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Ananimuuno 3navoeno pi6HAHHA 36°A3KY MINC MEXHON02IMHU-
MU napamempamu Kyjav08020 MIAUHA, NOOPiOHI06AHO20 Mamepia-
Y 1 napamempamu cmepicHe60z0 nepeuUHHO20 nNepPemeoplosana
enepeoepexmuerocmi nodpioHenns pyou. Memooom euxopucmanms
0CHOBHO20 CMEPIHCHEB020 NEPBUHHOZ0 NEPEMEoPo6aua 3 OLILUON
naowero nepepizy, Ha MoOpuYi AK020 PYUHYIOMbC KPYNHI UMAMKU
PYyou npu yoapax xyav, i 000amK06020 CMePIHCHEE020 NEPemeopio-
6aua 3 00HAKOBUMU NAPAMEMPAMU | MEHUWIOI0 NJIOWEI0 nepepi3y,
AKUU 63aEM00i€ auue 3 KYaamu, 00CazHyma ineapianmmuicms usna-
UeHHS eHepz0edeKmuUeHOCmi noopidHeHHs pyou KYAbOBUM M-
HOM 00 3MIHU WEUOKOCMI PYXY MOJOJIGHUX M. AHAIMUMHO ompu-
Mana MamemamuvnHa mooeiv eHepzoedeKkmueHoz0 noopiGHeHHs
PYOU KYab06UM MAUHOM 3 MPUDPASHUM PYXOM MOJOJGHUX M,
ineapianmmna 00 3minu 006ICUHU CMEPIICHIB 8 NPOUEC] CNPAUIOBAH-
Ha. Modeaw 30amna oyinroeamu enepzoedexmusHicmo noopioHen-
HA KPYNHUX WMAMKI8 PYOU 3a OMPUMAHUM 00 EMOM 3PYUHOBAH020
KpYynHowumamxo6ozo mamepiany. Mamemamuuna mooeno micmumo
KOHCmanmu — njowji nNonepeuHux nepepizié CMmepicHesuUx nepeur-
HUX Nepemeoprosauis, nouamxosy 006XCUHY CMEPIHCHEGUX NePEUH-
HUX nepemeoprosauis, 006Uy 0a3060i OUIAHKU 6CMAHOBNEHHS
menzodamuxie, 3Hauenns mooyas FOnea mamepiany nepeunnux
nepemeopro6a4ié, a maKodic IMiHHI KOHCMAHMu, AK1 6UHAAIOMb-
¢s1 noodpionosanum mamepianom. Taxoxc ananimuuno ompumana
3AeHCHICMD 0N BUHAUEHHS O0BHCUHU OCHOBHO020 CMEPIHCHEB020
nepeunoz0 nepemeoprosaua, 610n06iOH0 AKill MONCAUBO OUiHIOBAMU
sucomy pymeposxu, wo CnpauboOBYemMvCs 6 nPoueci podomu.

Pospobdnena Qynxuyionanrvna cxema cucmemu asmomamun-
H020 KOHMpPOMO eHepzemuunoi eheKmuerHocmi noopionenns pyou
KYTb0BUM MIUHOM 00360JI5€ 3HAXOOUMU PO3PAXYHKOB] napamempu
CyMacHumMu MiKponpouecopHumu 3acoéamu. 32i0no po3podaeniii
cxemi ModcHa nodyoyeamu anzopummu eusnauenus 00’emy pyou,
W0 nioaszae pyiHYeanHio, ma MoswUHU QYmeposKu 6 Kyav060-
MY MAUH, AKi 610KPUEAIOMb NEPCNEKMUBU CMEOPEHHS. NPOPAMHUX
npoodyxmie.

Komn’romeptum moodeniosanuam 006edena MOXCAUBICHL 3aCMO-
CYBAHHS 3aNPONOHOBAH020 MemOoOYy Ol OUiHIOBAHHS eHepzoedek -
mueHocmi noopidHeHHs pYyou KYabOBUM MIUHOM 3 MpudasHum
pyxom kyae. Bcmanosenena eucoxa wymaugicmv 3anpononoeanozo
nioxody 00 i0xunenns eexmusnocmi noopibrenna pyou 6io Hai-
Kpaw020 3Hauenns. Jlosedena MoXCIUGICMb OUHIOBAHHS napame-
mpa 3 8i0HoCHO10 noxudkoro *2,5 %

Kantouoei cnoga: enepeemuuna epexmugnicmo, agmomamurnuii
KOHMPOIb, NOOPiIOHEHHS PYOU, KYIb06Ull MIUH, NPYHCHI nepemeo-
prosaui
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1. Introduction

