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Introduction. One of the ways to improve the efficiency of processing on machines is to coordinate the CNC
program with the changing properties of the dynamic cutting system. If this takes into account the tool wear and
the associated with it changes in the parameters of the dynamic cutting system, then the cutting speed to ensure the
minimum wear rate is reduced along the cutting path. The corresponding feed rate is reduced even faster, since it is
necessary to ensure a constant deformation displacement of the tool relative to the workpiece. The evolution of the
properties of the cutting process (for matching with which the trajectories of the operating elements of the machine
are corrected) depends on the power of irreversible transformations of the energy supplied to cutting. This reduces
the processing efficiency. Therefore, a new for the considered subject area problem of determining the coordinates
of the tool movement relative to the workpiece is formulated, starting from which further processing is economically
inexpedient. In this case, it is necessary, after processing the next part, to ensure the replacement of the tool and carry
out its changeover. Subject. A metal-cutting machine of a turning group, the trajectories of the executive elements
of which are controlled, for example, by a CNC system. The purpose of the work. Mathematical simulation and
methods for determining the coordinates at which it is necessary to replace the tool. Method and methodology. The
necessary conditions for the optimality of determining these coordinates are proved. Mathematical tools are provided
that allow calculating the coordinates at which the given manufacturing costs take the minimum value according to
the given trajectories. The probabilistic characteristics of evolutionary trajectories are taken into account. Results
and discussions. The analysis of the efficiency of using the technique in industry depending on the cost of the
machine and tool together with its replacement and readjustment is given. The proven optimality conditions and the
given mathematical tools complement the knowledge about the optimization of controlled machining processes on
machines. Conclusions. The results of the study show new options for the organization of tool replacement, aimed
at improving the efficiency of processing by software methods using a CNC system.

For citation: Zakovorotny V.L., Gvindjiliya V.E. Determination of optimal coordinates for switching processing cycles on metal-cutting
machines. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2021, vol. 23, no. 1, pp. 56—
67. DOI: 10.17212/1994-6309-2021-23.1-56-67. (In Russian).

Introduction

After the publication of works [1, 2], many problems of various systems dynamics interacting with
different environments began to be considered with the view of their evolutionary changes and self-
organization [3—7]. The paper [3] showed that synergetic coordination of external control with the
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internal dynamics of the controlled system is effective for managing complex interconnected systems.
Concerning machine tools processing, this principle means coordination of the machine’s executive units
trajectories (MEUT) with a dynamic cutting system (DCS) [8—10], whose properties change depending
on the development of the cutting tool wear and the produced power in the cutting zone [8—14]. Two
circumstances are taken into account. Firstly, the properties of DCS change depending on the wear of the
tool and the energy supplied to cutting [8—10]; secondly, evolutionary changes lead not only to a dynamic
restructuring of the cutting properties but also change the technological modes with minimal tool wear
intensity. The geometric topology of the workpiece surface also changes. These changes follow, first of
all, from the thermodynamic nature of wear and the dependence of the wear rate on the energy of the
mechanical system introduced into the cutting zone [18-24]. Such features of the cutting process led to
the creation of a different class of processing control systems on metal-cutting machines [25-34]. For
example, if the choice of the optimal cutting speed relies on the optimal temperature in the contact zone of
the tool’s planes with the workpiece, the optimal power of the energy consumed in the cutting zone should
correspond to the optimal temperature. Consequently, a monotonous decrease in the cutting speed should
correspond to ensuring optimal power as wear develops. Besides, to stabilize elastic deformations the feed
rate should decrease, i.e. the feed rate should decrease even faster along the cutting path [8—10]. A MEUT
decrease along the cutting path leads to the fact that further processing at low cutting speeds and feeds
becomes impractical. Therefore, a new problem is formulated to determine the coordinates in which the
tool needs to be replaced; this problem is close to the synthesis of optimal performance systems, which is
solved, for example, based on using the L. Pontriagin maximum principle. [35, 36]. A similar problem was
solved by the authors for drilling deep holes of small diameter [37]. However, in the case of processing, it
has certain features the article deals with. The purpose of the article is to develop mathematical algorithms
and techniques that allow determining these coordinates.

