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A B S T R A C T

Introduction. Improving the competitiveness of manufactured products is impossible without achieving high rates of resource 
and energy saving, while providing modern machine tools with the proper level of production flexibility in combination with 
guaranteed high values of processing productivity and the required level of parts manufacturing quality. Insufficient or excess capacity 
of technological equipment leads to a decrease in its economic efficiency, an increase in capital costs and, as a result, an increase 
in the cost of production. In the machine tool industry, which is a strategically significant and basic industry for the modernization 
of mechanical engineering, there is a special interest in the development of a new type of technological equipment that makes it 
possible to implement methods for modifying the surface layers of parts by processing it with concentrated energy sources. The 
combination of two processing technologies (mechanical and surface-thermal operations) in the conditions of integrated equipment 
makes it possible to level the shortcomings of monotechnologies and obtain new effects that are unattainable when using technologies 
separately. Ensuring an optimal level of quality — one of the unconditional requirements of a market economy — is a priority when 
developing the overall concept of technological equipment. Thus, it should be noted that the required and specific set of consumer 
properties are laid down during the design. And, therefore, the problem of quality optimization belongs to the field of forecasting and 
should be comprehensively addressed at the initial stage of developing the concept of technological equipment. The purpose of this 
research is to rationally choose the objects of modernization when carrying out work related to retrofitting a standard machine tool 
system with an additional concentrated energy source. Methods: Theoretical studies of the possible structural composition and layout 
of hybrid equipment during the integration of mechanical and surface-thermal processes were carried out taking into account the main 
provisions of structural synthesis and components of metal-cutting systems. During the research, issues related to the main provisions 
of system analysis, the geometric theory of surface formation, the design of metal-cutting equipment, methods of mathematical and 
computer modeling were raised. Results and discussion. Theoretical studies is found that currently, most of the parameter-oriented 
(dimension) series of general-purpose metal-cutting machines, built according to the law of geometric progression with a constant 
denominator, are the cause of multiple duplication of individual size ranges on machines of the same series. This gives grounds to talk 
about an unreasonable increase in the number of its members and, as a result, to an increase in the cost of designing, manufacturing 
and operating equipment. The authors adhere to the point of view that in order to ensure maximum efficiency of hybrid metal-cutting 
equipment, it is necessary to implement a parameter-oriented series built with a variable denominator. Such a principle of forming a 
parameter-oriented series makes it possible to provide an almost equal probability of processing a surface of any size with maximum 
productivity with a threefold overlap of ranges. Approbation of the technique for forming the structure of parametric series is carried 
out. It is theoretically proven that during the operation of vertical milling machines of the operating parameter-oriented series with 
the denominator φ = 1.26 (GOST 9726-89), there is a multiple overlap of individual size ranges, reaching a ninefold value in a certain 
range of sizes, which, of course, affects the efficiency of the existing machine tool holding. In turn, when synthesizing a promising 
parametric series of vertical milling machines with a cross table, it was shown that the new parameter-oriented series has a smaller 
number of members. Reducing the range of manufactured and modernized machine tools will increase the serial production and 
reduce current expenses on repairs and maintenance. Moreover, this effect is achieved while maintaining the flexibility of the machine 
tool holding.

For citation: Skeeba V.Yu., Zverev E.A., Skeeba P.Yu., Chernikov A.D., Popkov A.S. Hybrid technological equipment: on the issue of a 
rational choice of objects of modernization when carrying out work related to retrofitting a standard machine tool system with an additional 
concentrated energy source. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2023, 
vol. 25, no. 2, pp. 45–67. DOI: 10.17212/1994-6309-2023-25.2-45-67. (In Russian).
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Introduction

Under intensification of market production, there is a desire to reduce energy, material and human 
resources, which requires an increase in the efficiency of technological equipment to a large extent by 
choosing the most rational technical characteristics. This trend, aimed at increasing energy and resource 
saving, due to the use of modern high-performance machine tools with the necessary level of production 
flexibility, leads to an increase in the competitiveness of high-quality products [1–18]. The use of equipment 
with a capacity margin that is insufficient or exceeds the required one reduces economic efficiency, increases 
the level of capital costs, which leads to an increase in the cost of production [19, 20].