A breakthrough in ore preparation has been the design of
a technological unit with a low discharge level [1]. In these
mills, balls move in a three-phase cycle, in contrast to two
phases in units of previous structures [2]. This research field
has been advanced in papers [3—6]. The velocity fields of a
shear layer at low and medium rotation speeds of the drum
were reported in [3]. The three-phase ball motion in the mill’s
drum was simulated in studies [4, 5] and other publications.
Great improvement in the characteristics for this ball mill is
achieved via adaptive control over pulp rarefaction [6]. An
improved mill with a low discharge of pulp and a three-phase
movement of balls can increase the growth of specific perfor-
mance at the first stage of grinding by 28—-30 %.

Despite the significant advantages of the new type of
a ball mill, such units are slowly introduced to production.

One of the main obstacles is the lack of means of automated
control over energy efficiency of ore grinding and the wear of
a liner, which leads to an increase in the cost of the resulting
product — iron ore concentrate.

2. Literature review and problem statement

Initially, automated control over the energy efficiency
of ore grinding at ball mills was executed based on a gener-
alized indicator. A given indicator took into consideration
the ball and ore loading, as well as water, by measuring the
magnitude of oil pressure in supporting bearings, the mean
power of a drive electric motor, the acoustic signal formed in
the mill. Later, the vibroacoustic means of control over the
operation of ball mills were developed [7]. That approach
was subsequently improved through signal processing [8, 9].




However, these means do not resolve the task on estimating
the state of loading even in terms of quantity, to say nothing
about its qualitative performance and energy efficiency of
ore grinding.

A new direction of research was initiated in paper [10].
The authors devised a model of a nonlinear observer, which
includes a series of technological parameters and derivatives
from some of them. However, the article concluded that under
available measurements of technological parameters it is not
possible to distinguish between ore and balls, not to mention
the characteristic size of ore and its shredding.

In addition, especially following the advent of a new
type of ball mills, there is an increased interest in deter-
mining the wear of a liner without stopping the units,
because a possibility to predict its service life is uncertain
in the industry. Thus, a new model was proposed to predict
the wear rate of a liner. The model includes the following
basic parameters: the type of ore, relative speed between
ore and a liner, the rigidity of a liner, conditions for friction,
etc. [11]. The model proposed could determine the liner
wear depending on operating conditions. However, this is
an indirect determination of the liner wear and it does not
provide for adequate accuracy.

In this situation, it appears promising, as shown in [12],
to select and study parameters that can be controlled au-
tomatically, which would directly characterize the energy
efficiency of the process of a material destruction in the
mill’s drum. Such a parameter could be the deformation of a
homogeneous rod that interacts with balls and red at three-
phase motion of grinding bodies. A given converter makes it
possible to measure the liner wear as well.

The above components of the task show that it is re-
quired to solve a generalized problem, which comes down to
identifying the energy efficiency of ore grinding, as well as
the liner wear, at three-phase movement of balls in the mill.

3. The aim and objectives of the study

The aim of this study is to identify the energy efficiency
of ore grinding, as well as the liner wear, at three-phase
movement of balls in the mill based on homogeneous rod
primary converters intended to measure technological pa-
rameters.

To achieve the set aim, the following tasks have been
solved:

— to analytically derive the equation that relates the
technological parameters of a ball mill and the parameters
of a primary rod converter when shredding large pieces
of ore;

— to achieve invariance of the volume of shredded ore to
a change in the motion speed of balls in a technological unit;

—to derive a mathematical model of determining the
volume of shredded ore at the end side of a rod primary con-
verter, invariant to a change in the motion speed of balls and
its length in the process of operation;

—to derive the equation that relates parameters of the
length of a rod primary converter that is excited in the up-
right position by the impact of a reference ball against the
idle end side to measuring parameters;

—to design a circuitry for the implementation of an
automated control system over the energy efficiency of ore
grinding by mills with a three-phase movement of balls, as
well as the liner wear.

