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Abstract: To create a mechatron model of vacuum tube vibration system for rock 
cutting by flat auger tools based on physical and mechanical properties of 
processed array and kinematic characteristics of the instrument. The analytical 
model of the fracture process of rock cutting by tool vibration with considering of 
plastic properties of the massif were developed. The main technological 
parameters of massif vibrating cutting with normal variations were modeled: 
dependences of normal and tangential pressure in the zone of working body 
interaction with the medium, normal and shear stresses in the zone of destruction, 
rock characteristics of the medium, vibration parameters dependences on the 
characteristics of mechatronic system geometry of the contact area of flat incisors 
treated with medium. The choice of the computational model of the vibration rock 
cutting with the normal to the direction of movement of the working body 
fluctuations with considering arising from processes at once or disorders: the 
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occurrence of compressive and tensile stresses were backgrounded. Main stages 
and interconnection options in the simulation of vibration cutting were 
established. Scientific novelty lies in the development of a method of analysis of 
contact interaction of roller working body molding machine with an array taking 
into account the changes in the stabilization process of physical and mechanical 
properties of the treated medium, the aim of which is to predict the required 
voltage and depth of the formed layer. The theoretical basis of rock cutting by flat 
auger tool taking into account the normal component of the vibration with respect 
to the movement direction allowing for the deformation of the rock mass and the 
contact interaction with the working body were established, that allows to 
improve the technology of drilling wells by reducing the power consumption of 
the cutting process. The results enable us to determine the parameters of power 
and kinematic conditions for the occurrence of the vibration cutting. 
Keywords: mechatrone vibration system, massif, cutting 

1. Introduction 
The technology of crushing and grinding rocks is one of the most energy inten-
sive technologies. Effective management of crushing and grinding is possible 
with the most complete mathematical model of the situation. Studies show that 
the work of crushing and grinding complex is determined by dozens of factors, 
many of which are random. Each combination corresponds to a specific techno-
power mode of operation. The more fully taken into account in the operational 
management factors and system properties that affect the characteristics of the 
mode, the more effective it management and lower the energy consumption of 
the processes of crushing and grinding. The increase in the number of consid-
ered factors complicates the model, so it is necessary to form the control action, 
finding a compromise solution that takes into account the degree of informa-
tiveness of the factor field and its complexity. It is necessary to solve a number 
of tasks such as: analysis of operation modes of the equipment of grinding to 
determine the parameters, which correspond to different operation modes; de-
velopment of a multicriterial model of optimal technological parameters of 
equipment of the crushing and grinding complex subject of power consumption, 
productivity and quality of grinding; development of the model of crushing and 
grinding complex, which could provide optimal power consumption manage-
ment of crushing and grinding complex. 

2. Literature review 
The simulation of crushing and grinding complex is used to optimize its energy 
consumption. This particular task contains a number of subtasks such as: de-
scription of kinematics and dynamics of internal processes, the establishment of 
energy intensive of processes of destruction of rocks, the construction of control 
systems for crushing and grinding complex. The analysis of works in the field 
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of simulation of the grinding aggregates and management highlights the follow-
ing researchers (Meyta 2010). 

The most famous equation that establishes a relationship between the 
energy expended and the fineness of the product resulting from grinding are 
equations of Rittinger, Kick-Kirpichev, Bond. Comparison of the curves con-
structed according to the laws of Rittinger, Kick-Kirpichev, Bond, showed that 
the law of Rittinger can be applied in the case of high specific power consump-
tion regardless of the size of the grains, the law of the bond – in a significant 
range of intermediate values of the specific energy consumption, the law Kick-
Kirpichev - at low specific power consumption. Based on the works of Andreev, 
Davis, Perov, Tovarov, Olevskii, Kantorovich established that the greatest pow-
er consumption characterizes, however, and most work of grinding. Knowing 
the useful power consumed by the mill and taking into account losses occur in 
all elements of the system can provide a complete energy picture of the mill as 
a control object, thereby providing the possibility of its rational exploitation, in 
terms of energy consumption. 

Automatic control of operation of the mills, the variables determining 
them, the construction of control systems for crushing aggregates considered in 
the works of Nazarenko V. M., Uteus Z. V., Uteus E. V., Gelfand J. E. and 
Ginzburg, I. B. 

The use of modern CAE-systems for optimizing of parameters of mecha-
tronic systems and complexes, investigated the Pivnyak G.G., Samus V.I., Ki-
richenko O.E., Kirichenko V.E. (Kyrychenko 2014, Samusya 2015, Pivniak 2014). 