Research Methodology

Mathematical formulation

We will limit ourselves to the consideration of longitudinal turning on lathes. The obtained results can
be easily generalized to other types of processing: milling, drilling, including drilling deep holes [37]. The
paths are set: the general path of the tooltip movement L, which is determined by the sum (Fig. 1)

=5 (1)
i=1

The path L is the same for a batch of workpieces. We set the task of determining the coordinates 1
along the tool movement trajectory L(l(l) =1, 1@ = L+, 13 = hL+hL+1h Y Loy [,,), at which
the cost of manufacturing a batch of parts is minimal. They are determined by the costs for the actual cutting
and the replacement of the tool and its changeover. Additionally, along the trajectory, there are set speeds
Vi(l) that change depending on the current wear of the tool. Initial speed value V|, = const. The trajectory

of the cutting speed Véi )(li) along the path is calculated in such a way that the wear intensity of the tool is

minimal [10]. The calculation method is based on the hypothesis that the wear intensity is related to the
power of irreversible energy transformations. The optimal power corresponds to the optimal temperature;
this is the transition region from the prevailing adhesive to diffusion wear of the tool [7, 24]. The speed

Véi)(li) corresponds to the feed V;(/) rate, which is limited by the value that affects surface roughness

formed by cutting. However, the feed rate must be reduced in the course of evolution due to tool wear and
the associated increase in the volume of plastic deformation in the cutting zone. Therefore, the feed V;(/;)

rate along the cutting trajectory decreases faster than along the trajectory of the cutting speed [10].
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Fig. 1. Scheme for determining the coordinates of processing switching cycles

At the specified speeds V; (/) , the processing costs 3 are determined by the formula

i=nli dé
323(11, 12, ,Z )chz
S £ Vi)

where ¢ is the cost of the machine minute in RUB/min; ¢, is the cost of replacing the tool and its adjustment.

+(n-1)c,, (2)

Drilling deep holes of small diameter with spiral drills has a similar cost structure, but in this case, the
switching of the processing cycle corresponds to the cost of removing the tool from the cutting zone to
clean it from chips [37]. The solution to the problem is reduced to the calculation /; for which 3 = min .

Necessary optimality conditions. Calculation algorithm

Due to the mentioned circumstances, the speed is a monotonically decreasing function. In this case, the
optimal coordinates of switching cycles correspond to equal cutting speeds. Moreover, these speeds are
equal for various monotonically varying functions V;(/;) € Xg. The set Nyis a set of the phase trajectories

of speeds at which the condition of a minimal wear intensity and ensuring a given quality of manufacturing
is simultaneously met.

Solving the problem requires, firstly, fixing the number of switches #and for the given n and L
determining the coordinates of the switches at which in (2) 3(/, L, ..., [,) = min, provided that the

requirement (1) is additionally fulfilled. If the conditions (1) are not considered and fixed when determining
the optimal coordinates 7, the task does not make sense. If the condition 3(/,/,...l,) = 3; is set, the

i=n
resulting surface can intersect with a hyperplane L(/;, b, ..., [,) = D l; (Fig.2).If J; is reduced, the lines
i=1

of intersection of the surface 3J;(/j,/,...l,) with the hyperplane represent convex closed trajectories that
degenerate into a point Jy(/, L, ..., [ )that corresponds to the desired coordinates. The surfaces
3y, b, ..., I,)are convex since as the wear develops, the speed change function is monotonically

decreasing. Therefore, the only optimal point at which the condition 3 = min is met is the condition of
touching the hypersurface 3(/, b, ..., I,) and the hyperplane L(}, L, ..., ;) (Fig. 2). Therefore, it is true
for the point 3y (4, b, ..., [,)

63(11, lz, veey ll’l) / all = 6L(ll, 12, ceey ln)/all (3)
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Fig. 2. Diagram explaining the intersection of a hyperplane  and a hypersurface
3, b, 1)
From where it follows
Vi) =Vi(ly), i,s=123,...,n. 4)