4. Research methods to control the energy efficiency of
ore grinding and the liner wear in a ball mill

4.1. Choosing a primary converter of energy efficien-
cy of ore grinding and the liner wear in a ball mill

In the current work, a principal structural measuring ele-
ment is the homogeneous rod converter of constant cross-sec-
tion with one fixed end. At the other end of the converter, ore
pieces are shredded by the normal impacts from balls, which in
a given mill move under in a three-phase mode. The length of
the rod under these conditions is 250 mm. The impact of a ball
leads to an elastic deformation along the rod primary convert-
er. First, there is the compression of the rod primary converter,
followed by the reverse process — its unloading. If force Fis a
variable function of time, the speed ¢ of compression deforma-
tion wave propagation remains unchanged, while velocities v
of cross sections motion at any time are different along the rod.
The same features are characteristic of the reverse process. If
F=const, then the velocity of cross sections motion remains
unchanged as well. The devised model is capable of simulating
the shredding of ore and wear of the mill’s liner.

4. 2. Development of a generalized model for a rod
primary converter

Based on [13], the expression for determining the ab-
solute value for the contraction of a rod primary converter
under the action of force F takes the following form
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where Alis the absolute value for contractions; [y is the initial
length of a rod; E is the Young modulus (modulus of longi-
tudinal elasticity); S is the cross-sectional area of a primary
rod converter.

The propagation speed of a compression deformation
wave along the axis of the rod is equal to
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where p is the density of a material of a primary rod converter.

The deformation at velocity v makes all the particles of a
material in the compressed part of the primary rod converter
move. A given velocity v is many times less than the wave
propagation speed c. The speed is equal to
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The force applied along the rod primary converter, which
caused the contraction f, will equal

_ES-f

F ’
l()

)

where fis the complete contraction of a rod primary convert-
er under the action of force F.

The time required for all the particles of a material of a
rod primary converter to pass at deformation along direct
and reverse directions is

t,==c, (5)



where [, is the current length of a rod primary converter that
wears together with a liner.

The work of deformations in the deformed volume of a
shredded piece of ore, which dissipates in the form of heat is
determined from dependence [14]

A, =kkYV, (6)

where % is the coefficient of proportionality that depends
on the strength of ore; ky is the dimensionless coefficient of
proportionality; V,, is the volume of a shredded piece of ore.

Dependence (6) makes it possible to determine the work
spent for shredding a piece of known technological variety of
ore based on its defined volume.

In long ball mills, which include ore milling as well,
along a drum there form the zones of grinding environment
with approximately the same size of balls in the outer layer
of their particular cross-section [15]. A given distribution of
balls is confirmed experimentally at existing ball mills by a
sound-metric method. In addition, such an effect of balls ar-
rangement can be enhanced by using the specialized profiles
of a liner [16].

Features of a three-phase movement of balls in the mills
with a low discharge of pulp, dependences of parameters for
arod primary converter and balls arrangement in the drum,
make it possible to execute automated control over energy
efficiency of ore grinding and the liner wear.

3. Results of research into control over the energy
efficiency of ore grinding by mills with a three-phase
movement of balls and the liner wear

5. 1. Analytical derivation of equation that relates the
technological parameters of the process and converter

Grinding of large pieces of ore occurs at the upper side
end of a rod through the kinetic energy of moving balls.
Kinetic energy, in contrast to potential, depends not on the
coordinates of a body but on its speed, and remains constant
until a numerical value for speed changes. If a body moves
at constant speed, the sum of all forces acting on it equals
zero; in this case, no work is performed. If a body acts at
some force along the motion direction towards another body,
it can perform work. In this case, the body’s kinetic energy
changes. A change in the body’s kinetic energy equals the
work performed in this case. Since the kinetic energy used to
shred a piece of ore equals the work that is performed when
it is shredded, then one can record E,;=Ag4, where Ep, is the
kinetic energy spent on shredding, A, is the work performed
when shredding a piece of ore. The work performed at shred-

ding a piece of ore is expressed by dependence (6).
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Kinetic energy % of the ball of mass m;, moving at ve-

locity vy, is spent on performing the work of shredding a piece
of ore at the upper end side of a rod and on the deformation
of compression of a rod primary converter. The deformation
of compression of the rod primary converter uses the kinetic
energy of a moving ball, reduced by the magnitude A,. The
velocity of a ball after the deformation of compression of a
rod primary converter is zero. The body that has completely
stopped is unable to carry out work, so all the energy due to
its movement equals the work that is performed when moving
a body to the full stop: A=F-s, where F is force, s is the path
traveled. In our case, the work of compression deformation is

A =F-1, ()

where F; is the force that develops when a rod converter
is compressed; fi is the full contraction of a rod under the
action of force Fj.

Given that a change in the kinetic energy of a moving
ball is equal to the work performed in this case, one can re-
cord the following equation
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In equation (8), force F; is uniquely associated with the
full contraction of rod /i via dependence (4). Substitute F;
from equation (4) in (8) and obtain
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Equation (9) relates the technological parameters of a
ball mill, the shredded material, and the parameters for a rod
primary converter of energy efficiency of ore grinding.

