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ABSTRACT

A mechatronic technological system (MTS) has been developed. It consisting of a CNC metal-cutting machine tool and a
mechatronic spindle, made on the basis of an intelligent mechatronic mechanism (IMM). The main elements of the technological
system — the CNC and IMM devices — are parts of a single hierarchical, two-level control system, representing, respectively, the
upper and lower control levels in this system. The upper control level — the CNC device — ensures stabilization of the kinematic
parameters of machining (displacement, speed, acceleration) and their software change in accordance with the CNC control program.
The lower control level — the IMM device — ensures stabilization of the power parameters of mechanical machining (cutting axial
force and torque) and their software change in accordance with the technological requirements for the surface quality and the
physical-and-mechanical state of the surface layer of the machined parts. At both control levels (the upper and lower ones), closed
automatic control systems “by deviation” of the adjustable kinematic (upper control level) and power (lower control level)
parameters of mechanical machining are functioning. Moreover, the automatic control system of the lower control level of the
hierarchy in relation to a similar automatic control system of the upper control level, implements the method of automatic control “by
disturbance™. This, in addition to directly ensuring surface finish and surface integrity, allows improving the quality of stabilization
of kinematic cutting parameters at the upper control level. Experimental studies of MTS were carried out when machining parts from
various materials (steel, polymer composite materials, superhard crystals and stones, other difficult-to-machine materials).

Keywords: vehicle repair technology, machining, smart cutting, axial cutting force, cutting torque, computer numerical
control, intelligent mechatronic mechanism, linear actuator

Relevance. Effective technology for repairing cars and other vehicles is extremely important in
wartime conditions. In turn, the effectiveness of the repair technology is determined by the
appropriate means of technological equipment.

Having more than fifty years of experience in implementing the technologies discussed below
in specific areas of industrial production (aspherical optics for ground-based telescopes, as well as
mobile devices for aircraft, turbine blades for aircraft engines, manufacturing precision parts from
grown single crystals used in control and measuring equipment, the essence of the above-mentioned
technological processes was not disclosed in the open press until the end of the last century for
reasons of secrecy. See, for example, Patent No. 1405189 “Machining method of blade edges”, as
well as Patent No. 1478541 “Machining method of a turbine blade profile”. Last time the essence of
numerous inventions on the above-mentioned topics begins to be covered in the open press, since
the new scientific direction was under threat of closure due to the lack of opportunities to conduct
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further research in the field of creating a new generation technology for almost the entire
technosphere (industry, space, medicine, sports, culture, etc.).

The newly created and modernized technological equipment with CNC demonstrated results in
terms of accuracy, surface roughness and machining parts quality above the level of world
achievements and was implemented in various areas of industrial production, the most significant of
which are the following.

1. Production of aspherical optics from the blank to the finished product.

2. Finishing machining of the blades profile of the gas turbine engines (Institute of Electric
Welding of the National Academy of Sciences of Ukraine named after Academician Paton,
implementation act).

3. High-performance machining of critical parts from grown single crystals (Institute of Single
Crystals of the National Academy of Sciences of Ukraine, implementation act).

A significant contribution to the problematic issues of the intellectualization of technological
processes was also made in the following areas.

1. Dimensional machining of the shape-generating surfaces of dies and press molds.

2. Drilling thin deep holes with a diameter of less than a millimeter, for example, 0.3 mm.

The list can be continued, but in terms of achieving the required accuracy, it is worth
emphasizing that fundamentally new technologies were created and implemented not as an
alternative to existing ones (at that time), but due to the lack of any technical solutions for achieving
nanometric accuracy.

Literature Review.