Condition (4) enables simplifying the calculation of coordinates, as well as physically implementing a
system that meets the condition 3 = min . Moreover, this condition takes into account the physical and

economic requirements for optimality. The optimality condition is sufficient if, additionally from (2), nis
determined, with 3 = min . Earlier in [10], an approximation of the speed change along the cutting path
was proposed in the form of an exponential function
VOU =V explogli], 1§ e 0,25, VD) e xy, 5)
o
where V) is the initial value of the speed in m/s; o; is the parameter in m’. Further, the approximation (5)
is considered to be fair without violating the generality.
Papers [8—10] demonstrate that the trajectories (5) determined by the evolutionary properties of the

system are sensitive to small variations in the initial parameters and uncontrolled disturbances, for example,
beats. Therefore, with the initial speed V) unchanged, the parameter o; may vary. It is considered as a

Gaussian random variable with mathematical expectation M|a;] = o and variance o . Then, according to

the mathematical expectation 3(n) for (2) taking into account (5), there is the dependence of the given costs

for manufacturing a batch of parts on the number of switches 7:

§(n) = %(n) = clA {exp (& £j - 1} +(n-1e,y (6)
V. n

OOL

Obviously (6), varying n has a minimum which corresponds to the optimal minimum speed

~

Vo =Vpexp (—%J. Here ngis the number of switches that correspond to a minimum (6). If the proven

necessary optimality condition (4) is considered, the optimal value #, and the corresponding optimal speed
are calculated from (6)V . Then /; is calculated, which correspond to a; € (&—3ca,&+3oa) that

characterize  the set NO They are determined by an  obvious dependence

Vi
l; = —llln[ ;’1 J, V0.1¢Vy . Importantly, all /; 8O correspond to the speed Vo1 = const
j 0

!
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Results and discussion

Example of determining the optimal coordinates of the tool changeover

Here is an example of the effectiveness of the method for selecting speed trajectories and switching
processing cycles for longitudinal turning of a shaft with D = 8.0 mm made of 08Kh15N24V4TR steel with
non-sharpenable plates made of GC2015 hard alloy by SANDVIK Coromant, the plate shape is “W”.

Cutting depth is 7’ = 2.0 mm; the initial feed is % = 0.1 mm/rev.; initial cutting speed is ¥ =1.2 mys.

The length along the axis is 38.0 mm, the cutting path of one workpiece is 9.5 m, the total path is L = 840

m. The mathematical expectation of the cutting path to critical wear is 0.8 mm with constant optimal cutting
conditions of 20 m. Parameters o that characterize the evolution are a1 = 0.1 m ™' and a2 = 0.01 m™". The
variance value of this parameter is o; = 0,1 ai. The cost parameters ¢ ¢, are taken in conventional units of
cost to a unit of time. For this case, Fig. 3 shows the dependence of the cost efficiency on the number of

switches n . Here, the optimal values of the number of switches are highlighted with red circles and a dotted
line, depending on the cost of replacing and readjusting the tool ¢, = s¢; . In any real system, the condition

¢y ) ¢ is usually met, since the cost of operating the machine is included inc¢, . Ifc, =0, the optimal is
n — . Then the costs approach their minimum value of C, (shown in blue), determined by the hypothetical
case of processing with a non-wearable tool in constant modes: SI(DO) = 0.1 mm/rev. = const, Vy =1.2m/s.

The optimal number of the switching also depends on the parameters a that characterize the change in the
wear intensity along the cutting path. As shown earlier [10], the parameter & , being an integral estimate of

the evolutionary properties of the cutting process, depends on the dynamic properties of this process
including the formed attractors of the tool deformation displacements relative to the workpiece. They
change during the development of tool wear.