3. 2. Achieving the invariance of control over energy
efficiency of ore grinding by a ball mill to a change in the
motion speed of balls

The velocity of balls v, under a three-phase movement
mode will vary within a significant range when changing
operational conditions of a ball mill. Given that the velocity
of balls, in addition, is included squared in the equation, one
should expect significant errors in determining the volume
of ore V),

We shall introduce the concept of basic and auxiliary rod
primary converters of energy efficiency of ore grinding by a
ball mill (Fig. 1). The basic rod primary converter (Fig. 1, a)
has a greater cross-sectional area compared to the auxiliary
rod converter (Fig. 1, b). It concentrates and destroys large
pieces of ore under the impacts of balls. For the basic rod
primary converter, equation (9) takes the form

mv,
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where S; and [y are, respectively, the cross-sectional area
and the initial length of a basic rod primary converter.

It is possible to improve the accuracy of determining
the volume of ore V, at the upper end side of the basic rod
primary converter by discarding a variable parameter v in
the dependence. For this purpose, an auxiliary rod primary
converter, whose upper end side, given its small cross section,
does not receive large pieces of ore that must be shredded
(Fig. 1, b), is installed next to the basic one. The auxiliary
converter must be installed independently of the basic one.
Such a primary converter is characterized by that the entire
kinetic energy of a moving ball would convert into the work
on compression deformation. In this case, the following
equality holds

m,0; _
2

E/, (11)

where F, is the force that develops when an auxiliary rod
converter is compacted; f5 is the full contraction of an auxil-
iary primary converter under the action of force Fs.



In a general case, the auxiliary converter has other
structural parameters. Therefore, by using dependence (4),
write down
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Considering that under particular conditions for the op-

eration of a ball mill the velocities of ball motion are the same,
we equate the right-hand sides of equations (10) and (12)
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Fig. 1. Schematic representation of rod primary converters
of energy efficiency of ore grinding in a ball mill: ¢ — basic;
b — auxiliary; 1 — ball; 2 — waterproofing and amortization
fastening; 3 — liner; 4 — fragment of a mill’s drum;
5 — support; 6 — auxiliary rod converter;
7 — basic rod converter; 8 — large pieces of ore

We fabricate the basic and auxiliary converters using
the same material of the same length, but with different
cross-sectional areas. Then Ey=E,=E, ly1=Iy»=[y. Consider-
ing it, equation (14) takes the form

E

Vp =%(52f22 —S1j[12).

(15)

Equation (15) links the technological parameters of
shredded material, the structural parameters of rod primary
converters, their deformations, and does not depend on the
motion velocity of balls.

Contraction of the basic and auxiliary rod primary con-
verters could be determined through secondary converters.
There are many methods to measure deformations. A study
into characteristics of the mechanical properties of structur-
al steel has established that reliable results could be obtained
from a strain gauge [17]. Measurements of deformations in
real conditions of operation on steel structures have shown
close coherence between the measured and simulated defor-
mations [18]. A research into optimization of strain gauge
arrangements when estimating the characteristics of a struc-
ture has proven that the unified model for the optimization
of strain gauge arrangement forms through maximizing the
coverage [19]. That is, strain gauges should cover the entire

length of rod primary converters, thus registering complete
contractions.

5. 3. Construction of a mathematical model invariant
to a change in the length of rods

It is impossible to determine the volume of large pieces of
ore inside the working space of a converter based on the com-
plete contraction of length f; and /5 from dependence (15),
since these parameters are not available while the rods wear
out. Therefore, the deformation parameters for the compres-
sion of rods are most appropriately measured based on their
final section at a certain distance x from the fastening point.
The region for measuring parameter B can be represented
as part of the entire length of the converter, that is, B=k/,
where k5 can theoretically accept a value from 0 to 1. As-
sume that the distance of planes and a base B for measuring
the parameters of both converters are the same. Given the
proportionality of deformations along the converters under
certain forces, values for the contraction of parts of the rods
on bases B for measuring contraction accept

fu= i (16)
fu= b a7

Define complete contractions of rods in the process
of measurement from dependences (16) and (17), which
would equal

ly
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Substituting the found values for f; and f, in depen-
dence (15), we obtain

v Bl

P = kk B2 (52][221 _S1fi21) (20)
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The derived dependence (20) is a mathematical model
for the energy-efficient ore grinding in a ball mill, according
to which one can control a given technological parameter
during operation.

