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Abstract. Grinding is the most energy-intensive process among all stages of raw material preparation and determines
the course of subsequent ore beneficiation stages. Level of electricity consumption is determined in accordance with
load characteristics forming as a result of ore destruction in the mill. Mill drum speed is one of process variables due
to which it is possible to control ore destruction mechanisms when choosing speed operation mode of adjustable electric
mill drive.

This study on increasing energy efficiency due to using mill electric drive is based on integrated modelling
of process equipment — grinding process and electromechanic equipment — electric drive of grinding process.
Evaluating load torque by means of its decomposition into a spectrum, mill condition is identified by changing
signs of frequency components of torque spectrum; and when studying electromagnetic torque of electric drive,
grinding process is monitored. Evaluation and selection of efficient operation mode of electric drive is based
on the obtained spectrum of electromagnetic torque. Research results showed that with increasing mill drum
speed — increasing impact energy, load torque values are comparable for the assigned simulation parameters.
From the spectra obtained, it is possible to identify mill load condition — speed and fill level. This approach
allows evaluating the impact of changes in process variables of grinding process on parameters of electrome-
chanical system. Changing speed operation mode will increase grinding productivity by reducing the time of ore
grinding and will not lead to growth of energy consumption. Integration of digital models of the technological
process and automated electric drive system allows forming the basis for developing integrated methods of mon-
itoring and evaluation of energy efficiency of the entire technological chain of ore beneficiation.

Keywords: drum mills; grinding process; DEM-modelling; electric drive; simulation model; operation mode identifi-
cation; energy efficiency; spectral analysis
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Introduction. Grinding process is the most energy-intensive process in preparation of raw
materials at mining and processing enterprises. In accordance with sustainable development
trends [1, 2], which have a significant impact on industrial facilities due to the established
resource saving policy, it is necessary to consider the means to increase the efficiency of the
grinding process [3, 4].

There are the following possibilities of increasing the grinding process efficiency [5]: im-
provement of design solutions; use of advanced process control systems (APC); diagnostics of
grinding process and assessment of residual resource; process engineering solutions for increas-
ing energy efficiency; electromechanical solutions.

Design solutions. Drum mills are the most widespread grinding units characterized by high
energy intensity as compared with other types of equipment for raw material disintegration.
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Development of ore preparation schemes with gravity vertical mills and roller presses is important [6].
Specific energy consumption of this equipment per 1 ton of product is on average 25 % less than
that of drum mills. The researchers emphasize the importance of optimizing geometric parameters
of drum mill lifters to reduce energy consumption [7]. Lately, the use of DEM-modelling became
widespread for solving many technological problems of grinding process.

Discrete element method (DEM) is designed to calculate the behaviour of granular media
and is based on calculation of contact interactions between conditionally indivisible granular par-
ticles [8, 9]. DEM method replaced the classical theories of calculating energy consumption. In the
classical theory, calculation of energy consumption is based on the main empirical formulas: those of
Olevsky, Chen Bingchen, Davis, Levinson, Bond [10]. However, almost all classical methods do not
consider the effect of lifters and only reflect the effect of rotation speed, degree of charge fill, size,
and shape of grinding media. DEM method allows estimating power consumption based on interac-
tion of materials involved in grinding process.

In[11], DEM model was validated with experimental data; it was found that the model is correct
when developing the design of mill lifters. In [12], it was noted that when choosing a suitable com-
bination of design parameters of lifters and process variables (speed and mill fill), energy efficiency
of the grinding process increases. Selection of such a combination for full-scale mills in practice is
difficult, which emphasizes the relevance of DEM-modelling.

Advanced control systems. Synthesis of process control system is accomplished following the
mathematical description of the control object. Chemical technological processes occur in moving
streams, their movement affecting the efficiency of these processes. Use of hydrodynamic equations
to describe the mechanical movement of milled product flows is a common method for designing
grinding units and their control systems [13].

Classical grinding process control loops are built on the principle of stabilizing the main process
variables. Feedstock consumption in the mill drum is the main parameter according to which control
is performed. To maintain the assigned class —0.074 mm on control sieve, water flow in the mill and
hydro cyclone is additionally controlled [14]. Higher requirements to modern mining and processing
plants lead to the need of introducing optimization loops into existing control systems. Building
such control systems involves integrated mathematical modelling of the processes occurring in pro-
cessing units at full cycle of producing finished product [15, 16]. Thus, the task of improved control
systems is not only to maintain nominal productivity of grinding process, but also to optimize
it for cost reduction.