The analysis shows that .., as a rule, it is not an integer, so it is natural to take the optimal number of
switches as the nearest integer value. In addition, it is necessary to coordinate the path corresponding to the
switching with the length of the tooltip movement when processing a specific part. The given example il-
lustrates the optimization of switching processing cycles for the case when the parameters of the evolution-
ary trajectories of changing modes are constant and correspond to mathematical expectations . Since in

a real system o; € (& -364, o+ 30,), the set is also characterized by random distribution /; € s
In Fig. 4 a = Vl,o(& -0,), b= VI,O(&) ,C = Vl,o(& +6,) . According to the proven position (3) and (4), all
coordinates /; that provide a minimum cost for manufacturing a batch of parts correspond to constant speeds
V1,0 at which the tool need to be replaced (Fig. 4). Therefore, the replacement of tools must be carried out

not in the motion coordinates, but the speed ones ¥} o = const.

Currently, the CNC programs for machining parts remain unchanged when processing a batch of
workpieces, regardless of the development of tool wear. The wear development changes the parameters of
the dynamic cutting system and, as a result, changes its properties, which affect the intensity of tool wear
and the quality parameters of the processed parts. Therefore, the MEUT needs to be coordinated with the
evolutionarily changing properties of the cutting process. In this case, the MEUT is determined not on the
basis of fixed technological modes, but on their trajectories consistent with the evolutionarily changing
properties of the dynamic cutting system. This coordination allows minimizing the intensity of tool wear
when producing parts of the required quality. It requires reducing the speed vector in the direction of the
tooltip motion. Thus, if the elastic-dissipative properties of the tool and workpiece subsystems are unchanged,
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monotonous decreases in both the cutting speed and, to an even greater extent, the longitudinal feed rate
correspond to the matching condition. Therefore, a new problem for the subject area is formulated to ensure
the economic optimality of processing: to determine the coordinates of the tool subsystem changeover for
the minimal costs of manufacturing a batch of parts. The given mathematical tools, algorithms and proven
necessary optimality conditions can solve this problem.

An example of changing the optimal coordinates of the tool subsystem changeover showed that they
depend on the ratio of the machine tool’s minute cost during the actual cutting process to the cost of
replacing and changeover of the cutting tool. As the cost of switching increases, their number decreases,
and the cutting path increases in each cycle. The number of switches and the cutting path are also affected
by the degradation intensity of the processing, which is characterized by the parameter o . It is affected by

irreversible energy transformations at the interface of the tool flank face with the workpiece. They depend
both on the elastic-dissipative properties of subsystems interacting at cutting, the evolutionarily changing
parameters of the dynamic coupling formed by cutting, and on uncontrolled disturbances, for example,
spindle beats. Moreover, as we showed earlier [8-10], the trajectories of irreversible energy transformations
along the cutting path can have a high sensitivity to small variations in the system parameters and the
parameters of uncontrolled disturbances.

The developed technique was tested at Helicopter Service Company, JSC when turning the MI-29
helicopter shaft of the hydraulic system fitting made of 08Kh15N24V4TR steel. Without dwelling on the
details, we note that using the practical recommendations consistent with the evolution of the MEUT as
well as optimal algorithms for switching processing cycles yielded the following results: according to the
traditional program there were 3 processed parts between the changeover of tool systems; according to the
adapted program, there were 8 parts; the average machine time for processing one part increased by 1.7
times. The stated costs for the production of a batch of 100 parts decreased by 1.3 times. Importantly, the
given efficiency is obtained by software methods without changing the tool and processing conditions. The
developed methodology and mathematical tools can be extended to solving problems of controlling other
types of evolutionary processing [37].

Conclusion

Creating a CNC program with regard to the alignment of the trajectories of the machine’s executive units
and the evolutionary changes in the properties of the cutting process requires taking into account the fact
that the cutting speed and the corresponding feed rate tend to decrease as the tool wear develops. Therefore,
the tool changeover coordinate along the cutting path should be determined for the efficiency of processing.
This coordinate is selected on the basis of minimizing the costs for manufacturing a batch of parts. A
mathematical simulation of the process is proposed to implement the choice of coordinates; the necessary
optimality conditions are stated and a method for calculating the optimal coordinates for tool changeover is
proposed. The optimal switching coordinates are shown to correspond to equal minimum cutting speeds in
the direction of the tooltip motion. They depend on the ratio of the machine time cost to the cost of changing
tools (the cost of switching processing cycles). The paper presents the results of numerical simulation and
industrial testing of the developed algorithms. They demonstrate that software methods can increase the
cost efficiency of processing by 1.2-1.3 times, even without changing the properties of tools, the state of
machines, and others parameters.