5. 4. Determining the wear of a mill’s liner

In the operation of a ball mill, one needs to know the
state of the liner wear. It is advisable to elucidate by defining
the length of rods because they wear out along with the liner.
The current length /, of rods that partially worn out during
operation of a ball mill of initial size [, can be determined
based on one of them, for instance basic, from dependence

T
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where v is the velocity speed of particles of a material under
the strain of compression and unloading of a rod primary
converter; T; is the period of oscillations of a measuring
generator; 7, is the number of pulses over a separate cycle
of measurement; /p is the distance between the idle end of



the basic rod to the point of mounting a strain gauge at base
distance B. The liner’s wear is I,.=ly—,.

The measurements that are performed in line with for-
mula (21) are carried out using a strain gauge signal. The
strain gauge perceives fluctuations in the rod over the idle
cycle when a wave propagates in direct and reverse direc-
tions. The wave is excited by the impact of a reference ball
against the idle end of the basic converter at each rotation of
the mill’s drum.

3. 5. The circuitry for implementing the identification
of energy efficiency of ore grinding and the liner wear

A functional scheme of implementing the automated
control over energy efficiency of ore grinding in a ball mill
is shown in Fig. 2. When the mill’s drum rotates around
axis 12, the balls in the outer layer first move along a circular
trajectory, since they are pressed to the liner. In the upper
part, they detach from the liner and move along a parabolic
trajectory, followed by their movement along a straight line
at the surface of the supporting layer of grinding bodies,
coated with pulp, until they hit a liner in the bottom part of
the drum. Along the parabolic trajectory, the motion veloc-
ity of balls is constant, so their kinetic energy is permanent.
Part of this energy is lost in the process of moving along
the straight line. There, the motion velocity changes; it can
accept different values at the time a ball hits a liner because
the kinetic energy is lost depending on the position of a
supporting layer of grinding bodies, the level of pulp, pulp
density and its viscosity, and other factors. In a particular
technological situation, the motion velocity of balls and their
kinetic energy would remain constant prior to the impact
against a liner.

A ball mill is loaded with large fractions of ore, residing
in the pulp formed by a small firm solid. The volume of large
fractions of solid in a unit volume of pulp is a measure of the
energy efficiency of ore grinding in a ball mill. This volume
of large solid 2 will stay at the upper end of basic rod 11 at
the moment of impact of ball 1. The same processes would
occur at liner 3, located at the inner surface of drum 4; they,
however, are out of control.

The energy required to shred large fractions at the upper
end of rod 11 depends at certain strength of ore 2 on its volume
in the controlled zone of shredding. Thus, a given energy is a
measure of the energy efficiency of ore grinding in a ball mill.
The energy applied to the rod upon impact is equal to the
kinetic energy of a moving ball, reduced by the magnitude of
energy required to shred large fractions of solid at the upper
end of the basic rod. The more a mill is loaded with ore (the
concentration of large solid in pulp, the volume of ore at the
upper end of the basic rod), the greater the energy that is
used by a ball to destroy large solid. In this case, the residual
energy of the ball that ensures the compression of a basic rod
at the moment of impact will be lower. Basic rod 11, rigidly
fixed by support 9, would contract less in this case. Thus, the
contraction of basic rod 11 can be used to estimate the energy
efficiency of ore grinding in a ball mill. The same information
is acquired from the contraction of the controlled section of
rod 11. However, when the balls’ kinetic energy is lost along
the section of rectilinear motion in the pulp, the results would
be distorted. That would introduce a considerable error to the
identification of a ball mill’s loading. This is because the level,
the density of pulp, and other factors, may accept different
values during operation, which are characteristic of a given
technological regime in a particular situation.

Fig. 2. A functional scheme of implementing the automated

control over energy efficiency of ore grinding in a ball mill:

1 — ball; 2 — pieces of ore; 3 — liner; 4 — wall of the drum;
5 — auxiliary rod; 6 — lock; 7 — reference ball;

8 — oscillation exciter; 9 — support; 10 — waterproofing and
shock-absorbing sleeve; 11 — basic rod; 12 — mill’s rotation
axis; SG1, SG2 — strain gauges; T1, T2 — timers;

KE1, KE2, KE3, KE4 — key elements; TE1 — threshold
element; SD1, SD2, SD3, SD4, SD5 — storage devices;
A1 —amplitude selector; EM1, EM2 — elements of memory;
LE1, LE2 — logical elements «AND»; NCEK — normally closed
element of key; TELL — threshold element of low level;
DA1, DA2 — devices to average signals; BSD — basic
computing device; OSS — ore strength setter; EK — element
of key; DM1 — decelerated multivibrator; NDEK — normally
disabled element of key; TEHL — threshold element of high
level; PS — pulse shaper; TR — trigger with two stable
states; ACD — auxiliary computing device, RG — reference
generator