The principles of operation and options for the use of ANN were con-
sidered by the authors Haykin, Titterington, Picton, Dreyfus (Haykin 1999, 
Titterington 2009, Picton 2000, Dreyfus 2005). 

3. Presentment of the basic material
Technological processes are the basis of many industries and virtually all indus-
tries. This process involves primary environment and additionally enter compo-
nents used physico-chemical, mechanical or hydro-mechanical effects, which 
are inside of the workspaces of the devices to obtain the final products. Techno-
logical processes in grinding equipment belong to the group of mechanical pro-
cesses that determines the regularities of the processes that are common to the 
group. Crushing and grinding stands out as a separate subgroup, which charac-
terizes the specifics of the processes and their characteristics. 

The technology of crushing and grinding is one of the largest and most 
energy intensive, therefore costly operations. In concentrating factories and 
production of building materials, crushing and grinding operations account for 
up to 50-70% of the total capital expenditure and the same share of total operat-
ing costs. The ways to solve the problem of optimal energy consumption of 
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crushing grinding complexes can be further improvement of the grinding and 
crushing, the use of the most efficient and economical methods of grinding, the 
simplification of the scheme of layout of crushing plants. 

One of the ways to ensure rational operating modes of technological 
mechanisms of crushing and sorting factories is the use of adaptive control sys-
tems, which relate to robotic systems, the element base of which is micropro-
cessor technology. To operate the process control system, the technological 
process requires mathematical support, which adequately describes the techno-
logical processes and the operation of certain types of equipment participating 
in them. In choosing the mathematical description of technological processes, it 
is necessary to take into account the regular connections that are repeated in 
time, and random ones, caused by the variability of process parameters. 

The task of constructing an automated control system for simplification 
can be divided into a number of sub-tasks such as: 

1. The definition of the factor of the field system and the allocation of the main 
factors. 

2. Establishment of regularities of changing factors. 
3. Identify the relationships between dependent variables. 
4. Identification of the current state of the object (nominal, pre-emergency, emer-

gency, ineffective mode). 
5. Prediction of the state of the managed object based on its current state. 
6. Formation of the control action depending on the available data on the system 

and their projected values. 
 
As an example, the technological process of production of silicate 

bricks in the construction industry enterprises is considered, which is a sequence 
of the following operations: 
• delivery of raw materials for making bricks (lime and sand); 
• lime burning; 
• transportation of burned lime with a conveyor belt to the feed hopper of the 

crusher; 
• crushing of lime in hammer crushers up to size 1 mm; 
• transportation of the crushed product by pneumatic transport to the mill feed 

hopper; 
• grinding in the ball mill of cooked lime and sand (binder preparation); 
• transportation of ready-made binder by pneumatic transport to a molding shop 

for manufacturing bricks from prepared raw materials; 
• warehousing of finished products. 
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At each stage of the technology, the physical state of the substance 
changes at a certain energy expenditure. Changes in the physical state can be 
both positive (necessary for technology changes, such as reducing the size of 
the material, giving the necessary properties of lime by burning it, forming the 
finished product) and negative (re-grinding of the substance, undesirable change 
in humidity, loss during transport). Regardless of whether a technologically 
useful or harmful effect occurs, the amount of energy consumed during the tran-
sition from one stage to another is constantly increasing, therefore, in order to 
ensure rational energy-efficient management of the complex, it is necessary to 
take into account how energy-intensive each stage of production is and how 
much this energy expenditure is justified. At the same time, for each stage it is 
necessary to identify the factors determining its energy consumption and those 
indicators by which its energy state can be estimated. 

From the given technological chain of greatest interest are the factor 
fields of the crusher and mill, as the key objects of the complex. 

Research carried out at concentrating plants and enterprises for the pro-
duction of building materials have made it possible to identify a number of fac-
tors that have the most significant effect on the nature of the power consumed. 
These factors include the magnitude of the ball load, the mill speed and the 
productivity of the grinding unit. The mode of operation of the mill and the 
amount of power consumption depend not only on the factors listed, but also on 
the magnitude of the frictional force between the inner surface of the drum (lin-
ing and ball loading) and the type of lining. For the electric drive of such a mill, 
it is characteristic that the power consumption depends little on the productivity, 
that is, the specific costs of producing the binder are significantly reduced with 
increasing productivity. 