References

1. Haken H. Information and self-organization: a macroscopic approach to complex systems. Amsterdam,
Elsevier, 2006. 258 p. ISBN 978-3-540-33021-9. DOI: 10.1007/3-540-33023-2.

2. Prigogine 1., George C. The second law as a selection principle: the microscopic theory of dissipative processes
in quantum systems. Proceedings of the National Academy of Sciences of the United States of America, 1983, vol. 80,
pp- 45904594,

3. Kolesnikov A.A. Prikladnaya sinergetika: osnovy sistemnogo sinteza [ Applied synergetics: fundamentals of
system synthesis]. Taganrog, SFU Publ., 2007. 384 p.

Vol. 23 No. 1 2021 %



% OBRABOTKA METALLOV EQUIPMENT. INSTRUMENTS

4. Zakovorotny V.L., Flek M.B., Ugnich E.A. Model’ upravleniya sovremennym predpriyatiem na osnove
sistemno-sinergeticheskogo podkhoda [Model of the modern enterprise management on the basis of system-
synergistic approach]. Ekonomicheskaya nauka sovremennoi Rossii = Economic of Contemporary Russia, 2016,
no. 4 (75), pp. 112—-128.

5. Zakovorotny V.L., Shapovalov V.V. Dinamika transportnykh tribosistem [ Dynamics of transport tribosystems].
Sborka v mashinostroenii, priborostroenii = Assembling in Mechanical Engineering, Instrument-Making, 2005,
no. 12, pp. 19-24.

6. Ryzhkin A.A. Sinergetika iznashivaniya instrumental nykh materialov pri lezviinoi obrabotke [Synergetics
of tool wear in cutting edge treatment]. Rostov-on-Don, Don State Technical University Publ., 2019. 289 p.
ISBN 9785789016695.

7. Migranov M.Sh. Issledovaniya iznashivaniya instrumental nykh materialov i pokrytii s pozitsii termodinamiki
1 samoorganizatsii [Research of wear of tool materials and coatings from the positions of thermodynamics and
self-organization]. lzvestiya vysshikh uchebnykh zavedenii. Mashinostroenie = Proceedings of Higher Educational
Institutions. Machine Building, 2006, no. 11, pp. 65-71.

8. Zakovorotny V.L., Gvindjiliya V.E. Svyaz’ samoorganizatsii dinamicheskoi sistemy rezaniya s iznashivaniem
instrumenta [Link between the self-organization of dynamic cutting system and tool wear]. Izvestiya vysshikh
uchebnykh zavedenii. Prikladnaya nelineinaya dinamika = Izvestiva VUZ. Applied Nonlinear Dynamics, 2020,
vol. 28, no. 1, pp. 46—61. DOI: /10.18500/0869-6632-2020-28-1-46-61.

9. Zakovorotny V.L., Gvindjiliya V.E. Evolution of the dynamic cutting system with irreversible energy
transformation in the machining zone. Russian Engineering Research,2019, vol. 39, no. 5, pp. 423—430. DOI: 10.3103/
S1068798X19050204.

10. Zakovorotny V.L., Gvindjiliya V.E. Vliyanie dinamiki rezaniya na vybor tekhnologicheskikh rezhimov,
obespechivayushchikh minimal’noe iznashivanie rezhushchikh instrumentov [Influence of cutting dynamic
on the selection of the technological regimes to ensure minimal wear of cutting tools]. Obrabotka metallov
(tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2020, vol. 22, no. 4, pp. 54-70.
DOI: 10.17212/1994-6309-2020-22.4-54-70.

11. Lapshin V.P, Khristoforova V.V, Nosachev S.V. Vzaimosvyaz’ temperatury i sily rezaniya s iznosom i
vibratsiyami instrumenta pri tokarnoi obrabotke metallov [Relationship of temperature and cutting force with tool
wear and vibrations in metal turning Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working
and Material Science, 2020, vol. 22, no. 3, pp. 44-58. DOI: 10.17212/1994-6309-2020-22.3-44-58.