Auxiliary rod 5 is fabricated with a small cross-section,
which is why hitting its end by ball 1 is an unlikely event
compared to basic rod 11. Even more unlikely is the situation
when a particle of large solid is arranged at the time when
ball 1 hits the end of auxiliary rod 5. Therefore, the current
work will mostly register the impacts of ball 1 against the
end of auxiliary rod 5. In the time interval, preset by timer
T1, strain gauge SG1 generates signals that, through key
element KE1 and threshold element TE1, arrive to storage
device SD1. Threshold element TE1 does not let the random
pulses of small amplitude enter storage device SD1. Storage
device SD1 accumulates, in the time interval preset by timer
T1, the signals that correspond to the direct hit of the ball
against rod 5, and, possible, against rod 5 through a large
chunk of ore. A pulse of the highest amplitude would corre-
spond to a direct collision between auxiliary rod 5 and ball 1.
The pulse is displayed at device A1 and is sent to the input
of key element KE2, which enables the in-turn recording of



the highest value from rod 5 in a given time interval, preset
by timer T1, and erases the preceding value. The command
to execute such an operation is triggered by logical element
«AND» LE1, the input of which must receive a signal from
the timer about the end of the cycle, and a signal on the
largest value for a measured parameter. If device A1l failed
to generate such a signal, then the operation of a control
system would continue based on the previous value for the
largest signal from auxiliary rod 5. This corresponds to a
highly unlikely event when there was no, in the time interval
preset by timer T1, any collision between ball 1 and the end
of auxiliary rod 5. Thus, the outputs of memory elements
EM1 and EM2 will always produce the signal from auxiliary
rod 5. A contraction in the controlled section of auxiliary
rod 5 describes the magnitude of the kinetic energy of a ball
under these technological conditions. Because the mass of
a ball and its speed at the end of a parabolic section remain
unchanged, the contraction of the controlled section of
auxiliary rod 5 carries information only about the level of
change in the kinetic energy in the process of ball motion
along a straight section prior to its hitting the liner and
contraction f51. The same changes in the kinetic energy of a
ball in this technological situation would be characteristic
of basic rod 11.

The contraction of a section of basic rod 11, measured
by strain gauge SG2, is converted into an electrical signal,
which, via a normally closed element of key NCEK, a key el-
ement KE3 in case timer T2 is enabled, enters the threshold
element of low level TELL, set to a certain level of the sig-
nal. Under the largest loading of the mill will ore the signal
from strain gauge SG2 would be minimal, especially when
the strongest ore is used. However, the signal would be even
much smaller when a ball hits a junction, thereby covering
part of the working end of rod 11 and waterproofing and
shock-absorbing sleeves 10 or liner 3. The level of setting
threshold element ITEHP should be slightly higher that
this signal. Then storage device SD2 receives signals whose
amplitude exceeds the threshold level of element TELL.
These signals correspond to objective information about the
volume of large fractions of ore 2 at the working end of basic
rod 11. The signals that arrived to storage device SD2 are
averaged by device DA1.

The averaged signal characterizing the volume of shred-
ded ore at the working end of basic rod 11, through its
contraction, arrives to one of the inputs of basic computing
device BSD, whose other inputs receive a signal from ore
strength setter OSS, a signal that corresponds to the con-
traction of auxiliary rod 5. Other quantities at devices are
physical or accepted to be stable, defined by the design of the
control system over energy efficiency of ore grinding in a ball
mill and are recorded to permanent storage devices. The pri-
mary computing device, in accordance with dependence (20),
defines the volume of ore to be shredded. The result of com-
putation is sent via EK to storage device SD4 or SD5.

The fact of ball 1 hitting or missing the working end of
basic rod 11 at rotation of the drum of a ball mill around axis
12 is a random event. Thus, it can be guaranteed to happen
only over a specific period of time or after certain number of
the drum rotations. A given time interval is set by timer T2.
Since the probability of ball 1 hitting the end of auxiliary
converter 5 is significantly smaller compared with such a
probability for the basic converter, then the time interval to
register the contraction of a section of auxiliary converter 5
should be several times longer. The time interval is se by

timer T1. Given that one should not accept it to be too long
considering a possible certain change in the technological
situation, it is advisable to operate at shorter intervals and
their actual prolongation only in cases when there were no
collisions between balls and auxiliary rod 5 over the pre-
defined cycle. This is provided by logical element LE1.