One of the main vectors for the development of modern mechanical engineering is the development and 
creation of high-tech equipment. So in machine-tool building, the leading engineering industry, high-tech 
equipment is complex metal-cutting systems [21–32], the construction of which is based on the principle of 
multifunctional integration [5, 7, 17, 21, 33–46].

One of the ways to increase the technological potential of metal-cutting equipment [1, 5, 17, 21, 24, 26, 
27, 38, 42, 44] is the integration of several technological operations on one hybrid machine (for example, 
preliminary milling + surface hardening + fine milling , abrasive grinding + surface hardening, turning + 
hardening + ultrasonic hardening and finishing, turning + hardening + diamond burnishing [28, 31, 37–64]) 
(Fig. 1), which makes it possible to ensure autonomous operation of individual pieces of equipment in 
flexible production. This will reduce the range of machine tools, which in turn will lead to a decrease in the 
area of workshops and enterprises as a whole [1, 5, 7, 17, 21, 38, 62]. Solving production problems with 
the use of such equipment will be less resource-intensive, and, in addition, will lead to a reduction in the 
production cycle for the manufacture of machine parts.

In the typical process of parts manufacturing, individual operations (surface-thermal hardening and 
machining) are carried out on different equipment and in different areas of the workshops, which contributes 
to the appearance of significant errors at each stage of the technological process: deformation of the material 
during heat treatment, chucking error and others on each piece. All this leads to the need to assign large 

б

Fig. 1. Typical manufacturing process (a) and manufacturing process with hybrid 
metalworking equipment (b)
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allowances for finishing, which can be up to 30–40 % of the specified depth from the hardened layer [7, 
17, 28, 38, 62]. Therefore, it is necessary that the depth of hardening provided by heat treatment should be 
somewhat larger than indicated in the documentation. In addition, the most effective part of the hardened 
surface layer is removed by finishing machining. As a result of using this technology, the productivity of 
both surface thermal and mechanical operations decreases, and energy costs increase. Combining these two 
processes on the same equipment allows leveling the above disadvantages and achieving better results. The 
developed technological recommendations implemented on the proposed hybrid equipment will improve 
the technical and economic efficiency of production; reduce losses [7, 17, 28, 38, 62, 64]. The introduction 
of the proposed new technology, in turn, will increase the competitiveness of manufactured products. The 
effectiveness of the use of integrated technologies is also significantly affected by the reduction of time 
losses for intermediate and auxiliary operations in the general technological process.

The emergence of a new method of parts processing associated with the use of high frequencies – high-
energy heating with high-frequency currents (HEH HFC) – was facilitated by developments in the field of 
miniaturization of inductors and equipping it with ferrite magnetic cores. The proposed method is currently 
one of the most interesting ones for structural steels hardening [38, 42, 65–70]. Its competitiveness with 
respect to other methods of metal hardening without melting (Fig. 2), such as laser, electron beam, is due to 
the possibility of implementing the hardening process at specific heating powers of the order of 400 MW/
m2. It should be noted that the combination of two production processes (mechanical and surface-thermal) 
on a single machine base [7, 28, 38, 42, 62] ensures the constancy of the required gap between the inductor 
and the workpiece, which is δ = 0.1–0.2 mm, and this is a necessary condition for the HEH HFC processing.

The creation of new standard equipment is associated with high financial and labor costs, while the 
modernization of existing machines is much cheaper. Based on this, we propose the following solution: 
modernization of a standard metal-cutting machine, which consists in equipping it with an additional 
concentrated energy source, which can be used as an HFC generator. As a source of energy of high 
concentration, we will consider microwave generators. This is due to the design features of the standard 
machine tool system and the current level of development of microprocessor technology in the field of 
high-frequency industrial installations of the thyristor type [7, 28, 38, 42, 62].

Changes made during the modernization of the standard machine tool system should not have a negative 
impact on the quality of the equipment. Based on the requirements of a market economy, ensuring the 
optimal level of product quality is a priority task, the solution of which should be carried out already at 
the stage of developing the general concept of technological equipment. The quality of the product is 
determined by a certain set of consumer properties, laid down at the initial stage of the conceptual design, 
which makes it possible to predict its optimal level. So, for example, the choice of the structure of the 
parameter-oriented (dimension) range of machine tools and the justification of the technical characteristics 
of its elements should be carried out in parallel, which in the conditions of the modern development of 

Fig. 2. The scheme of HEH HFC processing
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mechanical engineering is an integral part of automatic design systems for technological equipment [19, 20]. 
Despite some scientific results in this direction, there is no single generalized theory for solving this issue.