In the practice of grinding a substance has the following properties den-
sity, strength, abrasiveness, moisture content, flowability, lumpiness, specific 
surface area of mineral raw materials crushability and grindability. The re-
searches have shown, that the specific expenses of the electric power on binder 
production essentially change depending on the above mentioned factors (up to 
30%). The change in the fineness of the grinding occurs intensively at the be-
ginning of the mill, at a time when there are practically no changes at the last 
meters, which indicates an inefficient grinding of the material. 

In addition to the physical properties of matter, there are a number of 
technological variables that determine the operation of grinding aggregates. 
These include fineness of grinding; number of grinding media; the size of grind-
ing bodies; the presence of inter-chamber partitions; state of armor; intensity of 
aspiration; resistance of the material to grinding; introduction of an intensifier 
of the grinding process. The factorial field of the ball mill can be represented by 
the Ishikawa diagram (Fig. 1) (Meyta 2016). The main positions in the diagram 



Neuromodel of the “Crusher mill” Mechatronic Complex 475

are assigned to four groups of factors that determine the technological process. 
The breakdown and sorting of factors within each group makes it easier to as-
sess the impact of a factor. 

Based on the above data, it is possible to construct a neural network to 
control the crushing and grinding complex. The controlled parameters act as the 
output vector, and the corresponding values of the regulated quantities, the pa-
rameters of the equipment and the crushed material are the input vector (Table 1). 

In the generalized model, the selected factors will be used as inputs, and 
as output values, the process parameters or those control actions that will regu-
late them. A similar network is shown in Fig. 2 The mathematical model de-
scribes a real object with some approximation. The degree of correspondence of 
the description to the real process is determined, first of all, by the completeness 
of the calculation of disturbing influences. In the absence or insignificance of 
disturbances, it is possible to unambiguously determine the influence of the 
input and control parameters on the output. 

The technological process of
grinding in a ball mill 

Controlled factors Factors of 
regulation 

Physico-
mechanical 

properties of the 
substance 

Design 
parameters of the 

system 

Lumpiness 

Quality of 
grinding 

Electro-
consumption 

Productivity 

Drive 
parameters 

Mill 
parameters 

Power 

Mode of 
operation 

Condition of 
the equipment 

Control 
system 

State 
lining 

Overall 
dimensions of 

the drum 

Ball loading 

Mass 

Standard size 
Assortment 

Speed of rotation of the drum 

Feeding of 
mill 

Гранулометричний 
склад 

The degree of 
filling of the 

drum 

Strength 

Humidity 

Abrasiveness  
Density 

Fig. 1. Factor field of a ball mill 
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Table 1. The main groups of the factor field of crushing and grinding equipment 

Output Vector 
Vector of input 

measurable  
control variables 

Vector of input meas-
ured uncontrolled 

variables 

Vector of input  
non-measurable 

variables 

Electrocon-
sumption (W), 
productivity 
(Q), quality  
of grinding (T) 

Ball and raw 
materials, rota-
tional speed (n) 
of the working 
body 

Physical  
and mechanical 
properties  
of incoming raw 
materials 

Condition  
and operating 
conditions  
of equipment  
(lining, balls, drive) 

An objective model of the grinding object can be created under the con-
dition of good awareness of the properties of the object under study, the main 
groups of which are represented in the factor field. 

Raw material properties 

The speed of rotation of 
the drum 

Ball load  

Lining condition 

Productivity 

Electro- 
consumption 

Supply of raw 
materials 

Quality of grinding 

Fig. 2. The grinding control model 

According to the degree of completeness of information about real ob-
jects and processes occurring within them, we can distinguish: 
• objects with a zero level of information; in this case the object is represented

as a "black box", its mathematical model is constructed by statistical tests of
a real object on the basis of regression, dispersion and correlation analysis 
and factorial design of the experiment; 

• objects whose behavior has empirical information; when creating models of
such objects, physical modeling methods are used; a complete closed model
is obtained by methods of experiment planning;
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• objects with known basic deterministic regularities; their models are formulat-
ed by methods of mathematical modeling; deterministic dependencies are 
partially complemented by empirical relationships, the values of constants 
are established from experience. 

 
The objects of the crushing and grinding complex belong to the first 

group. The power consumed by the mill depends on its load and the speed of 
rotation, so the mill's power consumption model can be represented in the form 
of two interacting components: the speed n and intra-milling filling (IF). The 
speed component is unambiguous, not below a certain value at which grinding 
is generally possible and is easily controlled by means of an adjustable drive. 