A channel for determining the thickness of a liner in a
ball mill functions in the following way. Passing a signal by
threshold element of low level TELL triggers decelerated
multivibrator DM1, which, over the period of exposure, dis-
ables connection between strain gauge SG2 and key element
KE3 and enables, during exposure time, the chain of normal-
ly disabled element of key NDEK connecting strain gauge
SG2 to threshold element of high level TEHL, which is also
set to a certain amplitude of the signal. At the same time,
when a mill’s drum rotates around axis 12 vibration exciter 8
enters the zone close to the vertical state. Reference ball 7,
while overcoming the resistance of support 6, deals a severe
blow to the idle end of basic rod 11, which excites a wave
process in the rod — a wave of compression propagates to the
working end and, bouncing off it, a wave of unloading moves
to the idle end. In this case, strain gauge SG2 generates a
signal of significant amplitude, however, due to the disabled
element of key NCEK, they do not enter the channel where
a signal about the amount of shredded ore forms and, con-
versely, they arrive, through a temporarily disabled element
of key NDEK, at the input of threshold element of high level
TEHL, then pass it, forming a pulse in PS, thereby changing
the state of the trigger with two stable states TR, which,
along with a signal from timer T2, generates at the output of
logic element «<AND» LE2 a permissive signal at the input
to key element KE4. Fluctuations from reference generator
RG arrive to storage device SD3. When strain gauge SG2
generates a signal of significant amplitude when an unload-
ing wave passes trigger TR enters a second stable position. If
there is a signal from timer T2 and a change in the signal from
trigger TR a permissive signal at the output to logical element
«AND» LE2 disappears and memory device SD3 terminates
counting the pulses. Therefore, the number of high-frequen-
cy pulses in ACD corresponds to double the distance from
strain gauge SG2 to the working end of basic rod 11. Thus, as
a result of ending the exposure of decelerated multivibrator
DM1, switches are executed in elements NCEK and NDEK.
The circuit is again ready to receive the main signal about
crushed ore from strain gauge SG2. The signal, averaged by
device DA2, is sent to the input of auxiliary computing device
ACD, which, according to dependence (21), determines the
current length of rods that matches the thickness of the liner
in a ball mill.

6. Discussion of results of the identification of energy
efficiency of ore grinding and the liner wear

The energy efficiency of ore grinding in ball mills is de-
fined by the concentration (volume) of large particles of ore
over a section limited by its area. The volume of the ore can
be determined by shredding it, as it was established in the
derived equation of relationship between the technological
parameters of a ball mill and the parameters for a primary
rod converter. A given approach is characterized by the
direct measurement of a parameter, which guarantees high
accuracy. Prior to this, the indirect measurements were per-
formed at rather low precision.



Mills with a three-phase movement of balls during the
final phase typically change their speed, which depends on
the state of ball environment, the density and level of pulp
over a supporting layer, which would severely affect the
accuracy of control. Achieving the invariance to a change in
speed almost eliminates the disadvantage of these ball mills
in terms of measurement.

A mathematical model of two-rod determination of the
volume of shredded ore at the end of a primary rod converter
is invariant both to a change in the velocity of balls and to a
change in the length of converters in the process of wear. The
model makes it possible to measure the volume of shredded
ore with high accuracy, since the major disturbing factors do
not affect it.

Determining the thickness of a liner is also performed
by direct measurement of the parameter, which ensures high
accuracy compared to the indirect estimation [11] that does
not warrant high accuracy.

The circuitry that was used to implement the proposed
system of automated control over operating parameters at
grinding ore in mills with a three-phase movement of balls
has shown the feasibility of a given approach. It is possible to
accurately determine the operational parameters of grind-
ing by using modern microprocessor tools. Mathematical
modelling has established that the relative error in deter-
mining the parameters would not exceed +2.5 %. That will
significantly improve the effectiveness of ore preparation at
modern enrichment plants.

The results obtained (the equations for rod primary
converters, a mathematical model of control over energy
efficiency of ore grinding, the equations for determining
the thickness of a liner in a ball mill) could be used for both
analytical and computational experiments. They could be
applied when implementing control operations in ball mills
with a three-phase motion of balls of different sizes. The
equations for determining the thickness of a liner in a ball
mill might be used when implementing control operations
in mills with a two-phase mode of ball movement. The
technique for achieving measurement invariance with the
application of an additional rod primary converter could be
implemented for converters of other types.