So far, in the theory of hierarchical management, there are no established rules and criteria for
the interaction of different levels in terms of achieving an acceptable managerial result. Significant
achievements in this field include the well-known rule of levels: management intelligence is
hierarchically distributed in accordance with the “principle of increasing accuracy while reducing
intelligence”, which is obvious in all hierarchical management systems [1]. The reaction of the
mechatronic deviation feedback system to the occurrence of an unexpected deviation is delayed,
and such a closed system is not ready for the upcoming accidental, i.e. unforeseen deviation [2]. In
turn, the disadvantage of the operation of a faster mechatronic system “by perturbation” when
controlling power parameters in the processing zone is the fact that during the execution of the
dimensional processing program in places where the physical and mechanical properties of the
processed part material change, dimensional errors occur in the form of sections of uncollected
material [3].

Monitoring the cutting forces and torque helps both anticipating the tool’s fracture and
controlling, including both detection of the tool wear types and thread quality control [4]. For each
tap, a multivariate statistical process control chart is presented based on the principal components of
the torque signal directly measured from the spindle motor drive to diagnose the thread profile
quality [5]. However, the possibility of automatic torque control to reduce it (e.g., to reduce the tap
wear) was not considered.

An integrated technological system is proposed with the following three levels of control:
intelligent (upper), adaptive (middle), and robust (lower) [6]. However, nothing is said about the
automatic control mechanism “by disturbance”.

The design of a mechatronic module (based on a linear actuator idea) is proposed, which
contains two design variants of this module: a mechatronic transducer and a mechatronic power
converter [7].

A solution to the problem of regulating the feed rate during point milling of complex-shaped
parts is known [8]. When milling complex-shaped parts, the specified cutting conditions are not
reached when the technological operation is set up for tools with a circular cutting edge. This is
caused by the continuous change of contact point between the tool and the workpiece together with
the fact that the cutting conditions are conventionally set to the tool reference point.
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Once more article presents a method for optimizing the feed rate to maintain a constant feed per
tooth. Implemented digital twin framework is presented by orchestration of CAM-integrated and
containerized technology models carrying out FEM-coupled simulations for the finishing process of
a simplified blade integrated disk (blisk) demonstrator [9].

The well-known control principles — “by deviation” and “by disturbance” — in modern control
theory are accompanied by a new direction: distributed and hierarchical control systems with four
system levels (from bottom to top): a component level, an information preprocessor level, an
intelligent preprocessor level, and a top-level [10].

Essential control theory, transfer functions, and state space approaches in this theory are the
base for developing the related systems mentioned above [11]. Besides, machine tools are
mechatronic systems themselves [12]. Hence, they are open to including mechatronic mechanisms,
but there are no hints of it. There is a design of a mechatronic electro-spindle containing a
mechatronic actuator [13]. However, the hierarchy of the mechatronic servo system containing the
machine CNC at the upper control level was not disclosed.

Measuring thrust force and torque during tapping helps overcome the tendency to adhere to
the tool surface since the machinability of the hypereutectic Al-Si alloys is challenging [14]. The
same applies to intelligent automated drilling in laminate composites and hybrid materials [15].

At the end of the review, it is necessary to mention works on a study of the quality of
machined parts made of CFRP [16], composites in drilling [17] and generalizing work [18], as
well as works on the physics of electromagnetism [19].

The paper aims to create an IMM design based on the electrodynamic coupling mechanism,
which can be both a power and a sensitive element for automatic control “by disturbance” and “by
deviation”, respectively.

Methodology. The proposed methodology and design of the IMM provide a technological
breakthrough in the field of creating sensitive machining equipment with elements of intelligent
control for smart mechanical processing of parts made of anisotropic materials. This scientific
study, including theory and experiment, contains two stages of decision-making: analysis
(qualitative, quantitative) and synthesis (based on the results of the analysis).

At the first stage, the object and subject of the study are analyzed. The object of the study is a
technological operation, for example, drilling small-diameter holes in parts made of anisotropic
materials. The subject of the study is a two-level (hierarchical) system of automatic control of
kinematic and power parameters of mechanical processing.