Quality is a multifaceted and capacious definition; it reflects a number of properties of the object 
under consideration, characterizing the ability of products, in accordance with its purpose, to satisfy 
certain consumer requirements. From an engineering point of view, quality is assessed by the method of 
comparative analysis of the product properties with the properties of a standard or similar product, taken as 
the basis for comparison. The forecast of the quality of the planned product should begin with determining 
the minimum set of properties necessary for its evaluation. Properties should be selected from a system of 
fundamental categories and concepts, and should be meaningful. These include space and time – categories 
that reflect the forms of matter existence – the extent and relative position of material objects, the duration 
and sequence of events. As a general measure of the motion and interaction of all types of matter, another 
category is used – energy [19, 20].

However, these properties and parameters or characteristics that describe it, inherent in natural objects, 
are usually not enough to describe human-created technical systems. In this case, it is necessary to use the 
standard nomenclature of the main groups of indicators, which makes it possible to comprehensively assess 
the quality of the products in question. In the machine-tool industry, a certain set of private and complex 
indicators is traditionally used, which in most cases are used when choosing equipment to perform certain 
functions, as well as when identifying its technical level and competitiveness [7, 17, 19, 20]. Efficiency, 
productivity, manufacturability, flexibility, precision, reliability, ergonomics and aesthetics of machine 
tools are usually the main indicators of equipment quality.

Obviously, when substantiating the main parameters and technical characteristics of equipment, one 
usually operate with a quantitative assessment of it: the dimensions of the operating area (space), speed 
capability (time) and drive power (energy). Additional parameters that determine the differences between 
some objects from others, in most cases can be presented in the form of qualitative assessments, for example, 
different accuracy classes, types of control (manual or software), architecture, and other characteristics of 
hybrid metal-cutting machines [7, 17, 19, 20, 38, 42].

The difference between the design capabilities of the equipment and the capabilities required to perform 
its functions in accordance with the purpose is a loss (excessive or insufficient margin of capability).

Factors affecting the occurrence of losses include incomplete use of the operating area, electric motor 
power, spindle speed range, etc. As an example, we can consider the results of a study of the operating 
conditions of CNC milling machines, which show that when performing 90% of operations, the power 
consumed by the main motion drive is no more than 50% of the nominal value, the load capacity of the 
table is used by no more than 20%, the applied working feeds actually do not exceed 1/6 of the maximum 
allowable, etc. For machine tools of other groups, a similar situation is observed [19, 20, 71, 72]. Studies 
of foreign scientists in its results are practically identical to domestic ones. The data obtained for universal 
metal-cutting machines with manual control and CNC machines in terms of using its technological 
capabilities also do not have significant differences.

The purpose of this research is to make rational choice of objects of modernization when carrying out 
work related to retrofitting a standard machine tool system with an additional concentrated energy source, 
which can be an HFC-generator.

To achieve this purpose, the following tasks should be solved:
1. To propose a method of structural analysis that allows effectively carrying out pre-project studies in 

the development of hybrid metal-cutting equipment.
2. Develop a method for forming the structure of parameter-oriented range of machine tools, taking into 

account the equality of average productivity losses.

Theory and methodology of experimental research

The executive movements of the hybrid metal-cutting system (HMS) and the required number of its 
adjustable parameters were determined by applying the structural-kinematic synthesis of the mechanisms 
of metal-cutting machine tools [73–76]. The main provisions of the structural synthesis and components of 
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the systems under consideration, given in [75–85], were used to study the proposed structural composition 
and configuration of HMS, in which surface heat treatment and mechanical operations are integrated.

When developing integral metal-cutting equipment, it is planned to implement the method of high-
energy heating by high-frequency currents on one of the technological transitions of a hybrid machine.