12. Abdel-Aal H.A. Thermodynamic modeling of wear. Encyclopedia of Tribology. Boston, MA, Springer, 2013,
pp. 3622-3636. DOI: 10.1007/978-0-387-92897-5 1313.

13. Duyun T.A., Grinek A.V., Rybak L.A. Methodology of manufacturing process design, providing quality
parameters and minimal costs. World Applied Sciences Journal, 2014, vol. 30 (8), pp. 958-963. DOI: 10.5829/idosi.
wasj.2014.30.08.14120.

14. Mukherjee 1., Ray P.K. A review of optimization techniques in metal cutting processes. Computers and
Industrial Engineering, 2006, vol. 50, no. 1-2, pp. 15-34. DOI: 10.1016/j.cie.2005.10.001.

15. Karimov I.G. Vliyanie temperatury rezaniya na energeticheskie parametry kontakta instrumenta s detal’yu
[Influence of the cutting temperature on the energy parameters of the tool contact with the part]. Vestnik Ufimskogo
gosudarstvennogo aviatsionnogo tekhnicheskogo universiteta = Vestnik USATU, 2012, vol. 16, no. 44 (49), pp. 85-89.

16. Gomez-Solano J.R., July C., Mehl J., Bechinger C. Non-equilibrium work distribution for interacting colloidal
particles under friction. New Journal of Physics, 2015, vol. 17, p. 045026. DOI: 10.1088/1367-2630/17/4/045026.

17. Banjac M. Friction and wear processes-thermodynamic approach. Tribology in Industry, 2014, vol. 36, no. 4,
pp. 341-347.

18. Kozochkin M.P., Fedorov S.V., Tereshin M. V. Sposob opredeleniya optimal 'noi skorosti rezaniya v protsesse
metalloobrabotki [Method for determining the optimal cutting speed in the process of metalworking]. Patent RF,
no. 2538750, 2015.

19. Zariktuev V.Ts. Avtomatizatsiya protsessov na osnove polozheniya ob optimal’noi temperature rezaniya
[ Automatization of process based on concept of optimal cutting temperature]. Vestnik Ufimskogo gosudarstvennogo
aviatsionnogo tekhnicheskogo universiteta = Vestnik USATU, 2009, vol. 12, no. 4, pp. 14-19.

20. Begic-Hajdarevic D., Cekic A., Kulenovic M. Experimental study on the high speed machining of hardened
steel. Procedia Engineering, 2014, vol. 69, pp. 291-295. DOI: 10.1016/j.proeng.2014.02.234.

21. Blau P, Busch K., Dix M., Hochmuth C., Stoll A., Wertheim R. Flushing strategies for high performance,
efficient and environmentally friendly cutting. Procedia CIRP, 2015, vol. 26, pp. 361-366. DOI: 10.1016/.
procir.2014.07.058.

CM Vol 23 N0, 12021



EQUIPMENT. INSTRUMENTS OBRABOTKA METALLOV %

22. Chin C.-H., Wang Y.-C., Lee B.-Y. The effect of surface roughness of end-mills on optimal cutting performance
for high-speed machining. Strojniski Vestnik = Journal of Mechanical Engineering, 2013, vol. 52 (2), pp. 124—-134.
DOI: 10.5545/sv-jme.2012.677.

23. Kant G., Sangwan K.S. Prediction and optimization of machining parameters for minimization power
consumption and surface roughness in machining. Journal of Cleaner Production, 2014, vol. 83, pp. 151-164.
DOI: 10.1016/j.jclepro.2014.07.073.

24. Ryzhkin A.A. [Synergetic aspects of managing the wear resistance of tool cutting materials]. Dinamika
tekhnicheskikh sistem: XII mezhdunarodnaya nauchno-tekhnicheskaya konferentsiya: sbornik trudov [Dynamics of
technical systems. Proceedings of the XII scientific and technical international conference]. Rostov-on-Don, 2016,
pp. 9—10. (In Russian).