At the second stage, technical systems-constructions and technical systems-processes are
developed, which allow achieving the research objective. The systems-constructions include the
IMM, which allows ensuring either stabilization of the power parameters of mechanical machining
or their change according to the required technological program. For example, when the tool cuts
into the part and exits the part, the specified values of the power parameters are minimal. In the
interval between these machining sections, the axial cutting force and cutting torque correspond to
their specified optimal values.

This study is based on the use of three methodological directions: modeling, optimization and
control. Modeling is implemented through the use of physical models — special samples and analog
processes. The designed computer-graphic models will allow studying individual properties of
complex processes while eliminating the influence of disturbing factors on them. Simulation of
force and temperature factors on the graphical model will allow to establish relationships between
the input and output parameters of the technological system, for example, the technological system
for drilling small holes in the range of 0.3 — 3.0 mm.

The use of optimization methods is possible at the stages of production preparation and,
actually, production. For example, at the stage of production preparation, optimization will be
associated with the selection of elements of the technological system (machine, experimental setup,
sensors, tool, blanks) and the selection of quantitatively changing machining parameters.
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The control will ensure the appropriate functioning of the process, based on the provision of the
necessary technological parameters — the accuracy and quality of the machined surfaces. The
control is carried out in two forms: direct and indirect. Direct control includes monitoring,
regulation, adaptive and intelligent control. Indirect control — diagnostics of the state parameters by
the temperature criterion — will allow to avoid defects during machining.

Research results. The considered mechatronic technical system, including a CNC machine and
a tactile-sensitive IMM installed on the vertical feed support of the machine, has one common
spindle (ended by a cutting tool) that performs the following two functions.

1. During a stable cutting process, i.e., when the power parameters of the machining do not
exceed the program-permissible limits (in the IMM system at the lower control level), the spindle is
an integral part of a conventional CNC machine and is controlled by the CNC system (upper control
level) in XYZ coordinates. Therefore, the realized machining accuracy (by the size of the part) is
determined only by the technical characteristics of the CNC machine.

2. When the actual cutting torque M = M, + AM > M,,, i.e., exceeds the specified value M,. It
means both the occurrence of “disturbance” AM in the cutting zone with an unchanged value of the
cutting axial force F, and the automatic “disturbance” elimination mode (Fig. 1).

In the smooth (stationary) movement of machine table with a programmed feed along the axis
of the machine X along the trajectory a —b—c—k —d —r in the section k—m—-n—p—r
tool encounters an unforeseen obstacle (“disturbance”) in the form of an enlarged stock allowance
with an unpredictable surface shape (Fig. 2).

Other things being equal, this will cause an increase in the machining current force parameters
F and M in the area k — m —n — p — r. At the same time, the current force parameters Fand M
will increase, respectively, by AF and AM exceed their predetermined values F, and M,, i.e., the
following inequalities will be met:

F=F0+AF>F0, (1)
M=M0+AM>M0, (2)

where F, is the programmed (at the lower control level) rated (designed) axial cutting force, N; AF
is the additional accidentally occurred, increment of axial cutting force, H; M, is the programmed
(at the lower control level) nominal (designed) cutting torque, N'-m; AM is the additional,
accidentally occurring increment of the cutting torque, N-m;

For example, let us consider the case when, while moving along the programmed trajectory a —
b — ¢ — d — e, the machining tool at any point k lying on the programmed trajectory additionally
touches with its peripheral surface the protruding unevenness of the increased allowance at point m
(Fig. 2).

This additional touch will cause additional increments of the force parameters AF and AM. For
example, in this case, there is simultaneously a cutting torque M, at a point k and a cutting torque
M,, at a point m , i.e., the total cutting torque becomes greater than the programmed (nominal) one
M,. Therefore, according to condition (1), it is possible to write

F=F,+F,>F, ()
M =M, + M, > M,. (4)

Exceeding the value of the actual cutting torque M (above the programmed level M,) causes
the tool to automatically move up by value z; > 0 in the moving coordinate system xyz along the
vertical axis z and, as a result, the electrical stops-contacts are broken when the end of the armature
is torn away from them.
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The disappearance of the electric current in the circuit of the power source leads to the
operation of the next unit. The corresponding signal is sent to the system units, which records not
only the fact of the break in the electrical circuit, but also determines the value of the relative
displacement z; > 0 of the moving element of the linear displacement sensor. This sensor consists
of a movable part and a fixed part.