The generating lines of the surface being treated are formed by local heating areas. The dimensions of 
these lines are contingent on the design features of the inductors for the HEH HFC and are determined by 
the width of the active wire of the inductor and the length of the ferrite magnetic core (Fig. 2). It is obvious 
that the operations of surface hardening and shaping by milling (Fig. 3) require the same coordinated 
relative movements of the workpiece and the cutting tool. The results of the structural-kinematic analysis 
showed that at all transitions of complex machining (preliminary milling, HEH HFC hardening and finishing 
milling), the executive movements and the set of parameters configured in it are identical.

                                               a                                                                                   b
Fig. 3. Generation of geometry (flat surface): 

a – during machining (milling); b – during surface hardening by HEH HFC with loop inductor with  
a magnetic core

Figure 4 shows particular structural kinematic formulas in conjunction with structural-kinematic 
diagrams (SKD) for each processing method individually. 

The subsequent synthesis of the generalized kinematic structure of the developed hybrid metal-cutting 
system based on a bracket-milling machine was carried out according to the scheme of the machine modular 
layout (Fig. 5). With this method, the structural kinematic formula can be represented as follows:

 

1 20 ( ),vXYZ b w w+Ñ  

where X, Y – longitudinal and transverse movement of the cross table; Z – vertical movement of the console; 
b – rotation of the spindle head; w1 – manual movement of the spindle sleeve along the spindle axis; vÑ  – 
rotation of the spindle with the cutting tool; w2 – manual movement of the inductor along the spindle axis. 
The Cv block that performs the primary motion in milling is additionally marked with a ∧.

Currently, most of the parameter-oriented (dimension) series of general-purpose machine tools are built 
according to the law of geometric progression with a constant denominator φ equal to 1.26 or 1.41. The 
range of sizes of workpieces or cutting tools used for each member of the ranges, as a rule, significantly 
exceeds this value. Therefore, there is some overlap in the size ranges D of equipment for adjacent members 
of the parameter-oriented series. It provides certain flexibility in the machine tool holding of machine-
building enterprise, which allows it quickly and practically without a decrease in productivity switch to the 
production of new products without equipment replacing. However, multiple duplication of individual size 
ranges on machines of the same series leads to an increase in the number of its members and, as a result, 
to an increase in the cost of designing, manufacturing and operating equipment. Therefore, the problem of 
establishing the optimal structure of parameter-oriented series of technological equipment is very relevant.
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а

б
Fig. 4. Structural kinematic schemes for processing a flat surface: 

a – milling; b – surface hardening by HEH HFC with loop inductor with a magnetic core

The work [86] shows that the functional ability of the ith technological system, determined by its 
parameters (and characteristics), can be estimated through the so-called criterion of conditional average 
losses Ri, which provide a minimum of decision error

 
1

1 1
r

j j
i i ij

j j

DC UC
R RC p

=

  −  = − ≤   c    
∏  (1)

where RCi – reduced costs; pij – loss free probability in the technological system by the jth parameter; DCj – design 
capabilities of the equipment for the jth parameter; UCj – the used capabilities of the metal-cutting machine for 
the jth parameter; [cj] – allowed value of capabilities stock for the jth parameter. In the process of optimizing the 
machine tool technological system, they try to find the minimum of the specified equation [19].
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Fig. 5. Structural kinematic scheme of the hybrid metalworking system: the structural 
formula is 

1 20 ( )XYZ b w wÑ

It is obvious that the definition of the type of the parameter-oriented series structure has a significant 
impact on the stock of capabilities of its individual members. So, in order to ensure maximum efficiency 
of hybrid metal-cutting equipment, when designing it, it is necessary to strive for such a construction of a 
technological system in which the stock of its capabilities would have the least value. But this requirement 
is quite well fulfilled and is realized only in conditions of mass production. However, in the situation of 
small-scale and individual production, the factor of the necessary increase in the flexibility of technological 
equipment comes to the fore, forcing the creation of machines with an increased value of the allowed 
value of capabilities stock, which invariably leads to some decrease in its efficiency. The solution to this 
problem, i.e. finding the option of the most rational use of the range of universal machines is the equality of 
conditional average losses for all members of the parameter-oriented series:

 1 2 consti mR R R R= = = = = =  , (2)

where m is the number of members of the size range.
When forming the parameter-oriented series of metal-cutting machine tools, its main parameter is 

subjected to standardization. For example, for lathes, this is the machining diameter above the frame, and 
for milling metal-cutting equipment, it is the width of the table, etc. In this case, the ratio between the main 
parameters of neighboring members of the series will determine its normative capabilities stock. Taking this 
fact into account, dependence (1) can be transformed into an objective function of the form

 
1

1 (1 ) 1 min
1

m
i

i i
ii

R RC p
=

  ϕ
= − − Ψ ≤ →  

ϕ −   
∑ , (3)

where i iUC DCΨ =  – duty factor of metal-cutting machine capabilities stock.
Since as the main parameter of the equipment grows, the reduced costs increase, it follows from the 

analysis of equation (3) that the equality of conditional average losses for all machines of the line can be 
ensured if the parameter-oriented series is built with a variable denominator [19, 71]

 1 2 i mϕ > ϕ > > ϕ > > ϕ   (4)

It should be noted that it is advisable to change the values of ϕi exponentially with the denominator d.
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An additional option for solving the problem of meeting requirements (2) for all members of the 
parameter-oriented series is the formation of conditions under which the dimensions of the used cutting 
tools or workpieces X will be close to the maximum allowable. The logical consequence of this condition 
will be the inevitable decrease in the ranges of variation D of parameter X with an increase in the dimensions 
of the technological equipment [19, 71]

 1 2 i mD D D D> > > > >  . (5)

In turn, the ability of the enterprise to quickly switch to the production of new products based on the 
existing one (or, at least, with a minimum replacement of equipment), i.e. the mobility of the machine tool 
holding should also be ensured in the synthesis of parameter-oriented series. This additional condition is 
achieved by overlapping the size ranges of individual members of the parameter-oriented series. But, as 
noted earlier, multiple duplication, significantly increasing the cost of manufacturing and operating machine 

tools, essentially eliminates all efforts aimed at improving its 
mobility.

Numerous statistical studies in industrialized countries have 
shown that the size distributions of tools and machined surfaces 
usually have a unimodal character with positive asymmetry. It has 
been proven that for machines of a certain size, the parameter X 
usually has a log-normal distribution [19, 20, 71, 72]

( )
( )2

221

2

i

i

y y

i
i

f y e

−
−

s=
s π

where y is the natural logarithm of the random variable X; iy  – 
average value (mathematical expectation) of the value y; si – 
standard deviation of y from iy .

From the analysis of the log-normal distribution pattern  
(Fig. 6), it can be 

seen that the middle part of the range is the main one for the 
ith standard size of equipment, and the side parts serve for 
duplicating the production functions of adjacent members of 
the series.

It is advisable to divide the range of variation of the 
logarithmically normal distribution into three approximately 
equal intervals (subranges). Then, within the average (main) 
sub-range, processing with a maximum productivity of 
more than 2/3 of the work will be provided. The remaining 
third of the work will be assigned to both other duplicating 
intervals ai min and ai max (Fig. 7). In this case, it is possible 
to use equipment outside this size range, but with some 
loss of productivity as a result of the discrepancy between 
the technical characteristics of machine tools and optimal 
operating conditions [19, 20, 71, 72].

This principle of forming a parameter-oriented series 
makes it possible to process a surface of any size with 
maximum productivity, while there is a threefold overlap of 
the range.

Fig. 7. Image of the proposed parameter-oriented 
series (in logarithmic coordinates) with a variable 

denominator: 
amax and amin – the maximum and minimum size  
of the interval; 1X  and mX  – the average values  
of the parameter X for the first and mth members  

of the series

Fig. 6. Logarithmically normal distribu-
tion of tool sizes and surfaces machined  

on metal-cutting machines
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Results and discussion

At the first stage of the synthesis, an analysis of the operating conditions of the same type of machine 
tools is carried out and the area of its rational use is established, i.e. the limits Xmin and Xmax of the variation 
of the parameter X are assigned. The number of members of the series m and the main parameters of the 
equipment Xmax i are to be determined.

Initially, the minimum size of the interval is assigned and the value of its increment d is chosen. In prac-
tice, to ensure the required accuracy, the most preferred values are amin = 1.26 with increment d = 1.12. In 
turn, it should be noted that in real design conditions, other options are also acceptable.