On the other hand, intramural filling is a function of many variables. 
First of all, this value is determined by the set productivity and quality, then it 
must take into account as much as possible the number of perturbations and, in 
addition, be a function of time – to perform the functions of the predictor (PR)  
– to determine the influence of the previous values of the factors on their current 
values. Such a notion of intramelic filling will allow to take into account the 
multifactority of the object and eliminate the influence of its inertia. 

Separately, it should be noted systems consisting of several working to-
gether crushers or mills. In a sense, they are a model of a single multi-chamber 
mill (in operation in series), which makes it possible to optimize their operating 
mode not only by regulating the rotational speed, but also by regulating the 
stage of grinding. 

The considered model of the mill as a component element is included in 
the multi-stage grinding scheme: successive operation of two objects. In this 
case, we have a system of two power consuming objects and the task will be to 
select a combination of speeds that ensure minimum power consumption. 

In this case, the first mill will perform for the second function of the 
feeder, but in addition to the productivity there will be the possibility of regulat-
ing the fineness of grinding and there is an additional condition: selection of the 
degree of grinding by the first mill for optimal system operation (Fig. 3). That 
is, if in the case of single work speed was a regulating parameter, and productiv-
ity and quality of grinding are internally calculated, then when working togeth-
er, all three variables for the first mill become adjustable. 

The considered model of the mill as a component element is included in 
the multi-stage grinding scheme: successive operation of two objects. In this 
case, we have a system of two power consuming objects and the task will be to 
select a combination of speeds that ensure minimum power consumption. In this 
case, the first mill will perform for the second function of the feeder, but in 
addition to the productivity there will be the possibility of regulating the fine-
ness of grinding and there is an additional condition: selection of the degree of 
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grinding by the first mill for optimal system operation (Fig. 3). That is, if in the 
case of single work speed was a regulating parameter, and productivity is inter-
nally calculated, then when working together, all three variables for the first 
mill become adjustable. 

Let the crushing complex consist of several grinding aggregates, includ-
ed in the sequential work (Fig. 4). Each unit that is part of the complex is char-
acterized by a certain amount of power consumption or power consumption per 
ton of ground material, the value of which depends on a number of factors (we 
take into consideration such factors as the mass of grinding bodies M, the 
productivity of the aggregate Q and the size of the raw material T) and size of 
the finished product. The size of the finished product is determined by the mode 
of operation of the unit and the grinding time, which affects the amount of pow-
er consumed). 

 
 

Internal Filling 1 (IF1) 
Setter 

(S) 
Predic-
tor (PR) 

Cr
uc

ia
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ck

 

S PR 

PR 
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Fig. 3. Simulation of the joint work of mills 
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Fig. 4. Model of crushing and grinding complex 
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The ratio of the size of the product at the inlet to the size of the product 
at the outlet determines the degree of crushing of the product i. For N consecu-
tive objects, the total degree of grinding is determined by multiplying the de-
grees of grinding at each stage (Rosen 2015). 




N

K
Kii

1
   (1) 

The value of the power consumption for the complex consists of the 
sum of the power consumption of individual units 




N

K
КwW

1
  (2) 

Using the specific power consumption as an optimization function, it 
should be taken into account that this value is determined not only by the value 
of the received power, but also by the productivity. Summation of specific pow-
er consumption is possible only for quantities characterizing the same mode of 
operation of the complex. Then the total specific power consumption of a group 
of objects (for a material flow that does not vary from an object to an object-the 
condition for the joint operation of the elements of the complex included in 
series) is determined by summing the specific power consumption of each stage. 





N

K
Кspsp wW

1
_   (3) 

Then, the optimization problem for a crushing complex with a perfor-
mance varying in a narrow range will be written in the form 

 









доп

Nуд

ii
QQconstQ

kiQW

maxmin ,

min),,(
  (4) 

With this representation of the complex, the specific power consump-
tion is represented by a nonlinear function determined by the state of each ele-
ment of the complex, each of which in turn is a function of many variables. Two 
possible solutions are possible here: the first is the reduction of all variables to 
one, artificially introduced (the expression of all variables through one of them) 
and the second is the numerical solution of the problem, by sequentially supply-
ing to the inputs of the model possible states of the system. The second option is 
more labor – intensive, however, its accuracy will be determined by the accura-
cy of its models. At the initial stage of solving the problem with the help of 
a numerical model, it is sufficient to identify zones of local minima of a func-
tion with the aim of more detailed investigation of them in the future, since each 
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of them can be a minimum in one of the incoming variables and characterize 
only certain operating modes. Since the objects of the crushing complex are 
inertial and multi-variable, there may be some discrepancy between the calcu-
lated optimal mode and the "real" optimal mode, therefore, one must take into 
account the accuracy constraints imposed by the properties of the object. In 
addition, depending on the selected priorities, preference can be given to a par-
ticular local minimum. 