Next, the displacement signal z; > 0 is sent to the electronic unit. Here the value Z,, which
determines the vertical position of the tool in the CNC coordinate system (upper control level), is
added to the specified displacement z; > 0. The computer receives information about the actual
instantaneous axial coordinate of the tool Z' = Z, + z;.

The value z; > 0 received by the computer generates two control signals, one of which stops
the machine CNC system operation along the axes XYZ, at Z = Z,, and the second increases the
current in the circuit of the power source of the field winding by means of a block, which sets the
variable value of the field current I(X,Y,Z) according to a certain technological program. In this
paper, this case is not considered, i.e., the value I(X,Y,Z) = const at which F = Fyand M = M,,.

The transition from a softer cutting mode to a hard one is possible by changing the
configuration of the machining scheme. The traditional contour machining scheme, along with the
axial cutting force F, is accompanied by lateral cutting forces on the tool, leading to increased wear
of the bearings in which the spindle is installed.

And when the IMM system operates in the mode of stabilization of the force parameters F and
M (F = F, and M = M,), only axial forces act on the tool, which makes it possible to tighten the
cutting modes (i.e., increase the specified levels F, and M,) up to the closure of stops-contacts.

The closing of contacts by the armature end face is a signal for the computer, which passes
through some units about the possibility of switching the MTS to the “stationary cutting mode”
(from the CNC system at the upper control level). Thus, the closed state of stops-contacts is an
indicator of the operation of the automatic control system at the upper control level, in which the
IMM system is in the “standby”” mode.

However, if the “disturbance” has not yet been removed, then the machine table movement
along the axes X, Y and Z in the coordinate system XYZ again leads to exceeding the cutting force
parameters and to the rupture of stops-contacts. In this case, the process in the vertical cutting
mode of the tool (the movement of the tool as when drilling only along the vertical axis) is repeated
until the “disturbance” is removed (stops-contacts are closed) and the “servo cutting mode”
switches to the “stationary cutting mode” according to the program set by the CNC upper control
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level. Transfer of control from the upper control level to the lower one and vice versa is automatic.

In general, the MTS operation in conditions of uncertainty occurs as if in the “stop-start” mode,
I.e., the “stop” for the CNC upper control level system is the “start” for the operation of the IMM
lower control level, and the “stop” of the latter is a signal to turn on the operation of the upper
control level system. This happens until all deviations of the geometry of the machined surface from
the programmed one are removed.

Conclusions. 1. The real environment in which automatic control systems (ACSs) operate has
pronounced anisotropic properties. Under these conditions, ACSs must have the “feelings” and
properties inherent in a living organism that maintains its vital activity in conditions of
“uncertainty”. 2. A methodology for two-level (hierarchical) control of the operation of a
mechatronic technological system for mechanical machining based on a CNC machine and a
mechatronic spindle containing an intelligent mechatronic mechanism (IMM) has been developed.
At the upper control level, the kinematic parameters of mechanical machining (speed, acceleration,
displacement) are selected and stabilized, and at the lower level, the power parameters (cutting axial
force and torque) are stabilized and changed according to the technological program. 3. At both
control levels, closed ACSs “by deviation” of the controlled parameters from the set values are
used. At the same time, the ACS at the lower level in relation to the similar ACS at the upper level
is an ACS “by disturbance”.
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AHOTANIA