Note that there are still unresolved issues related to the
development of both means of control and tools for signal
processing. The disadvantages of this approach also include
the need to replace rod primary converters when the liner of
a ball mill wears out, as well as certain difficulties in trans-
ferring signals from a rotating object to a stationary one.

In the future, it is planned to design and investigate
the systems of automated control over energy efficiency
of ore grinding in mills with a three-phase motion of balls
of specific sizes and to explore the impact of speed of a
compaction deformation wave’s propagation along the axis
of a rod on the readings by strain gauges. The first spec-
ified shortcoming is easily eliminated by fabricating rod
primary converters in units that are mounted in the hatch
of a mill’s drum. The second drawback, characteristic of
rotating objects, is typically removed by applying radio
engineering tools. In order to almost completely eliminate
it, noise-resistant radio equipment is designed that could
automatically set operation modes.

The results reported in the current work need no experi-
mental verification, since all the provisions have been proven
analytically. There are no assumptions that could have devi-
ated results from those obtained. The only parameter that

might affect the accuracy of identification is a coefficient k,
in dependence (6), which characterizes the shredded volume
of ore and the volume exposed to the pressure of a falling
ball. If these volumes are the same, then there is no error in
the identification of a technological parameter. Experimen-
tal verification would be appropriate when designing means
of identification for specific operational conditions.

7. Conclusions

1. We have analytically derived an equation that relates
the technological parameters of a ball mill and the parame-
ters of a primary rod converter when the balls destroy large
pieces of a material at its end. That proves the possibility to
use a converter as a means of control over energy efficien-
cy of ore grinding at the early stages of ore preparation at
concentrating mills. The energy efficiency of ore grinding is
estimated based on the volume of shredded large chunks of
a material in the pulp, which are at the end of a rod primary
converter at the time point of contact with the ball. The vol-
ume of the shredded ore must match the value determined
with precision.

2. Using two rod primary converters — the basic one with
a greater cross-sectional area, where ore is shredded, and
the auxiliary one with a lower cross-sectional area, which
interacts with the ball without ore — we have achieved the
invariance of the volume of destroyed material to a change in
the motion velocity of balls within a technological unit with
a low level of pulp discharge. That warrants high precision
in estimating the technological parameter under conditions
of change in the state of ball loading, as well as parameters
for pulp.

3. We have analytically derived a mathematical model
of the two-rod determination of the volume of shredded ore
based on the contractions of basic and auxiliary rod primary
converters using the accepted deformation measurement
bases by strain gauges. The model is invariant to both a
change in the motion velocity of balls and in the current
length of converters in the process of wear. This ensures
the independence of the measured technological parameter
on the magnitude of forces applied by balls and the length
of rod primary converters that wear out during operation.
By using the proposed mathematical model, it is possible to
estimate not only the fact of energy efficiency of ore grind-
ing, but to track when a ball mill approaches an emergency
as a result of overload. This can be achieved due to that the
sensitivity to deviations in the volume of a material from
recommended levels is high enough. Testing the method by
computer simulation has shown that it is possible to estimate
the energy efficiency of ore shredding with a relative error
not exceeding *2.5 %.

4. We have derived an equation relating the parameters
of length of a basic rod primary converter that is excited in
the upright position by the impact of a reference ball against
the idle end, and the measured parameters. The measured
parameters include: the motion velocity of particles in a ma-
terial inside a converter at deformation of compression and
unloading, the period of oscillations of a reference generator,
and the number of pulses over a separate cycle of measure-
ment. A given equation makes it possible to determine the
current length of partially worn-out rods, and, consequently,
the thickness of the liner and to determine the magnitude of
its waer as the difference between the starting and current



lengths. Information about the liner thickness in a ball mill
is rather valuable because it makes it possible to estimate
dynamically the performance of a technological unit and to
prolong the inter-service periods of technological units that
work under loaded modes.

5. The designed circuitry for the implementation of a
system of automated control over energy efficiency of ore
grinding in mills with a three-phase movement of balls and
the liner wear has demonstrated the feasibility of a given

approach in automated mode. By using modern micropro-
cessor means, based on the proposed mathematical model,
it is possible to determine with high accuracy the volume of
destroyed large pieces of ore that corresponds to the energy
efficiency of material grinding. Similarly assessed is the
thickness of a liner in a ball mill. That makes it possible to
significantly improve the performance of ball mills with a
three-phase movement of balls, to reduce the consumption
of power, balls, and liner.
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