To implement the monitoring and management system, it is advisable to 
use neural networks with the help of which it is possible to implement a model 
of the system and regulator. Neural networks are trained, designed to work with 
a large number of variables, successfully perform predictions. The task of grind-
ing control using neural networks is implemented as follows (Fig. 5). 

Each input of the network corresponds to one of the factors. The net-
work outputs correspond to performance, subtlety and power consumption. 
Network weights determine the significance of factors. In addition to identify-
ing the factors, the network can detect the forecasted state of the system based 
on the available data and optimize the work for a given parameter. As optimiza-
tion parameters, we can take T, W and Q, or the introduced generalizing indica-
tor that reflects all three criteria, depending on their significance. 

 

 
Fig. 5. Neural network model for grinding control 

 
System control using neural networks provide an alternative to the con-

trol systems, constructed according to the classical methods of management. 
This possibility is based on the fact that a neural network consisting of two lay-
ers and containing in the hidden layer is arbitrarily large number of nodes can 
approximate any function of real numbers with a given degree of accuracy (Cal-
lan 2000, Medvedev 2002). 

To ensure monitoring system with the prediction function, it is neces-
sary to build a neural network model of the form (5) (Medvedev 2002). 
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where y (k) is the output of the model; d is the number of prediction cycles; 
u (k) is the output of the model. 

To design a tracking system that provides a given trajectory of the form 

)()( dkydkу r  .  (6) 

it is necessary to design a nonlinear controller of the following general form 
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In Fig. 6 shows the structure of the corresponding controller in the form 
of a neural network. Here we should pay attention to the sections of the network 
that performs the approximation of non-linear operators g and f in outputs 

)(2 tag 


and )(4 taf 


  
The controller outputs are the signals y(t+1) and u(t+1), the latter is im-

plemented as a feedback and a reference signal y(t+2). The delay units include 
remembering the relevant entry and exit, and then used a two-layer neural net-
works, which form estimates of the nonlinear operators and compute the control 
signals. 
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Fig. 6. Model of the neural network controller 
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The result of the operation of the system with a trained controller is 
shown in Fig. 7, where curve 1 shows the input stimulus; and curve 2 is the 
output signal. 

 
   t/ hour 

 
Fig. 7. Learning outcomes of the neuromodel 

 
Comparison charts of the input (random) signal and output of the sys-

tem shows that the use of the controller allows to achieve a more stable work 
area for the output product, in case of random changes of the input traffic. 

4. Conclusions 
The technological process at the enterprises of the crushing and grinding com-
plex is a sequence of operations, each of which changes the physical state of the 
substance and increases the amount of energy consumed by the complex. Quali-
tative indicators of the change in the state of a substance and the amount of ener-
gy expended on it are determined by factors whose totality forms the factor field 
of the object. The factor field of the complex includes four groups of factors: 
controlled, regulating, equipment characteristics and substance characteristics. 

The proposed new model of the crushing and grinding complex, which 
takes into account multi-factor field of the system and displays its internal links 
based on the mathematical apparatus of artificial neural networks lies in ac-
counting for the formation of the objective function components that determine 
energy consumption and other technical and economic indicators of the com-
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plex “crusher mill” that allows you to increase the energy efficiency of the sys-
tem by ensuring operation at the optimum power consumption mode. 

The energy-saving effect in crushing and grinding complex is achieved 
by optimal power consumption mode, which is characterized by the calculated 
grinding fineness at which the transition from grinding from one grinding stage 
to the next (thinner) is carried out. 

The developed model of crushing and grinding complex, which consists 
of several crushing units, which operate sequentially to determine the optimal 
parameters for a given criterion the operation mode of the complex, which re-
duces the power consumption of the complex by selecting an optimal mode for 
reducing the substance. 

Application of neural networks in the implementation of the algorithm 
for finding the optimal operating mode. 
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