Diagnostics of grinding process and evaluation of residual resource. These methods of increas-
ing the efficiency are aimed at reducing additional losses of consumed energy that occur during op-
eration of faulty equipment. Timely prevention of breakdowns as they develop allows bringing down
the likelihood of process equipment downtime, eliminating failure of design and electromechanical
components of mill-electric drive system and reducing the numbers of scheduled preventive mainte-
nance for replacing certain equipment elements. When diagnosing design components of the mill,
dynamic state of the mill is identified, as a rule, by acoustic signals [17] and vibration [18, 19]. In
accordance with the data obtained, it is possible to characterize wear condition of mill lining and
lifters. It is most convenient to control condition of the main electromechanical components of mill
drive by monitoring stator currents [20, 21]. The effect of process variables on electromechanical
system can be seen in electric drive signals.
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Electromechanical solutions. Introduction of an adjustable electric drive of mill rotation mech-
anism is one of the ways to increase energy efficiency of grinding process [22]. This allows control-
ling the dynamics of in-mill load, excluding ore zones that are not ground and increasing the effi-
ciency of grinding process [23, 24].

As a rule, the effect of the above methods is observed in case of their integrated use, which
became possible in the era of the Fourth industrial revolution [25, 26]. Introduction of cyber-
physical systems in mining industry based on such key Industry 4.0 trends as the industrial Inter-
net of things (I1oT), big data analytics, artificial intelligence and digital modelling allow to ensure
the interaction of equipment throughout the production chain of finished product and adaptation
of technological processes to external and internal changes [27, 28]. Such prognostic analysis
allows the enterprises to predict technical condition of equipment and issue appropriate recom-
mendations to improve the work efficiency based on operation data by studying processes in a
virtual environment [29, 30].

Technological solutions. Main adjustable process variables, due to which productivity can
be increased, are load level, amount of grinding media and drum mill rotation speed [31]. Design
features of lifters also affect the behaviour of load inside the mill. If the dynamics of in-mill load
is not controlled, most of energy is not spent on grinding ore, but on destruction of grinding media
and damage to lining and other mechanical components of mill [23].

Several researchers from specialized institutes studying grinding process presume that mill
speed should be changed during grinding process. The main factor requiring a change in
mill speed mode is variability of physicomechanical properties of ore in the course of deposit
development [32].

As a rule, controllable electric drives of SAG mills are used to start them. However, not at
all factories frequency converters ensure only soft start. For example, at Copper Mountain facto-
ries, electrically controlled mills did not rotate at constant speed during two months of operation,
but the speed ranged between 7 and 10 rpm. Speed variation in this range covers all operation
modes of mills.

Muill load or fill level is the main parameter, as it determines technological stability of grinding
process. Incorrect identification of this parameter can lead not only to a decrease in productivity
(if its value is reduced), but also to a disruption in operation of the technological system, damage
to mill components (if its value is increased).

The main difficulty in studying load behaviour is impossibility to install measuring devices
inside mill housing. In this case, only indirect monitoring methods are realized [22, 24].

There are diverse ways to obtain information about the processes taking place in the mill.
Monitoring of acoustic emissions and vibrations became widespread when determining the fill
of mills [33, 34]. However, these methods of determining current fill of mill have significant
inaccuracies due to interference of mechanisms [35, 36]. Main disadvantage of the methods for
monitoring mill load level at certain frequencies is the influence of natural frequency components
of mechanical parts of mills [37, 38].

Unlike vibro- and acoustic signals, shaft torque depends directly on changes in process variables
and does not depend on natural frequency of mechanical equipment [39]. Torque signal can be
obtained in an accessible way using coordinate observer due to current signals, since these meters are
installed together with controlled electric drive of the mill.
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Fig.1. Methodology of research

The purpose of the article is to study the influence of grinding process variables on spectral
components of electromagnetic torque of the motor in automated electric drive system to determine
the optimal operation mode. At the optimal operation mode of electric drive, ore grinding will proceed
at minimal energy consumption, ensuring nominal technological characteristics. Since it is difficult
to identify mill condition (determination of fill level), it is proposed to consider spectral composition
of electromagnetic torque of the motor for excluding false recommendations on choosing mill
operation mode.