The presented parameters are interconnected by the following relation

 
2( )/2

min ,z z zD a −= d  (6)

where z is the number of intervals of the random variable X; max minD X X=  is the range of variation of 
the random variable X.

Taking the logarithm of the indicated expression and solving it with respect to z, one finds the number 
of members of the parameter-oriented series

 2m z= − . (7)

Then set the values of the denominators of the series for each of its members

 minϕ = d , (8)

where ik m i= − .
Analyzing the obtained results, it can be stated that with an increase in the serial number of a member 

of the series, the value of ϕ decreases, while finding the main parameter of the equipment will be carried 
out according to the equation

 ( )2 /2
max max ,i ii k kk

i mX X −= φ d  (9)

where ϕm is the minimum value of the variable de-
nominator of the series.

The values of the base (average) ia and total Di  
ranges of variation of the X value of each of the 
members of the parameter-oriented series will be 
calculated according to the following dependencies 

1
min

ik
ia a += d  and 3( )i iD a= .

Using the data obtained, the boundary lines of 
the size ranges are plotted on the graph (Fig. 8), after 
which you can proceed directly to the construction of 
the parameter-oriented series. To do this, from point 
A, corresponding to the upper boundary of the main 
subrange of the first member of the series, a horizontal 
line is drawn until it intersects at point B with the line 
defining the lower boundary of the subrange. The 
abscissa of point B specifies the main parameter of the 
second member of the series. Then the upper limit of 
the main subrange of the second member of the series 
(point C) is found and the process is repeated.

Fig. 8. A promising parameter-oriented series of verti-
cal milling machines with a cross table, upgraded to the 

level of hybrid technological equipment
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The values of the main parameters obtained in this way should be reduced to the nearest standard ones. 
This can be done by slightly changing the position of the boundary line of the minimum values of the 
dimensional characteristic.

The considered graphic-analytical method is implemented in the synthesis of a promising parameter-
oriented series of vertical milling machines with a cross table (GOST 9726–89). As an analysis of the 
technical characteristics and operating conditions of domestic milling machines and its foreign counterparts 
showed, there is a certain correlation between the maximum dimensions of machined parts and the main 
parameter of the equipment:

 1.1059
max 0.4657b B= ⋅ ; 1.71710.0045b B= ⋅ , (10)

where bmax is the maximum width of workpieces to be processed on the machine table; b  is an average 
width of workpieces; B is the maximum width of the working surface of the milling machine.

As a result of the data analysis, it was recorded that there is a clear trend towards a decrease in the 
range of variation in the dimensions of the dimensions of the machined products Rb as the main machine 
parameter B increases:

 1.3027
22082

.bR
B

=  (11)

As a result, during the operation of vertical milling machines of the current parameter-oriented series 
with the denominator ϕ = 1.26 (GOST 9726–89) [87], there is a multiple overlap of individual size ranges, 
reaching a ninefold value in a certain range of sizes, which, of course, affects the efficiency operating ma-
chine tool holding.

The new parameter-oriented series has two times fewer members defined by GOST 9726–89, and consists 
of machines with the following values of the main parameter B: 250; 400; 630(600); 800; 1,000 mm.

If you build a parameter-oriented series on the basis of the current one, then the transition to it can be 
carried out with minor changes in machine-tool production. New are only machines with B = 600 mm, 
created by minimal modernization of existing standard equipment of similar sizes. Thus, having reduced 
the range of manufactured and modernized machines, we will be able to increase the serial production of 
it, reduce current costs for maintenance and repair work, while maintaining the flexibility of the machine 
tool holding. In order to draw final conclusions about the economic feasibility and efficiency of using the 
proposed parameter-oriented series instead of the traditional one, it is necessary to determine the values 
of the reduced costs for both options. It was already noted earlier that, along with the main parameter, it is 
necessary to optimize other main technical characteristics of the equipment. These include limit values for 
spindle speeds, permissible torque on it and limits for the use of effective power. Even with a slight change 
in the structure of the parameter-oriented series, it automatically becomes necessary to change the above 
characteristics.

