phase identification.
By expert methods, the term-numbers and member-
ship functions of all linguistic variables are deter-
mined (Table).

Fig. 7 shows a graphical representation of the
membership functions (MFs) of the input fuzzy var-
iables using the MatLab environment of the Fuzzy
Logic package.

Ta6J'II/ILIa. dDopManmauI/m HCYCTKUX JIMHI'BUCTUYCCKUX NCPCMCHHBIX

Name L The area of the term
of the fuzzy variable Definition area Term sets set definition
Input linguistic variables
<Normal>=N [120;80]
<status of lining man- [120:20] <Satisfactory>=S [85:40]
tle>, mm ' — ’
<Critical>=C [45;20]
<Normal> (plus class output)=NPCO [0;10]
< class output larger : '
than the required max- [0;50] <Satisfactory>=SPCO [5;15]
imum piece>, (%) <Unsatisfactory>=Non-PCO [14:50]
Output linguistic variable
<Normal>=N (Discharge gap according to [10:12]
. crusher manufacturer's product catalogue) '
<discharge slot [9:20] <Enh >=U
width>, mm ’ nhanced>= [15;20]
<Critically increased>=CU [20;25]
K I u N N ; u
1T 1F
20 30 10 50 60 70 L“ 90 100 110 1::; WIC. 15 20 25
input variable "armor__status” input variable "class___output”
a b

Fig. 7. Term set of input parameters: a is a liner condition; b is yield of the size coarser than a required maximum piece
Puc. 7. TepM-MHOKECTBO BXOIHBIX ITAPAMETPOB: a — COCTOSTHUE (PyTEpOBOUHOM OpOHM; O — BBIXO KJIacca KpyITHee

TpebdyeMoro MakKCUMaJIbHOTO KycKa
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Fuzzy logic inference rules are also drawn from
experts, in our case they are of the following form:

R,: if the condition of the lining mantle is "N"
and the class yield is larger than the required max-
imum piece "N" then the width of the discharge slot
"N".

Rn: if the state of the lining mantle is "S" and the
class yield is larger than the required maximum
piece "N", and then the discharge slot width is "en-
larged".

A set of fuzzy logic inference rules is also im-
plemented using this software package.

Directions for further research

Implementation of ACS for controlling the dis-
charge slot width in cone crushers in MatLab using
the Simulink application.

Conclusions

To date, the absence of automated grit size con-
trol systems on cone crushers of fine crushing in
domestic production, in particular, crushers of PJSC
"Uralmashzavod", has a negative impact on their
competitiveness in comparison with their foreign
analogues. Therefore, the implementation of the
proposed approach will significantly increase the
consistency of particle size distribution at the outlet
of the crusher and reduce energy consumption for
crushing, which increases significantly when the
average particle size increases after crushing.

Among the supposed difficulties which can ap-
pear at realization of the offered approach is a work-
ing zone dustiness of a cone crusher and, according-
ly, application necessity of either special video sys-
tems, or techniques of dust suppression, for example
irrigation of crushed ore on an exit from the crusher.
It should also be noted that the use of hydraulic ac-
tuators for adjustment of the outlet slot, with all its
advantages, namely the accuracy of regulation and
high developed forces, may cause contamination of
hydraulic cylinders due to, again, the dustiness of
the crusher's working space. However, this problem
can be solved by the use of various protective gas-
kets and by removing the hydraulic cylinders from
the working area.
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