There are several studies on mill load behaviour using torque evaluation [39, 40]. Resulting collisions
between particles and pulp movement inside the mill create intense vibration in mechanical equipment,
which leads to torque fluctuations on mill shaft. Fluctuations are reflected in consumed current, generated
torque, and angular velocity of electric drive. Thus, torque signal is informative both from electromechan-
ical and technological point of view.

Methodology. Study was based on integrated modelling of process and electromechanical equip-
ment of mill-electric drive system. The methodology comprises two branches and nine main stages
(Fig.1). In the first branch, the behaviour of in-mill load was investigated using DEM-modelling in
Rocky DEM software. When constructing a drum mill model, it is necessary to select physical models
(simulation algorithm) for calculating internal forces between particles and modelling object — mill;
to set the geometry of the object; to set rotational movement of the object; to create internal volumetric
mill fill.

In the second branch of research, evaluation of energy simulation is made based on simulation
of mill electric drive and evaluation of electromagnetic torque in Matlab software.

Simulation algorithms. DEM-modelling algorithms are based on calculation [41] of normal and
tangential components of interaction forces of pairs: particle-particle and particle-boundary of simu-
lation object.

In accordance with linear elastic hysteresis model [42], normal component of interaction force
to contact plane is calculated as follows:

i

min(K,s.F/ " + K, As, ), As, >0,
F'=

max (F, ™ +K,,As, . AK, s, ), As, <0,
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where K, and K are values of loading and unloading contact stiffness; F, ' and FZ “ _ normal

n

elastic-plastic contact forces at current timepoint / and at previous timepoint ¢ — A¢; At — modelling

step; AS, — change in normal overlap of particle contacts at current timepoint (positive when
p n g p ol p p p

particles approach each other, and negative when they move away); S; and S;_A[ — values of

normal overlap at current and previous timepoints; A — constant, A =0.001.
Elastic frictional tangential component is calculated using Linear spring Coulomb limit
model [43]:
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where F,,[_A[ is the value of tangential force at previous timepoint; AST — tangential relative displace-

ment of particles during time interval; K — tangential stiffness; ju — friction coefficient.
Since simulated particles inside the mill are spherical, particle rolling resistance model is used.
According to model [44] “Type C: linear spring rolling limit”
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t. . .
where M is rolling resistance torque vector; M

-im — limit value of rolling resistance torque;

M™ —vector of rolling resistance torque at previous timepoint; K —rolling stiffness; ®,, — relative

angular velocity vector.

Drum mill geometry. To reduce the process simulation times, calculation or computation was
made for a 0.9. m long drum mill section. In this article, a semi-autogenous grinding mill was simu-
lated. The model presumes that all particles interacting inside the mill are spherical. Such solution
allows simplifying the calculations and reducing the simulation time; however, it does not allow con-
sidering the geometry of real ground particles. A change in particle geometry is not considered as a
factor influencing the behaviour of load characteristic for subsequent simulation of electric drive.
However, the influence of geometry of ground particles on a change in in-mill load behaviour, speed
and torque cannot be denied [45].

Geometrical parameters and process equipment of the mill set at simulation are: outer diameter
of mill 11.5 m; section length 0.9 m; nominal weight of ore mo, =30 t; nominal weight of grinding
media m = § t; ore density 2,800 kg/m?®; density of grinding media 7,800 kg/m>.

Duration of simulation was 35 s with simulation step 0.0005 s. Drum rotation speeds were se-
lected in accordance with recommended mode values when designing beneficiation plants. As a rule,
the regulation range is within 0.5-0.85 of critical speed 7.
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Grinding process proceeds under the influence of three main mechanisms of destruction: impact,
attrition, and abrasive wear. The influence of these mechanisms will be different depending on mill
operation mode. Operation mode is determined by mill speed. According to [46], seven high-speed
operation modes are distinguished. Operation mode is usually expressed in relation to critical speed.
When critical speed value is exceeded, particles begin to centrifuge and stick to the drum under the
action of centrifugal forces [47],

42.3

Mo =15

This operation mode is unacceptable; there is no impact of destructive forces — no ore grinding
is carried out. There are three main mill operation modes:

» cascade (drum speed 50-60 % of critical speed);

« waterfall (drum speed 70-85 % of critical speed);

* mixed (intermediate between cascade and waterfall with drum rotation frequency 60-70 %
of critical speed).