Po3pobiieHo mexatponny TtexHomoriuny cucremy (MTC), mo ckiamgaerbest 3 MetanopizanbHoro Bepcrara 3 UYITK Ta
MEXaTPOHHOTO IIMUHAIENS, KU BUKOHAHO HA OCHOBI 1HTEJEKTyalbHOro MexaTpoHHoro mexaHizmy (IMM). OcHOBHI eneMeHTH
TexHonoriuHoi cucremu — mpuctpoi YITY ta IMM — BXomsaTh [0 CKIany €IMHOI i€epapxiuHOl ABOPIBHEBOI CHCTEMH YIPABIiHHS,
MPE/ICTABIISIOYN BiIIOBITHO BEpXHii Ta HIKHIN PiBHI yHpaBiHHA B Il cuctemi. BepxHiit piBerp — npuctpiit UITY — 3abe3neuye
cTabimi3anio KiHeMaTHYHUX MapaMeTpiB 00OpOOKH (TepeMillieHH s, IBUAKICTh, IPUCKOPEHH:) Ta 1X MPOrpaMHy 3MiHY BiIIOBiJHO 10
kepytouol nporpamu YITK. HumxkHhiii piBens — npuctpiit IMM — 3a6e3nedye crabinizalfifo CHIOBHX MapaMeTpiB MeXaHiuHOI 00pOOKH
(ochoBa cHa Ta KPYTHHH MOMEHT Pi3aHHs) Ta iX MPOrpamMHa 3MiHa Bi/IIOBiJHO IO TEXHOJOTIYHHX BUMOT O SIKOCTi TIOBEPXHi Ta
(hi3uKO-MeXaHIYHOrO CTaHy IMOBEPXHEBOro miapy obpobmoBanux aertaneil. Ha 000X piBHsAX ympaBiiHHS (YHKIIOHYIOTh 3aMKHYTI
CHCTEMH aBTOMATHYHOIO YIIPABIiHHS «3 BIIXHJICHHS» PEryJIbOBaHUX KiHEMAaTHYHMX (BEpXHii pPiBeHb YIPABIIHHSI) 1 CHIOBHX
(HWKHIE piBeHb YIIPaBIiHHI) MapaMeTpiB MexaHidHoi oOpoOku. [IprHyomy cucTeMa aBTOMATHYHOrO YHPaBIiHHS HIKHBOTO PIBHS
iepapxil 1O BiIHOIICHHIO IO aHAJIOT1YHOI CHCTEeMH aBTOMAaTHYHOTO YIPABIIIHHSI BEPXHBOTO PiBHS pealizye crocid aBTOMaTHYHOTO
yhpaBiiHHS «3 00ypenus». lle, kpiM mpsiMoro 3abe3medeHHst SIKOCTI MOBEPXHI Ta HEOOXimHOro il ()i3UKO-MEXaHIYHOrO CTaHy,
JIO3BOJISIE TIOKPAIIHUTH SIKICTh cTabimi3alii KIHEeMaTHYHUX TTapaMeTpiB Pi3aHHSA HA BEPXHBOMY PiBHI ympaBmiHHS. ExcriepumeHTanbHI
nocmipkeHHst MTC ki BUKOHaHI py 00poOIIi feTaneif 3 pisHUX MaTepialiB (CTalb, MOIIMEPHI KOMIIO3UIIIHHI MaTepiany, HaTBepIi
KPHUCTAJIM Ta KaMiHHS, 1HIIII MaTepiaiu, II0 BAKKO 00pOOISIOTHCS).

Kuio4oBi cjioBa: TEXHOJIOTiSE pEMOHTY aBTOMOOLTIB; MeXaHi4Ha 00pOOKa; PO3yMHE pi3aHHS; OCbOBA CHIJIAa Pi3aHHS, KPyTHHMA
MOMEHT Pi3aHHS, YNCIIOBE POrPaMHE KepyBaHHS,; iIHTEICKTYaIbHUH MEXaTPOHHINA MEXaHi3M; JIHIMHUHA MPUB1T
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