25. Solomentsev Yu.M., Mitrofanov V.G., Timiryazev V.A. Adaptivnoe upravlenie tekhnologicheskimi
protsessami na metallorezhushchikh stankakh [ Adaptive control of technological processes on machines]. Moscow,
Mashinostroenie Publ., 1980. 536 p.

26. Bazrov B.M. Povyshenie effektivnosti mekhanicheskoi obrabotki detalei s pomoshch ’yu sistem adaptivnogo
upravleniya [Improving the efficiency of machining parts by means of systems of adaptive control]. Moscow,
TsNITEllegpishchemash Publ., 1976. 67 p.

27. Sosonkin V.L., Martinov G.M. Noveishie tendentsii v oblasti arkhitekturnykh reshenii sistem ChPU [Latest
trends in the architecture of CNC systems]. Avtomatizatsiya v promyshlennosti = Automation in Industry, 2005, no. 4,
pp. 3-9.

28. Brzhozovsky B.M., Yankin [.N., Brovkova M.B. Controlling the oscillatory process composition in machining
by correcting the exciting force structure in the cutting zone. Procedia Engineering, 2016, vol. 150, pp. 241-246.
DOI: 10.1016/j.proeng.2016.06.755.

29. Mikotajczyk T., Nowicki K., Ktodowski A., Pimenov D.Y. Neural network approach for automatic image
analysis of cutting edge wear. Mechanical Systems and Signal Processing,2017,vol. 88, pp. 100-110. DOI: 10.1016/].
ymssp.2016.11.026.

30. Martinov G.M., Pushkov R.L., Evstafieva S.V. Collecting diagnostic operational data from CNC machines
during operation process. IOP Conference Series: Materials Science and Engineering, 2020, vol. 709, no. 3,
p- 033051. DOI: 10.1088/1757-899X/709/3/033051.

31. Martinov G., Martinova L., Ljubimov A. From classic CNC systems to cloud-based technology and back.
Robotics and Computer-Integrated Manufacturing, 2020, vol. 63. DOI: 10.1016 /j. rcim.2019.101927.

32. Martinov G., Kozak N., Nezhmetdinov R. Approach in implementing of logical task for numerical control
on basis of concept “Industry 4.0”. 2018 International Conference on Industrial Engineering, Applications and
Manufacturing (ICIEAM), Moscow, Russia, 2018, pp. 1-6. DOI: 10.1109/ICIEAM.2018.8728584.

33. Kozlov A.M., Malyutin G.E., Handozhko A.V. Performance increase of precision volumetric milling on
machines based on frame-accurate control. Procedia Engineering, 2017, vol. 206, pp. 1111-1119. DOI: 10.1016/j.
pro-eng.2017.10.603.

34. Arslan H., Er A.O., Orhan S., Aslan E. Tool condition monitoring in turning using statistical parameters of
vibration signal. International Journal of Acoustics and Vibration, 2016, vol. 21, no. 4, pp. 371-378. DOI: 10.20855/
jav.2016.21.4432.

35. Pontryagin L.S., Boltyanskii V.G., Gamkrelidze R.V., Mishchenko E.F. Matematicheskaya teoriya
optimal nykh protsessov [Mathematical theory of optimal processes]. Moscow, Nauka Publ., 1969. 384 p.

36. Boltyanskii V.G. Modelirovanie linejnyh optimal’nyh bystrodejstvij pri pomoshchi relejnyh skhem [The
simulation of linear, optimal high-speed operations by relay circuits]. Doklady Akademii nauk SSSR = Proceedings
of the USSR Academy of Sciences, 1961, vol. 139, no. 2, pp. 275-278.

37. Zakovorotny V.L., Bordatchev E.V., Sankar T.S. Variational formulation for optimal multi-cycle deep drilling
of small holes. Journal of Dynamic Systems, Measurement and Control, Transactions of the ASME, 1997, vol. 119,
no. 3, pp. 553-560. DOI: 10.1115/1.2801293.

Conflicts of Interest

The authors declare no conflict of interest.

© 2021 The Authors. Published by Novosibirsk State Technical University. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Vol. 23 No. 1 2021 %