At lower speeds, particles roll from one part of the drum to another, destruction occurs under the
action of attrition and abrasive wear. With increasing mill rotation speed upper layers of particles
break away from others, rise and at top of the trajectory fall under the action of gravity. Destruction
of these layers occurs under the action of impact. In practice, impact is used to break large hard
particles, and attrition is used to reduce the size of less hard rock material to obtain a given size class
at subsequent beneficiation stages.

Characteristic speed values were chosen corresponding to three considered mill operation
modes: n; — cascade — 65 % of ne = 0.84 rad/s (8 rpm); n, — waterfall — 80 % of ne = 1.05 rad/s
(10 rpm); n3 — critical — 100 % of ner = 1.31 rad/s (12.5 rpm).

Figure 2 shows mill operation modes when simulating grinding process in Rocky DEM.

During research, the factor of changing mill load was considered. In mill model, three feedstock
charges were specified: mo, =25 t, mo, = 35 tand mo, = 40 t. For each charge, grinding at three speeds

n1, n2 and n3 was performed.

Useful component is extracted from pulp (during beneficiation by flotation or “coal in pulp”),
therefore, in addition to ore, water is also loaded into mill. Addition of water has a significant effect
on obtaining the required finished product — 0.074 mm, so its presence in mill drum should be con-
sidered [48, 49]. Addition of water was not considered, since its presence implies additional CFD-
modelling, and the study focuses on implementation of electromechanical system of grinding process.

After each experiment, data were exported to Microsoft Excel. Then, the module of equivalent
torque was calculated in three projections x, y and z in accordance with Rocky DEM data:

M= M2+M2+M?.

Fig.2. Mill operation modes: a — cascade; b — waterfall; ¢ — critical
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The obtained torque was used as load characteristic for electric drive model in Matlab Simulink
at the second stage of research.

After fast Fourier transform operation, spectra of equivalent torque modules were obtained using
which mill operation modes were identified. Thus, a matrix of drum mill condition was obtained from
spectral components of load torque. Then, it is necessary to pass to the second branch of research in
Matlab Simulink, so that mill condition could be determined during its operation from spectral com-
ponents of electromagnetic torque.

The trend to reduce technological chains and increase throughput of grinding units is still
relevant, which increases the requirements for mills in designing and operation [50]. Electric
drive of grinding process is the main consumer at mining enterprise, and it should be controlled
in accordance with process variables for increasing drum mill efficiency [51]. For electric drive
of the grinding process, kinematic structures can be used: single-engined, double-engined, direct-
driven. Transition to a double-engined structure is justified by the maximum mechanical torque
that can be transmitted through gear coupling. At powers above 9 MW, torque transmission
through one gear is impossible. Gearless electric drive is characterized by the highest energy
efficiency since it does not contain transmission devices. It is advisable to use this electric drive
within power range from 12 to 36 MW.

The most advanced motors used in electric drive are squirrel-cage induction motors (SCIM),
switched reluctance motors (SRM) and synchronous motors with permanent magnets (PMSM).
In view of high manufacturing cost of PMSM, it is advisable to consider and develop ways to increase
the efficiency of asynchronous and switched reluctance electric drives used to control grinding
process [52, 53].

Electric drives of mill units are characterized by heavy-duty operation. Technological
features of grinding process complicate the operation of electric drives. Electric drive selected
on the basis of calculation methods for nominal operating mode of the mill may not generate
a starting torque if ore solidifies. In this case, power of the machine will be overestimated, and
when nominal operation mode is reached, energy indicators of efficiency and power factor will
have lower values.

Mills operate in a continuous mode; their operation is suspended only for the period of scheduled
preventive maintenance to replace the lining and other components once a month. The article inves-
tigates the operation of asynchronous electric drive of grinding process, which runs under load when
a steady state operation mode of the mill unit is reached.

Figure 3 shows a simulation model of mill electric drive. Drum mills are powered by 6/10 kV
voltage. At mining and processing plants with low and medium output of finished products, capacity
of ball mills is I MW. To simulate the electric drive, an induction motor was taken with the following
parameters: power 1 MW, supply voltage 6 kV, rated speed 595 rpm, cosep = 0.85,
efficiency = 0.972, overload capacity 4.5. Winding parameters of the motor are calculated using
method of [.P.Kopylov.