The substantiation of technical characteristics based on modeling the operational parameters of ma-
chine tools using the proposed methodology is described by the authors in [17, 19, 20, 71, 72, 75, 88]. As 
operational parameters, in this case, the characteristics of the machine drives are considered, the values of 
which depend on the processing modes, but at the same time lie within the range of technical character-
istics. Given that the diameter of the cutting tool (for example, the diameter of the end mill) is in a rigid 
relationship with the width of the workpiece being processed, the approach to solving this problem is based 
on the prediction of the distribution of the system of these random variables. The values of the distributions 
of speeds and cutting forces when the machine performs the specified functions are the initial data that are 
obtained statistically when processing the relevant information. In turn, the indicators of the distribution of 
the speeds of the cutting tool used to process the workpiece, and the size of the product being processed, 
can be calculated from the following dependencies:

ln
2

i
i

a
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where is  is a standard deviation of a random variable X; ln iX  is an average value of the logarithm of  

a random variable X; iX  is a mean value of X.
A rather visually simulated system is shown in Figure 

9, where it is depicted as a pattern of distributions. 
Here, the characteristic values are shown in logarithmic 
coordinates: horizontally – spindle speed n, vertically – 
torque M, and diagonally – effective power N.

The figure shows lines of equal probabilities of work 
performed on the machine and the optimal boundaries of 
the limit values of the simulated performance are plotted. 
It corresponds to the extreme maximum values of the 
second derivative of the differential functions f(y) of the 
final (resulting) distributions of machine characteristics y

1
( ) ( ),q q

q
f y p f y

w

=
= ∑

where pq is a probability of realization of processing con-
ditions q; fq(y) is a differential function of the elementary 
(private) distribution of the characteristic for the process-
ing condition q (y is the natural logarithm of n, M or N); w 
is a total number of machining conditions on the machine.

The proposed methodology differs from the tradition-
al approach in that it allows introducing restrictions on the minimum used power values. This feature sig-
nificantly increases the average motor power factor (cos ϕ) and reduces energy consumption.

The characteristic values obtained in this way are subsequently corrected, if necessary, based on stan-
dard series of preferred numbers, typical motor power values, etc.

Taking into account the fact that the optimization of technical characteristics is carried out according to 
the productivity of the machine, the choice of the values of these characteristics at the modeling stage for 
greater convenience is carried out in accordance with the results of calculating the percentage component 
of work performed on the machine at maximum productivity, taking into account the established limitations 
of operational parameters.

Conclusions

An original technique for conducting structural-kinematic analysis for pre-project studies of hybrid 
metal-cutting equipment is presented. The research results showed that in most cases, parameter-oriented 
(dimension) series of general-purpose machine tools with constant denominators, built in accordance with 
the law of geometric progression, lead to the need to duplicate individual size ranges on machines of the 
same series, and, as a result, to an inappropriate increase in the number its members. In this regard, the costs 
of design work, manufacturing and operation of equipment are growing. In the case of using a parameter-
oriented series, built using a variable denominator, the maximum efficiency of hybrid metal-cutting equip-
ment is achieved, which has been theoretically proven. Thanks to the use of this principle of forming a pa-
rameter-oriented series, it becomes possible to provide an almost equal probability of processing surfaces of 

Fig. 9. The distribution pattern of the hybrid 
process equipment operational characteristics
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various sizes with maximum productivity with a threefold overlap of ranges. Approbation of the technique 
for forming the structure of parameter-oriented series was carried out. It has been established that during 
the operation of vertical milling machines of the current parameter-oriented series with the denominator  
ϕ = 1.26 (GOST 9726-89), there is a multiple overlap of individual size ranges that reach a ninefold value 
in a certain range of sizes, which, of course, affects the efficiency of the existing machine tool holding. The 
synthesis of a promising parameter-oriented series of a vertical milling machine with a cross table showed 
that the new parameter-oriented series is characterized by the presence of a smaller number of members. 
Thus, the application of the proposed methodology makes it possible to reduce the range of manufactured 
and modernized machine tools, and this, in turn, will lead to an increase in serial production, a reduction 
in the cost of repair and maintenance of equipment, but at the same time it will allow maintaining the flex-
ibility of the machine tool holding.
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