As a result of simulation modelling, the function of electromagnetic torque was decomposed
into spectral components using Fourier transform. Based on these components, mill operation
modes were identified and compared with load torque spectrum obtained in the first part
of research.

In data processing, it is necessary to take energy and load characteristics from which energy
effect is evaluated and mill operation modes are identified. In this study, evaluation of energy perfor-
mance and energy efficiency criteria was not accomplished.
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Fig.3. Simulation model of grinding process electric drive

To reduce simulation time, a time interval was taken corresponding to mill reaching steady state
operation mode. Such mode is achieved if average coordinates of all particles along vertical and hor-
izontal axes reach conditionally unchangeable values [53]. Steady state operation mode is attained
at time moment 16 s. Thus, load interval was chosen corresponding to 2 s of load characteristic time
at load 35 t and speed 1.05 rad/s from 16 to 18 s.

Simulation of asynchronous electric drive was performed with simulation step 0.000002 s.
This step is chosen in accordance with carrier signal frequency of modulation control system
of an inverter.

Discussion of results. Results of experiments are shown in Fig.4, 5. The greater the mill speed,
the more the torque takes the form of a periodic signal (Fig.4). At speed 1.31 rad/s, load begins to
centrifuge, and load torque decreases. In accordance with cascade mill operation mode 0.84 rad/s, ore
will be ground to a finer fraction. When ore is destroyed by an impact of 1.05 rad/s, high power is
required, but studies showed that cascade and waterfall modes can be comparable in power. Changing
speed during mill operation will have almost no effect on consumed electric energy but will increase
grinding performance by reducing ore grinding time.

For each mill condition, it is possible to obtain a characteristic set of frequency components of
torque spectrum (FCMS) of a certain amplitude (Fig.5, Table 1). Let us presume that it is possible to
track mill load level at a certain speed by changing signs of frequency components of the spectrum
(Table 2). However, this requires continuous monitoring of torque signal and comparison of spectral
components with each other.
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Fig.7. Spectrum of electromagnetic torque at load 35 t and speed 1.05 rad/s

Figures 6, 7 show the results of studies of electric drive of grinding process. Since at this stage
of research only steady-state operation mode is considered, in Fig.6 there are no periods of motor
acceleration and deceleration. Time interval 3-5 s corresponds to motor operation under load.
Accordingly, at time 3 s, the applied load rises, and at 5 s drops. Oscillation amplitude is about
1.5 MN'm. Increased oscillations of electromagnetic torque lead to motor oscillations and, hence,
to vibrations and rotor run-out.

According to research results, growing mill speed allows reducing average torque value. If for
current characteristics of ground product such a change will not affect the quality of grinding, this
will allow reducing power consumption of electric drive from the network and the oscillation
amplitude.

Based on the obtained spectrum in Fig.7 it can be concluded that a periodic component is traced
in the signal of electromagnetic torque. In electromagnetic torque spectrum, the same components
are traced as in the spectrum of load characteristic; however, there is a shift of recorded peaks along
the frequency axis.
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Conclusion. Even though mills are, as a rule, designed with a non-controlled electric drive, the
effect that can be obtained from adjustable speed is of practical interest. Control of destruction forces
can be performed by changing mill rotation speed.

The conducted studies showed that due to integrated modelling of process and electromechanical
equipment it is possible to optimize energy consumption. With increasing rotation speed from
0.84 to 1.05 rad/s, impact energy increases ensuring ore destruction. At the same time, load torque
values are comparable; thus, it is possible to increase impact energy for grinding without increasing
electricity consumption.

From the spectra obtained it is possible to identify mill load condition — speed and fill level.

The developed procedure can be used to determine a more efficient operation mode when chang-
ing volumetric fill of the mill due to variability of ore properties. Research results are of practical
importance both in mill unit operation, and when designing electromechanical complexes. Studies
allow considering specific features of the automation object in development of electric drives of mills.
A possibility of obtaining energy effect during mill operation as a result of integrated digital model-
ling of process and electromechanical equipment is shown. This allows evaluating the impact of grad-
ing of some indicators of the technological system on the other indicators of electromechanical system
based on fast response of the model during virtual tests. Investigations conducted by the authors
can form the basis for creating a comprehensive tool for evaluating the efficiency — energy chain of
grinding process links. This idea can be implemented due to one of the key trends of Industry 4.0 —
digital modelling.

Further research will focus on evaluation of energy efficiency when changing drum mill opera-
tion mode.
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